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Supervisor’s Foreword

Residential solid fuel combustion is a major source of incomplete combustion
pollutants including particulate matter (PM), black carbon (BC), organic carbon
(OC), polycyclic aromatic hydrocarbons (PAHs), and many more. This is partic-
ularly true for developing countries like China. Until recently, a majority of data
on emission factors (EFs) of these pollutants from the residential sector had been
measured in developed countries. However, residential stoves are very different
between developed and developing countries. Because of the shortage of data on
EFs for developing countries, emission inventories of pollutants generated by solid
fuel combustion used for residential heating and cooking are associated with
relatively large uncertainties, leading to biases in air quality modeling, exposure
assessment and health analyses.

To fill the data gap, Guofeng’s doctorial thesis focused on the measurement of
EFs for solid fuel combustion from the residential sector in China. A simulated
kitchen with real stoves commonly used in China was built particularly for this
purpose. He tested a variety of residential solid fuels including coal, crop residues,
and firewood in the measurements during a year-long experimental study.
In addition, field measurements were conducted at selected rural sites to confirm
the laboratory measurements.

As a result, a large volume of EF data of PM, BC, OC, and PAHs have been
generated, which help fill a major data gap in the field. Soon after the publication,
much of the data have been adopted for use in updating global emission inven-
tories of BC, PAHs, and PM. Moreover, EFs of derivative PAHs including
nitro-PAHs and oxy-PAHs for residential solid fuels and EFs of various pollutions
for biomass pellet fuels, which are really scarce, were reported.

In addition to helping to fill the data gap, factors affecting EFs have been
carefully investigated. It was found that modified combustion efficiency and fuel
moisture are the most influential factors influencing EFs, and the knowledge
gained in this work can be used to help quantify EFs for individual fuels. The
models developed in this study can provide us with a better understanding of the
generation mechanism of air pollutants during combustion.
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viii Supervisor’s Foreword

Although the majority of the data collected in his study have been published in
a series of papers internationally, we hope that an English version of this thesis
with a collection of all measurements and key findings can help readers to use
these results more efficiently.

Beijing, January 2014 Prof. Shu Tao



Foreword

Both emission inventories and ambient measurements indicate that residential
solid fuel combustion is a major contributor to emissions of incomplete com-
bustion products, particularly in developing countries. In the recent World Health
Organization’s (WHO) Global Burden of Disease study, of the over 60 factors
quantified, indoor exposures to such pollutants is the second leading cause of
premature death in developing countries, and the International Agency for
Research on Cancer has determined such combustion products to be a Group 1
carcinogen. Further, the soot derived from incomplete solid fuel combustion
absorbs radiation and can potentially exacerbate global change. Given the
importance of this source to human and the environment health, it is important to
improve our understanding of the emission characteristics of residential solid fuel
combustion and to use that knowledge to develop more accurate estimate emis-
sions from that source. This involves characterizing the physical and chemical
properties of the emissions, emission factors, and the associated activity levels.
However, unlike more concentrated point sources, conducting the appropriated
analyses is difficult due to the variable nature of the sources, the need to conduct
detailed laboratory analyses, and collect and analyze information from a large and
diverse literature. This is a particular issue in developing countries, which is also
where such information is so valuable.

Dr. Guofeng Shen, as described in this thesis, took on a great challenge to help
provide such information. He conducted a series of measurements on emissions of
carbonaceous particulate matter and polycyclic aromatic hydrocarbons from
residential solid fuel combustion in rural China. This work provides a firsthand
data of emission factors from a large number of tests that can be used in the
development of more reliable inventories. In addition, the work identified key
factors affecting pollutant emissions from the combustion process which can
provide information for pollution control strategy development. Not only did he
look at more traditional solid fuel use, he considered pollutant emissions from
biomass pellets which are considered as a cleaner, alternative fuel to replace
traditional solid fuels.

The results of his work have appeared in international journals, including
Environmental Science and Technology and Atmospheric Environment. Given my
interest in air pollution and health, and the important issues addressed by Dr. Shen,
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x Foreword

the publication of this thesis provides valuable information on pollutant emissions
from residential solid fuel combustion. The outcome can be useful for emission
inventory, health and climate impact analysis, and also the development of
effective pollution control strategies. Further, this thesis can provide a foundation
for future research in this area.

Georgia, Atlanta, November 18, 2013 Armistead G. Russell
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Chapter 1
Introduction

1.1 Background
1.1.1 Carbonaceous Particulate Matter

Particulate matter (PM) affects local/regional air quality, human health and climate
change significantly, and thus of widespread interest nowadays. There is a growing
desire for clean air worldwide, especially in developing countries including China.
Increased mass loading of PM, especially fine PM like PM, 5 (PM with diameter less
than 2.5 pm) is speculated to be the main cause for the decreased visibility. The
formation of regional haze is often believed to be strongly related to ambient PM, s.
Exposure to ambient PM causes serious adverse impacts on human health, partic-
ularly for the women and children (Eaazti et al. 2002; Pope et al. 2002, 2009; Russell
and Brunekreef 2009; Shannon et al. 2004; WHO 2002a, b, 2011a, b; Zhang and
Smith 2007). It had been reported that exposure to ambient PM is strongly correlated
with the increased risks of some respiratory and cardiovascular diseases (Dockery
etal. 1993; Englert 2004; Pope et al. 2009). In comparison with coarse PM, fine PM
such as PM, 5 and PM, g (Da < 1.0 pm) usually have more serious impacts on
human health as they may penetrate deeper into the lung area (Englert 2004; Kumar
et al. 2010; Russell and Brunekreef 2009; Samet et al. 2000).

PM compositions like sulfate, nitrate, organic carbon (OC) and elemental carbon
(EC, sometimes known as black carbon) have significant effects on the local/
regional climate change (Chow et al. 2011; Menon et al. 2002; McConnell et al.
2007; IPCC 2007). It has been generally accepted that EC or BC has a positive
radiative forcing of 0.2-1.0 W/m?, while OC, sulfate and nitrate may cool the
atmosphere by light scattering (Chow et al. 2011). The net effect of PM depends on
the amounts of these compositions, the mixing status, like the internal, external and
coated mixture, particle size and form, and so on (Cheng et al. 2009; Martins et al.
1998; Jacobson 2000, 2001). Once emitted into the atmosphere, the amounts and
mixing status of some compositions change dramatically because of chemical
reaction, changes in gas-particle partitioning and particle size during the aging
process (Cheng et al. 2009; Rogge et al. 1996; Martins et al. 1998; Venkataraman

G. Shen, Emission Factors of Carbonaceous Particulate Matter and Polycyclic 1
Aromatic Hydrocarbons from Residential Solid Fuel Combustions, Springer Theses,
DOI: 10.1007/978-3-642-39762-2_1, © Springer-Verlag Berlin Heidelberg 2014
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and Friedlander 1994; Wang et al. 2010). As a result, the potential impacts of these
compositions are usually complicated. In terms of the climate effect of PM, BC
rather than EC is commonly used. The former, which is widely used for climate
modelers, is often optically measured, implying that the aerosols have strong
absorption ability, whereas the latter often operational definition based on the
thermal stability of carbon and is often used in air quality and source apportionment
studies (Bond et al. 2004; Chen et al. 2005, 2006; Huntzicker et al. 1982).

PM could be emitted from both natural and anthropogenic sources. In nature,
dust storm is one main source of coarse PM, and the processes like volcanic
eruptions are important natural source of PM. The anthropogenic sources of PM
include the processes of residential combustion, vehicle and transportation etc. In
addition to the primary sources, ambient fine PM can be formed from the sec-
ondary formation in atmosphere through chemical reactions of some precursors
(Chan et al. 2009; Docherty et al. 2008; Odum et al. 1996; Turpin and Huntzicker
1995; Virtanen et al. 2010). Current researches on PM cover the studies on of its
source and fate, temporal and spatial distributions, the impacts on human health
and climate change, and the development on environmental criteria and standards.
Different from that in most developed countries where there has been a much long
history of researches on the fate and impacts of PM based on a systematic mon-
itoring network, there are many gaps in the understanding of fate and impacts of
PM in China. There are dramatically distinct temporal and spatial variations in the
mass loads, chemical compositions and subsequent health and climate impacts of
PM in China, which requiring much more basic studies.

1.1.2 Polycyclic Aromatic Hydrocarbons

Polycyclic Aromatic Hydrocarbons (PAHs) are a group of organic compounds with
two or more aromatic rings. They are ubiquitous in various environment media like
atmosphere, soil, water and food. PAHs are of worldwide interest because it can
undergo long range transport and the exposure to PAHs would cause many adverse
health outcomes like lung cancer and neural tube defects (Lang et al. 2007, 2008; Li
et al. 2005; Liu et al. 2003; MacDonald et al. 2000; Prevedouros et al. 2004; Tao
et al. 2006; Van Jaarsveld et al. 1997; Zhang et al. 2006, 2009). In most studies, 16
PAHEs listed in the U.S. EPA priority compound list are often reported (U.S. EPA
1979). Recently, some parent PAHs not in the list are also of growing interest since
they are found to affect the human health significantly and the development of
advanced analytical instruments and methods provide the opportunity to detect these
non-priority PAHs in environment (Jia et al. 2011; Layshock 2010; Wei et al. 2012).
In addition the parent PAHs, more and more studies focus on the fates and impacts of
PAH derivatives such as nitrated, oxygenated, and alkylated PAHs (Bolton et al.
2000; Durant et al. 1996; Ding et al. 2011; Lundstedt et al. 2007; Wang et al. 2011;
Walgraeve et al. 2010). In comparison with parent PAHs, these derivatives usually
have more detrimental toxic properties without the formation of intermediate
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products. Because of the relatively lower volatility, PAHs derivatives usually have
more tendencies to be present in fine PM and can stay longer in air and penetrate
deeper into the lung area. It is proposed that PAH derivatives may have more serious
health impacts than the parent ones (Bolton et al. 2000; Durant et al. 1996; Li et al.
2003; Walgraeve et al. 2010).

The source of PAHs can be natural or anthropogenic. The natural source includes
the processes like natural fire and volcanic eruptions, and the anthropogenic PAHs
source includes the residential solid fuel combustion, industrial produces, vehicle
emissions and so on (Mastral and Callean 2000; Tsibulsky et al. 2001). In general,
anthropogenic source overwhelming the natural source contributes largely to the
total PAHs emitted into the environment. Once emitted into the ambient air, PAHs
re-distributed in air, soil, and water through the processes including dry/wet depo-
sition, soil-air exchange, transport in air and water (Becker et al. 2006; Halsall et al.
2001; Kaneyasu and Takada 2004; Lang et al. 2007; MacDonald et al. 2000;
Mackay 2001; Primbs et al. 2007; Prevedouros et al. 2004; Sehili and Lammel 2007
Tao et al. 2006; Van Jaarsveld et al. 1997). People are often exposed to PAHs in
environment via dermal contact, inhalation and dietary ingestion, and the later two
approaches are the main exposure pathways for most residents (Chuang et al. 1999;
Duan et al. 2004; Jia and Batterman 2010; Jin et al. 2006; Li et al. 2009; Liu et al.
2007a, b; Xia et al. 2010; Yang 2010; Zhang et al. 2009).

There are very scarce studies on the fate and exposure risk of PAHs derivatives
in comparison with that on parent PAHs. The derivatives can be produced from
the primary incomplete combustion, and/or formed secondarily through the
chemical reactions between parent PAHs and free radicals (Allen et al. 1997;
Albinet et al. 2007, 2008a, b; Walgraeve et al. 2010; Wang 2010), but the relative
contribution of primary sources and secondary formation of PAHs derivatives is
not very clear at this stage and inconstant in the literature varying in sites and
sampling periods (Andreou and Rapsomanikis 2009; Eiguren-Fernandez et al.
2008; Kojima et al. 2010; Walgraeve et al. 2010).

1.1.3 Residential Solid Fuel Combustion

To understand the fates and subsequent impacts of pollutants in environment, most
studies often follow the “source to sink” roadmap of emission, transport and
influence. The characterization of source and the development of emission
inventory are important in understanding the fate and influence of pollutants in
environment. Emission inventory is usually developed from the emission factor
(EF) and the activity level. The former is defined as the mass of target emitted per
mass or per energy unit of fuels. There are some inventories of PM and PAHs
developed so far in global and national scales (Andreae and Rosenfeld 2008; Bond
et al. 2004, 2007; Bond 2007; Zhang and Tao 2009), however, because of limited
data about the energy consumption and the EFs, especially much little studies in
developing countries, there are very large variations and uncertainties in current
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inventories (Bond et al. 2004, 2007; Lei et al. 2011; Streets et al. 2001; Xu et al.
2006; Zhang et al. 2007).

Residential solid fuel combustion, including the burning of crop residue, woody
material and coal, is one major source of PM and PAHs. This is particularly true in
developing countries since large amounts of solid fuels are burned inefficiently for
daily cooking and heating because of a lack of cleaner fuels and easy access of
traditional solid fuels in these areas. It was estimated that residential solid fuel
combustion contributed about 34.6, 25.4, 15.4, 46.4, and 81.8 % of total national
emissions of PM, s, PM,, TSP, EC, and OC in China (Lei et al. 2011). For PAHs,
the contribution of residential combustions of crop residue, woody material and
coal made up to 34.6, 21.1 and 6.8 % of the national total (Xu et al. 2006).

Nowadays, more than half of world total populations rely on solid fuels for
cooking and heating (WHO 201 1a, b), and about three billion people in developing
countries are using coal, wood and crop straw. It has is predicted that the popu-
lation using solid fuels would increase in the years to come (IEA 2011). Inefficient
solid fuel combustion in the residential sector produces large amounts of incom-
plete pollutants leading to serious indoor and outdoor air pollution and subse-
quently obvious impacts on human health and local/regional climate change.
Globally, over 2 million people died due to exposure to smoke from the residential
solid fuel combustion (WHO 2011a, b), and in China, residential solid fuel
combustion is the largest environmental risk factor causing about 4.2 million
deaths (Zhang and Smith 2007).

When it is realized that the wide use of solid fuels under inefficient residential
combustion has significantly adverse impacts on air quality and human health, the
deployment of renewable and cleaner fuels is one of research hotspots. It has been
stated in the National Medium- and Long-Term Strategy Plan for Renewable
Energy Development that the development of advanced bio-energy in future is to
use cleaner and high quality energy resources such as electricity, biogas, liquid
fuel and biomass pellets transformed from the raw biomass fuels under high
efficient combustion. In China, the target goal of biomass pellet use is 50 million
tons of annual consumption by 2020 (Chen et al. 2009). It could be expected that
under the support of policy and financial support, the deployment of advanced
renewable biomass fuels will benefit the environment obviously.

1.2 Main Objectives

e To establish methods for the emission characterization of residential sources,
including the methods of sampling, laboratory analysis and calculation of
emission factors.

e To obtain first-hand emission factors of carbonaceous particulate matter (CPM)
and PAHs for crop residues, wood materials and coals burned in the residential
stoves.
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e To analyze the cause of variations in measured emission factors, and quantify
the impacts of these influencing factors.

e To compare the emission characterization including size distribution of PM,
gas-particle partitioning of organics, composition profiles, and isomer ratios
among various solid fuels.

e To conduct some field measurements on emissions from residential solid fuel
combustion in rural China.

e To analyze the emission characterization of CPM and PAHs from the burning of
biomass pellets and compare with that for raw biomass fuel.

1.3 Thesis structure

Chapter 1. Introduction, including a brief introduction of the pollutants in the
thesis study, the research objectives and structure of the thesis.

Chapter 2. Research background. In this section, a detailed review on the
sources and impacts of CPM and PAHs is conducted. The importance of resi-
dential solid fuel combustion, particularly the measurements of emission factors is
addressed

Chapter 3. Method. The simulation of residential solid fuel combustion, the
chose of fuels, sampling and analytical methods of targets and the calculation of
emission factors are described in detail in this section.

Chapter 4. Emission of CPM. Emission factors of CPM for solid fuels
including crop residue, coal and wood are discussed in this section. The influence
of fuel properties and combustion conditions is also discussed. In final, the
emission characterization of CPM among different types of solid fuels is
compared.

Chapter 5. Emission of PAHs. Similar to the structure in Chap. 4, we discussed
the emission characterization of PAHs for coal, crop residue and wood in this
section. Based on the measured results, the composition profiles, isomer ratios,
gas-particle partitioning and size distribution of particle-bound PAHs are dis-
cussed and compared among different fuel types.

Chapter 6. Emission of PAH derivatives. Emission factors of PAHs derivatives
including nitrated and oxygenated PAHs for residential solid fuels are measured
for the first time in China. We analyzed the relationship between EFs of PAHs
derivatives and EFs of corresponding PAHs, and the difference in the character-
ization such as gas-particle partitioning and size distribution.

Chapter 7. Field measurement. It is realized the emission in the simulated
kitchen is different from that in field. In this section, we discussed the results from
two field measurement campaigns in rural Jiangsu and rural Shanxi provinces.

Chapter 8. Biomass pellet. Emission characterization of two types of biomass
pellets burned in a modern burner was measured, and compared with those for raw
biomass fuels combusted in a traditional cooking stove. Based on the experimental
data, the reduction in emission after the deployment of biomass pellets is analyzed.
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Chapter 9. Conclusion and limitation. We summary the main conclusions of
this thesis, and more important, the limitation of the present study is addressed.
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Chapter 2
Research Background

2.1 Environmental Impact
2.1.1 Carbonaceous Particulate Matter

It has been widely realized that PM affects the local/regional air quality, human
health and climate change significantly and is of worldwide interest. The exposure
to ambient PM caused about 0.8 million death per year (WHO 2002a, b). In
addition, the light extinction of PM could have obvious impacts on the ecosystem
such as the yield of crop (Chameides et al. 2009; Russell et al. 1999). There are
many ways to characterize the physic-chemical properties of PM, such as surface
area, size, light extinction efficiency, chemical compositions of inorganic and
organics, and toxic effects. One widely reported physical property is the PM
aerodynamic size. Particles with different diameters have different transportation
abilities and distinct health impacts (Ansmann and Miiller 2005; Dockery et al.
1993; Englert 2004; Pope et al. 2009; Veselovskii et al. 2004). Fine PM may
undergo longer air transport in environment and penetrate deeper into the end of
bronchus and alveolus area, causing serious impacts on human health. Because of
relatively large surface area of fine PM, there are mamy toxic organics bound in
the fine PM, and hence increased the health risks of fine PM. In our daily lives,
several commonly used terms include Total Suspended Particle (TSP, PM with
diameter <100 pm), PM;o (PM with diameter <10 pm), PM, 5 (PM with diameter
<2.5 pm), PM, o (PM with diameter <1.0 pm), and ultra fine PMy; (PM with
diameter <0.1 um). Though a large number of researches had highlighted the high
toxic potentials of fine PM, some studies also arose the attention on the toxic of
coarse PM (Russell and Brunekreef 2009; Pope et al. 2009). The size distribution
of PM can be separated into three modes, including Aitken nuclei mode
(Dp < 0.05 pm), accumulated mode (0.05-2 um) and coarse particle mode
(Dp > 2 pm) (Tang et al. 2006; Whitby 2007). Aitken nuclei mode can be found in
some new formed particles. PM in accumulated mode can be either coagulated
from the Aitken nuclei mode, or directly produced from the condensation of
vapors during the combustion process. PM in the emissions from the solid fuel
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combustion is mainly in accumulated mode (Bond et al. 2004; Chen et al. 2005;
Rogge et al. 1996; Reid et al. 2005). In general, secondarily formed aerosols are
mainly in Aitken nuclei and accumulated modes. The size distribution of PM in the
air is affected by a number of factors including ambient temperature and relatively
humidity (RH) (McMurry and Stolzenburg 1989; Shi et al. 2007; Tan et al. 2009;
Vasconcelos et al. 1994). In most cases, the PM size distribution in air follows the
log transformed normal distribution (Tang et al. 2006; Hinds 1999).

In most developing countries, the air quality has been deteriorating and there
are many programs studying the cause and potential impacts of severe air pollution
(Balakrishnan et al. 2002, 2004; Cao et al. 2003a, b; Chan and Yao 2008; Kim
Oanh and Zhang 2004; Kim Oanh et al. 2006; Pandey et al. 2006, 2008), however,
current knowledge about the air pollution and its environmental impact is still lack,
particularly when compared with the long history studies in developed countries
(Ansmann and Miiller 2005; Cercasov and Wulfmeyer 2008; Chow et al. 2008,
2011; Dockery et al. 1993; Englert 2004; Keeler 2004; Laden et al. 2000; Pope
et al. 2009; Veselovskii et al. 2004). Because of the distinct sources and meteo-
rological conditions, the emissions, ambient pollution levels as well as the
potential impacts of PM have obviously temporal and spatial variations. In China,
the fast economical development and large consumption of energy lead to severe
air pollution during the last several decades (Cao et al. 2003a, b; Chan and Yao
2008; Davis and Guo 2000; Deng et al. 2008; Feng et al. 2006; Liu et al. 2008a, b;
Lin et al. 2010; Remer et al. 2008; Sun et al. 2004; Wu et al. 2006; Zhao et al.
2009). The migration of population from the rural area to urban/sub-urban areas,
particularly after the 1980s, leads to high population densities and serious envi-
ronmental issues in the large cities. In China, a total number of city is about 660,
among which about 170 ones are megacities with population over 1 million (Chan
and Yao 2008). The urban population increased from 19.6 to 40.5 % during
1980-2005, and there would be about 350 million people living in the urban by
2025 (Zhu et al. 2011). Most of available studies are mainly in large cities, like
Beijing, Shanghai and cities in the Pearl River Delta (Chan and Yao 2008; Hao
et al. 2005; Zhang et al. 2009a). For example, it was reported that the main air
pollutant is PM;,, and there were about 40 % days annually with 24 h average
PM,, concentrations exceed the national standard even though the annual average
concentration showed a decreasing trend from 1999 to 2005. The emission of PM
in Beijing decreased from 2.70 million tones in 1994 to 58 thousand tones in 2005,
but the industrial dust increased from 59 thousand tones to 100 thousand tones.
Besides PM;o3, PM, 5 is of wide and increasing interest, especially in the last
several years (van Donkelaar et al. 2010; WHO 2011; Yuan et al. 2012).
According to the plan from the Ministry of Environmental Protection, some cities
and pilot regions would start to monitor in daily air pollutant monitoring, and by
2015, all county cities should monitor and report PM, 5 (Yuan et al. 2012). Since
PM, 5 is not only emitted from the primary sources but also formed during the
secondary transformation, increased emissions of some precursors, for example
NOx and volatile organic compounds from vehicle emissions, would deteriorate
the air quality and increase the technical and political difficulty in air pollution
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control. It is expected that with the efforts of effective source control strategies and
the implication of pollution control techniques, the emission and pollution level of
PM would decrease in future. Even so, PM would still be the main air pollutant in
China, and the severe air pollution levels should be arisen high attention by both
scientists and policy makers (Chan and Yao 2008; Lei et al. 2011; Lin et al. 2010).
One important and large source of PM in China is the consumption of traditional
solid fuels including coals, wood and crop residues. In rural area, a large amount of
solid fuels is used by residents for daily cooking and heating. The inefficient
combustions of these fuels often cause serious air pollution in the region. It was
reported that the PM, concentration in the kitchen during the cooking time might
be 6 times of that during the non-cooking period, and the personal exposure level
was three times for the cooker to that for the non-cooker (Jiang and Bell 2008). In
addition to the use in residential household, biomass is also widely burned in open
field, especially after the harvest. It was estimated that about 110-158 Tg biomass
fuels were burned annually in open field (Streets et al. 2003; Cao et al. 2006).

Carbon fraction, mainly including organic carbon (OC) and elemental carbon
(EC), is an important chemical composition of PM. Sometimes, the term “black
carbon (BC)” is used. In general, the climate modelers prefer to use BC which often
refers to the carbon or substance having light absorbing ability, whereas most
people in the field of aerosol chemistry use the term EC. The analytical methods of
EC and BC are usually different. For the former, thermal or thermal-optical
methods are used in which the carbon was oxidized to CO, and quantified. The most
widely used instruments to measure EC are EC/OC analyzer from Sunset, or DRI
BC is measured using the optical method at a specific spectrum, like 840 nm.
Because the EC and BC data often correlated with one anther and in many cases are
comparable, they are sometimes considered as the same mass when the other
measurement was unavailable (Bond et al. 2004; Chen et al. 2005; Chow et al.
2011). The sampling and analytical methods have significant influences on the
obtained OC and EC results. However, current work on how to eliminate the
influence of sampling and analytical methods on the analyzed carbon results is
limited. It is expected that there would be more studies on the issues like how to
estimate and control the absorption of gaseous organics, the vaporization of volatile
organics in PM, and how to correct the difference or bias in different analytical
temperature protocols and charring correction methods (Cheng et al. 2009a, b;
Duan et al. 2007; Mader et al. 2001).

OC can be emitted from the primary combustion, and/or formed from the
atmospheric reactions secondarily. Different from OC, EC is produced from the
primary combustion sources such as the industrial processes, vehicle emission and
coal combustions. Because of the enhanced secondary formation of OC, the ratio
of OC to EC is usually higher in summer in comparison with that in winter (Chen
et al. 2002; Yu et al. 2004). The ratio of OC and EC can be used to estimate the
relatively contribution of secondary formation of OC in atmosphere (Tang et al.
2006; Tan et al. 2009; Turpin and Huntzicker 1995; Na et al. 2004). OC and EC,
particularly the later, usually prefer to be present in fine PM (Chen et al. 1997;
Tang et al. 2006; Tan et al. 2009; Venkataraman and Friedlander 1994;
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Venkataraman et al. 1994), and absorb (for OC) or adsorb (for EC) organics
causing the toxic of PM (Crutzen and Andreae 1990; Seinfeld and Pandis 2006;
Allen et al. 1996; Venkataraman et al. 2002). OC and EC also influence the local/
regional climate change through the light scattering and absorbing, respectively,
leading to negative and positive radiative forcing, respectively (Yu et al. 2004;
Chow et al. 2011). The net climate effect of carbon fraction in PM is often
controlled by the ratio of OC to EC (Zhi et al. 2009). The positive radiative forcing
of EC highly depends on the mixing status (inter- or external mixture). It was
reported that the forcing of EC may range from 0.27 to 0.78 W/m? (Jacobson
2001). During the last three decades, the average temperature in the Arctic
increased by about 1.5 °C, of which about 1.1 °C might be contributed by the
warm effect of aerosol because of the light absorption of BC (IPCC 2001; Shindell
and Faluvegi 2009). The emissions from open biomass burning may increase the
ambient concentration in the Arctic by about 2 times (Koch and Hansen 2005;
Stohl et al. 2006; Warneke et al. 2009, 2010). Since the PM in background air in
the Arctic mainly consist sulfate and much small percents of nitrate, organics and
BC (Law and Stohl 2007; Quinn et al. 2006), while PM from the biomass burning
generally has relatively higher fractions of OC and EC but less sulfate (Warneke
et al. 2009), the transport of PM from biomass burning to the Arctic may have
much significantly impacts on the ambient concentrations of OC and EC in the
Arctic (Warneke et al. 2010). The mass percentages of total carbon (the sum of OC
and EC) vary in different sources (Chow et al. 2011; Duan et al. 2007; Seinfeld and
Pandis 2006). For example, the mass percents of OC and EC in PM from resi-
dential wood combustion were reported to be around 50 and 12 %, and in the
emission from residential coal combustion at 70 and 26 %, but in the industrial
coal combustion, they might vary from 2-34 to 1-8 % (Chow 1995; Chow et al.
2011; Duan et al. 2007).

In addition to the impacts on air quality and climate change, OC and EC have
significant impacts on human health since they often absorb and/or adsorb many
toxics and can penetrate deeper into the lung area and bronchus (Bond et al. 2004;
EPA 2012; McCracken et al. 2010; Zhi et al. 2009). The monitoring of particle
carbon fraction has been included into some research programs and observation
campaign from the 1980s (Qin et al. 2001). These programs provided important
data on the concentration levels and dynamic change patterns of BC. In China, the
air pollution of BC is of growing interest, especially after the large increase of
vehicles and consumption of coals both of which are large emitters of BC. During
the 1980s, there are some, though very limited observation of BC, and after the
1990s, more and more field BC observation studies come out. In general, we have
very limited studies on the source, ambient level and impact of BC in China, and
there are often large biases and uncertainties in the inventories and environmental
impacts of BC (Gu et al. 2006; Zhang et al. 2009b; Zhi et al. 2009). For example, it
was once reported that the flood in the south China and drought in the north China
may be strongly related to the emissions of BC from residential biomass and coal
combustion (Menon et al. 2002), but in the another study, the results were found to
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be hard to be predicted when including the emissions of BC from residential solid
fuel combustion into the atmospheric model (Gu et al. 2006; Zhang and Tao 2009).

2.1.2 Polycyclic Aromatic Hydrocarbons and Derivatives

Polycyclic aromatic hydrocarbons (PAHs) are a group of hydrocarbon organic
pollutants with two or more benzene rings (Kanaly and Harayama 2000; Mumtaz
et al. 1996; Neff 1979). They have been ubiquitously found in air, soil, water and
organism. Because of the carcinogenicity and mutagenic toxicities, PAHs have
been widely studied in many areas around the world (Fernandes et al. 1997;
Gaspari et al. 2003; IARC 1987; Perera et al. 2002; Pufulete et al. 2004; Xue and
Warshawsky 2004; Zhang et al. 2009c). There are many PAH isomers in envi-
ronment, and they are usually a mixture in environment. The physical and
chemical properties of PAH isomers differ obviously. PAHs with the same rings
and molecular weight often have the comparable physic-chemical properties. In
general, with the increase of aromatic rings and molecular weight, the solubility,
vapor pressure and volatility decrease, but the hydrophobic effect increases (Smith
and Harrison 1996). PAHs are included in the priority list in many countries and
organizations. In the middle 1970s, 129 compounds are listed by U.S. EPA as
priority control pollutants, among which there are 16 PAHs. PAHs are also the
Regionally-based Assessment of Persistent Toxic Substances in the United Nations
Environment Program, 2002. Because of the ability of volatility and long range
transport (Becker et al. 2006; Halsall et al. 2001; Kaneyasu and Takada 2004;
Lang et al. 2007; MacDonald et al. 2000; Mackay 2001; Primbs et al. 2007;
Prevedouros et al. 2004; Sehili and Lammel 2007; Tao et al. 2006; Van Jaarsveld
et al. 1997), PAHs are also included into the Convention on Long-range Tans-
boundary Air Pollution by the United Nations Economic Commission for Europe,
1998. In China, some PAHs including naphthalene, fluoranthene, benzo[b[fluo-
ranthene, benzo[k]fluoranthene, benzo[a]pyrene, benzo[ghi]pyrene, and benzo[-
ghi]perylene, are included into the priority control pollutant list (Zhou et al. 1990).
Benzo[a]pyrene, as an example of toxic PAHs, is included in the environmental air
quality standard (MEP 1996).

Pollution level and characterization of PAHs pollution in environment have
obviously temporal and spatial variations due to distinct emission sources and the
influence of meteorological conditions (Garban et al. 2002; Hafner et al. 2005; Liu
et al. 2007; Liu 2008; Wang 2010; Zhang 2010). Once emitted into the air, PAHs
often redistribute between the gaseous and particulate phases (Bidleman 1988;
Goss and Schwarzenbach 1998; Lohmann and Lammel 2004; Pankow 1987), and
undergo the complicated chemical reactions and physical processes like dry and
wet deposition (Behymer and Hites 1988; Reisen and Arey 2002, 2005; Garban
et al. 2002; Wang et al. 2010, 2011a, b). Due to the long range transport ability,
PAHs can redistribute in the areas like some background sites and the Arctic area
(Daly and Wania 2005; Ding et al. 2007; Garban et al. 2002; MacDonald et al.
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2000; Van Jaarsveld et al. 1997; Wania and Mackay 1993; Wang et al. 2010).
PAHs in air can enter into the soil and water through the deposition and washout
process, and PAHs in soil could also be reemitted into the air or water (Cousins
et al. 1999; Meijer et al. 2003; Wang et al. 2011a; Wild and Jones 1995). As a
result, the PAH content in soil varies in site and time, which is heavily associated
with the emission densities, physic-chemical properties of PAHs and structure and
properties of soil (Heywood et al. 2006; Wilcke and Amelung 2000).

PAHs exposure would cause serious adverse human health outcomes through
direct (inhalation or dietary exposure) or indirect exposure (the absorption of
animals and plants) pathways (An et al. 2005; Duan and Wei 2002; Duan et al.
2008; Li et al. 2005, 2009a, b; Menzie et al. 1992; McClean et al. 2004, 2007; Tao
et al. 2006; Wu et al. 2010; Xia et al. 2010). The relative contributions of inha-
lation and dietary exposures may vary in site and time. In the regions with serious
ambient PAHs pollution, the inhalation exposure would contribute largely to the
total exposure (Duan et al. 2008; Li et al. 2009a, b; Tao et al. 2006; Xia et al.
2010). For example, it was reported that for the non-smokers, the inhalation
exposure made up to 90 % of total PAHs exposure (Suzuki and Yoshinaga 2007;
Vyskocil et al. 2000, 2004). Meanwhile, in some regions where the air levels of
PAHs are very low, personal exposed PAHs may be mainly from the ingestion of
high molecular weight PAHs in food (Van Roojj et al. 1994; Vyskocil et al. 1997).
PAHs would form carcinogenic PAHs-DNA adducts in vivo after exposure
(Boysen and Hecht 2003; Cheng 1998; Jacob and Seidel 2002; Denissenko et al.
1996; Ramesh et al. 2004). The formation of DNA adduct is an important process
of PAHs-induced toxicity. The risk of many diseases, like lung cancer after PAHs
exposure has been reported in many epidemiologic studies (Karlehagen et al.
1992; Romundstad et al. 2000; Simioli et al. 2004; Vyskocil et al. 2004). It was
reported that after the adjusting of gene susceptibility and spatial distributions of
ambient PAHs and population, abut 1.6 % of lung cancer cases (0.65 x 107°)
could be attributed to the exposure to ambient PAHs in China (Zhang et al. 2009c¢).

Based on the information of source, pollution level and dynamic changes of
PAHEs, pollution control strategy on PAHs could be conducted effectively (Halsall
et al. 1994; Buehler and Hites 2002; Wild and Jones 1995; Venier and Hites 2010).
The pollution of PAHs may be expected to decrease after the effective implication
of the regulations and laws, which actually occurs in many developed countries
(Coleman et al. 1997; Jacob et al. 1997; Katsoyiannis et al. 2011; Menichini et al.
1999). Due to the emission sources of industrial and vehicle emissions, the PAHs
pollution levels in urban areas in these developed countries are generally higher
than those in the rural areas (Allen et al. 1996; Cotham and Bidleman 1995;
Gigliotti et al. 2005; Motelay-Massei et al. 2005; Smith and Harrison 1996). In
China, most studies on PAHs so far are in urban area (Duan et al. 2006; Guo et al.
2003a, b; Wan et al. 2006; Wang and Kawamura 2005; Wang et al. 2006a, b,
2007a, b; Wu et al. 2005, 2006; Xie et al. 2008), and much higher pollution levels
and adverse health outcomes in these densely population regions have been
identified in comparison with those in developed countries (Wang et al. 2006a; Wu
et al. 2006; Zhang and Tao 2009; Zhou et al. 2005). Because of large consumption
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of solid fuels under ineffective residential combustions in rural area, and the
deployment of central heating system (Guo et al. 2004; Liu et al. 2007; Liu 2008;
Mumford et al. 1987, 1993; Wang et al. 2009a; Wu et al. 2006; Wang 2010; Wang
et al. 2011a, b; Zhang et al. 2007a, 2008a, b; Zhang and Tao 2009), the pollution
of PAHs in the urban area is more or less controlled but the pollution in rural area
is still very serious leading to comparable, even slight higher pollution levels of
PAHs in the rural China. There are some research programs, although limited due
to technical difficulty and expensively finical cost, in China focusing on the pol-
lution characterization of PAHs in the last several years. In an extensive field study
in the Beijing-Tianjin region, it has been found that the ambient PAHs pollution in
the area was much higher than that in the developed countries (Okuda et al. 2006;
Wu et al. 2005, 2006; Zhou et al. 2005), and there was no significant difference
between the rural and urban areas (Liu et al. 2007). Significant seasonal distri-
bution was revealed with high contamination level in the winter, followed by
autumn and relatively low levels in the summer and spring. The distribution of
PAHs was strongly correlated with the factors like emission density, population
and GDP (Liu et al. 2007; Liu et al. 2008a). The source apportionment result
showed that the main sources of PAHs in the Beijing-Tianjin region were indus-
trial process, crop residue burning, coal combustion and coke production.

Besides parent PAHs, PAHs derivatives, such as nitrated, oxygenated, hydro-
xyl-PAHs, are of growing concern recently. In comparison with parent PAHs,
PAHs derivatives often have more direct and strong toxic (Allen et al. 1996, 1997,
Miller 1978; Bolton et al. 2000; Cheeseman et al. 1985; Palmer and Paulson 1997;
Walgraeve et al. 2010). Some derivatives, like oxygenated PAHs (oPAHs)
including ketones and quinones, are important intermediary metabolites of many
carcinogens (Bolton et al. 2000). The mechanism(s) of these derivatives is not very
clear, but it is widely accepted that this was related to the formation of free
radicals, and the produce of reactive oxygen species (ROS). PAHs derivatives can
be emitted from the primary sources including the incomplete combustions of
biomass and coal, and formed secondarily through the reaction of parent PAHs and
free radicals (Nielson 1984; Arey et al. 1989; Atkinson et al. 1990; Albinet et al.
2007, 2008a, b; Walgraeve et al. 2010). Nitrated and oxygenated PAHs had been
measured in the smoke from the emissions of vehicle, residential coal and biomass
burning, and affected by the factors like combustion temperature, air supply
condition and relatively humidity (Gullett et al. 2003; Sidhu et al. 2005; Fitzpa-
trick et al. 2007). The secondary formed PAHs highly vary in sampling site and
period (Eiguren-Fernandez et al. 2008; Kojima et al. 2010; Walgraeve et al. 2010).
Because of limited studies available, it is not very clear the relative contributions
of primary and secondary sources nowadays. .

Ambient measurements on PAHs derivatives are limited, and mainly in
developed countries and regions (Allen et al. 1997; Lundstedt et al. 2007; Reisen
and Arey 2002, 2005; Tang et al. 2005; Wilson et al. 1995). Some limited studies
in China included the emission characterization of nitrated PAHs (nPAHs) from
the vehicle emission (Xu 1984) and in some environmental samples (Hattori et al.
2007; Tang et al. 2005). Based on the literature reported datas, oPAHs



18 2 Research Background

concentrations are comparable with the parent PAHs within the same order of
magnitude, while nitrated PAHs are generally 2-3 orders of magnitude lower than
the level of parent PAHs. It was reported that some quinones are chemically steady
and can stay longer in atmosphere after emission (Church and Pryor 1985;
McFerrin et al. 2008; Pryor et al. 1983). Similar to the parent PAHs, PAHs
derivatives can be either in gaseous or particulate phases, but because of relatively
low vapor pressure, these derivatives have mode tendencies to be present in par-
ticulate phase, especially fine PM (Angelo et al. 1999; Youhei et al. 2004; Wal-
graeve et al. 2010).

2.2 Emission Inventory
2.2.1 Inventory of CPM

PM can be emitted from both natural sources like soil dust and volcano eruption,
and anthropogenic sources. Fine PM can be also formed from the secondary
chemical reactions of some precursors (Odum et al. 1996; Andreae and Rosenfeld
2008). It was estimated that globally the anthropogenic emission of PM was about
210 Tg/year, and secondarily formed aerosol was about 139 Tg/year (Andreae and
Rosenfeld 2008). In Europe, annual emission of PM was about 1.83 Tg, of which
0.52 and 0.23 Tg were from the indoor burning and agricultural activities (Amann
et al. 2005). The annual emission of PM in Asia was about 30 Tg, of which 17 Tg
was emitted from the open biomass burning (Hays et al. 2005; Streets et al. 2003).
In regard of the carbon fraction, based on the fuel consumption data from the
International Energy Agency (IEA) and reported EFs in the literature, it was
estimated that total emission of BC in 1996 was about 7.95 Tg, among which open
biomass burning, residential biomass burning and coal combustion contributed 42,
18 and 6 %, respectively (Bond et al. 2004, 2007). The historical emissions of BC
and OC from 1850 to 2000 were found to increase from 1.0 to 4.4, and from 4.1 to
8.7 Tg, respectively (Bond et al. 2007). By updating the data for biomass burning,
the estimated emission of BC in 1996 in the second estimation was lower than the
previously estimated 7.95 Tg (Bond et al. 2007; Fernandes et al. 2007). In the
latest report on BC, global total emission of BC in 2007 was about 7.6 Tg, among
which open biomass burning, residential combustion, transportation and industrial
sources contributed 35.5, 25.1, 19.0 and 19.3 %, respectively (EPA 2012). It was
thought that because of increased use of fossil fuels, the emission of BC increased
during the last several decades (Junker and Liousse 2008; Novakov et al. 2000),
however, due to improved techniques in combustion and control technologies, the
emission of BC has decreased after the 1980s (Junker and Liousse 2008). There are
very large uncertainties in these inventories. Even though different methods
reported similar temporal and spatial distributions, the estimated amounts varied
dramatically because of the distinct data of EFs and fuel consumption.
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China is one large emitter of BC (Cooke et al. 1999; Bond et al. 2004). It was
reported that anthropogenic emissions of BC and OC in Asia were 2.54 and
10.4 Tg, respectively, among which 1.05 and 3.4 Tg were from China (Streets
et al. 2003). It is obvious that fuel type and burning condition in China differed
dramatically from those in other countries and regions, and hence the lack of
information of direct measurements on the emission characterization of the spe-
cific fuel-stove combinations in China would lead to considerable bias in the
developed inventories. Based on the literature reported EFs of BC or PM, the
emission of BC in China was estimated at 1.34 Tg, and about 605.4, 512, 82.5, and
36.9 Gg from the burning of residential coal, biomass, industrial coal and diesel,
respectively (Streets et al. 2001). It was also predicted that with the development
of approaches like new and clean techniques and the deployment of briquettes, the
emission of BC would decrease to 1.22 Tg by 2020, and the residential biomass
and coal combustions were still the two dominated sources contributing 535 and
387 Gg, respectively (Streets et al. 2001). Recently, Lei et al. (2011) estimated the
emissions of BC and OC in China from 1995 to 2000. In the study, EFs of BC and
OC were calculated from EF of PM and the mass fractions of EC and OC in PM,
respectively. The national total emissions of PM, s, PM, TSP, BC and OC were
9.28, 13.5, 24.9, 1.13 and 2.87 Tg in 1990, and by 2005, they increased to 12.95,
18.83,34.26, 1.51, and 3.19 Tg, respectively (Lei et al. 2011). The emission of PM
increased from 1990 to 1996, and after 1996 there was a short decrease, and then
increased again after 2000. The emissions of BC and OC increased after 2000.
Residential solid fuel combustion is a dominated source of CPM in China. Based
on the estimated consumption of biomass fuels and literature reported EFs, it was
estimated that the total emissions of PM and BC increased from 2000 to 2007 at a
rate of 2.6 %, and at 3.62 and 0.43 million tones in 2007. Due to limited domestic
measurements, in most emission inventories EFs reported for other countries and
cities are often adopted, which often bias the estimated amounts. In general, the
emission of BC in China during 1995 to 2001 was 1.37-1.71 Tg (Streets et al.
2001; Bond et al. 2004; Cao et al. 2006; Streets, et al. 2003; Zhang and Smith
2007). Residential combustions of coal and biomass fuels are the dominated
sources, and the open burning of biomass burning after the harvest also contributes
largely to the total anthropogenic emission. It is realized that when there were still
very large emissions from residential solid fuel combustion, with the increased
emissions from the gasoline and diesel powered vehicles (Zhi et al. 2009; Wang
et al. 2012), anthropogenic emission of BC would be an important air pollutant of
concern and requires further studies.

2.2.2 Inventory of PAHs

PAHs are mainly produced from the incomplete combustion processes (Mastral
and Calledn 2000; Tsibulsky et al. 2001), and are ubiquitous in environment after
the emissions of both anthropogenic and natural sources. Generally, the sources of



20 2 Research Background

PAHs include the industrial, transport, domestic burning, agricultural activity and
natural emissions (Tsibulsky et al. 2001; Zhang 2010). Volcano eruption, forest
fire, and the biological formation are all able to produce PAHs. Though it is
different to estimate the activity level and the EFs of PAHs from the natural
sources, it is widely accepted that anthropogenic emissions contribute largely to
the total PAHs in environment. PAHs from the industrial process are highly related
to the techniques and pollution control technologies, and PAHs from the transport
sources are related to the type of vehicles, usage, loading and operation modes, as
well as fuel types. Residential combustion sources of PAHs include the burnings of
biomass fuels and coals. In most developing countries, these solid fuels are widely
used for daily cooking and heating by rural resident. Because of relatively low
burning efficiency, residential solid fuel combustions often yield high emissions of
incomplete pollutants, and it is the main source of PAHs globally and particularly
in developing countries.

There are some inventories on the emissions of PAHs at the country and
regional levels (Berdowski et al. 1997; Galarneau et al. 2006; Pacyna et al. 2003;
Tsibulsky et al. 2001; Wenborn et al. 1999; Zhang and Tao 2009). For instance, it
had been estimated that global total emission of BaP from anthropogenic source
during 1966-1969 was about 5 Gg/y (Suess 1976). Zhang and Tao (2009)
developed a global emission inventory of PAHs in 2004, and the differences
among countries and different sources were addressed. The results showed that
global total emission of PAHs was 0.52 million tones in 2004, and there was
0.29 million tones from Asia. China, India and U.S. were three large emitters with
the national total emissions of 114, 90 and 32 thousand tones, respectively. In
terms of the source contribution, biomass burning contributed over 57 % of the
total, and the emission from industrial source only made up to 10 % the global
total. The source profiles varied among different countries. In general, vehicle
emission is the main source in developed countries, and in most developing
countries, residential solid fuel combustion was the largest emitter. In comparison
with less work on global emission estimation, there are more inventories on the
national or regional scales (Tsibulsky et al. 2001; Berdowski et al. 1997; Pacyna
et al. 2003; Wenborn et al. 1999). For example, Tsibulsky et al. (2001) estimated
the emissions of 6 PAHs in the Soviet Union during 1990 to 1997 based on the
literature reported EFs. Wenborn et al. (1999) reported a total emission of 1.7 Gg/
year from U.K. and most of PAHs were from the industrial activities while the
residential combustion was a minor source. Berdowski et al. (1997) estimated the
emissions of FLA, BaP, BbK, BkF, BghiP and IcdP from 23 European countries,
and pointed out that the emissions from residential source would increase while
that from the industrial source will decrease gradually. The historical emission of
BaP from Europe was reported by Pacyna et al. (2003). According to the report by
European Monitoring and Evaluation program, total emissions of BaP, BbF, BkF
and IcdP in Europe were 2.4 and 1.3 Gg in 1990 and 2003, respectively. It was
reported that the emissions of 16 PAHs and 7 carcinogenic PAHs from the U.S. in
1990 were 26.5 and 2.0 Gg, respectively, among which firewood combustion
contributed about 33 % of the total (U.S. EPA 1998). Afterwards, the U.S. EPA
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updated the emission inventory of 7 carcinogenic PAHs between 1970 and 1995,
and more important, a database was established so as to share the results for the
scientists all over the world (U.S. EPA 2001). The emission of BaP in the Great
Lake region and the Ontario was 26.8 Mg/year, and manufacturing industry,
indoor firewood burning and open biomass burning were three main sources
contributing 33, 28 and 13 % of the total emission (GLC 2007). It was pointed out
that with the effective control on vehicle emission, the implement of regulations
and control strategies, and improved combustion efficiencies of indoor cooking
stoves, regional PAHs emission decreased obviously.

Emission inventories of PAHs in developing countries are rarely developed so
far. To our knowledge, in addition to the global inventory by Zhang and Tao
(2009) in which PAHs emissions were estimated at a national scale, one widely
used inventory in developing country is that developed by Tao group (Xu et al.
2006; Zhang et al. 2007b, 2008a) for PAHs emission in China. The total emissions
were 25.3 Gg/year, and residential wood, crop residue and coal combustion con-
tributed 34, 26 and 20 %, respectively. The contribution of coking production was
16 %. In comparison with the composition profile in other developed countries or
regions, the fractions of high molecular weight PAHs most of which are toxic ones
were generally higher in the emissions from China. This might be due to relatively
high contributions of emissions from low efficient residential biomass and coal
combustions. Xu et al. (2006) analyzed the temporal-spatial and historical distri-
bution of PAHs in China. After that, Zhang et al. (2007b) developed a high
resolution emission inventory of PAHs at a county level. The estimated emission
was 28.8 Gg, and the contributions of biomass burning, residential coal combus-
tion and coking were 59, 23 and 15 %, respectively. The composition profiles
varied significantly among different counties. The study on historical change
suggested that with the development of social economic and energy consumption,
the emissions of PAHs increased simultaneously. From 1950 to 1979, the total
PAHSs emission increased from 19.0 to 67.0 thousand tones, and between 1950 to
1961, because of the fast increase of coal consumption in the residential sector and
widespread indigenous coking, PAHs emissions increased by about 1.4 times.
After the middle of 1970s, because of the urbanization and family planning policy,
the natural increase rate of rural population decreased and subsequent residential
consumption of biomass stopped the increase. During the period, indigenous
coking was the main cause of PAHs increase in China. In 2003, the coal low was
issued and implemented, and most indigenous coking was banned. After that, the
PAHs emission decreased accordingly.

2.2.3 Uncertainty in Inventory

In almost all inventories developed so far, there are considerable biases and
uncertainties (Bond et al. 2004; Streets et al. 2001; Zhang et al. 2009¢). Emission
inventory is developed based on the activity level and corresponding emission
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factor (EF). The information of activity level can be obtained from the field survey
or statistical reports. EFs defined as the pollutant mass for per fuel mass or energy
(unit: mg/kg or mg/kl) is the basic input for the development of emission
inventory. The lack of data on either activity level or EFs would lead to large
biases in developed inventories. Nowadays, the information on the fuel con-
sumption of major stationary sources is available and accessible for most studies.
However, the information for the minor or scattered pointed sources is lack since
they are usually difficult to count out. In terms of the EFs, in addition to the lack of
sufficient data, variations in reported data due to influencing factors such as fuel
properties, burning conditions and even experimental methods are more respon-
sible for the uncertainties in the developed inventories. EFs reported in the liter-
ature can vary in orders of magnitude (Streets et al. 2001). The influences of many
factors are completed and usually complicated. For example, the pollutant emis-
sion would increase under high excess air and subsequent low burning temperature
and thermal efficiency (Fan et al. 2010; Johansson et al. 2004). The burning of high
moisture fuel would require an amount of heat to vaporize water and hence lead to
incomplete combustion of fuel and emissions of incomplete burning pollutant, but
during the combustion of low moisture fuel, the fast burning would cause an
oxygen deficient atmosphere in the stove chamber which may also lead to
increased emissions of incomplete pollutants (Rogge et al. 1998; Simoneit 2002).
Generally, the EFs are lower under high burning efficiencies, and the later is
affected by a number of factors such as fuel moisture, fuel loading and air supply.
It was reported that from 1990 to 2005, because of the implement of pollution
control devices and technology improvement, the EFs of PM, s and TSP from the
combustion sources in China decreased obviously, by about 7-69 and 18-80 %,
respectively (Lei et al. 2011). EFs can be measured directly from the field or
laboratory experiments, or calculated from the other related pollutants (Bond et al.
2004; Zhang et al. 2000). For example, EFs of particle-bound PAHs can be esti-
mated from the EFs of PM and PAHs mass fraction in PM. In a study on global
carbonaceous carbon inventory, Bond et al. (2004) quantitatively analyzed a
number of factors influencing the emissions and identified the most significant
factor. For instance, in the coking production, three most significant factors are
technology, EF of PM, and the carbon fraction in PM. In the coal combustion, EF
of PM was the main influencing factor, followed by the technology and carbon
fraction. For most sources, EF is the most important factor or of relatively high
importance in comparison with technology level and energy consumption data
(Bond et al. 2004). It has been previously reported that relative variations in PAHs
emissions from the aluminum electrolysis with pre-baked anode, non-transporta-
tion petroleum, industrial coal and gasoline and kerosene consumption in trans-
portation were 314, 228, 161, 173 and 179 %, respectively. The calculated
variations for the EFs (16.1 %) were significantly higher than that of 5.41 % for
the activity level based on the Monte Carlo simulation, which indicated that EFs
were the main source of uncertainty in developed inventory (Zhang and Tao 2009).
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2.3 Residential Solid Fuel Combustion

2.3.1 Solid Fuels

Solid fuels mainly include natural combustible materials like crop straw, firewood
and coal. Because of easy access, high abundance and relatively low cost, solid
fuels are widely used in rural households for daily cooking and heating. There are
over 3.0 billion people all over the world using solid fuels in daily lives, and most
of them live in developing countries. Biomass fuels are one most widely used solid
fuel in rural area. The consumption of biomass contributed about 14 % of global
total energy consumption, and in developing countries, it could make up to about
40 % (IEA 2011a, b). During the burning of biomass fuel, combustible fractions
such as lignin, cellulose and hemi-cellulose, were burned and emitted vaporized
organics some of which would participate into the formation of PM and other
incomplete pollutants. The process can be separated into two phases of flaming and
smoldering with or without obvious fire. Low efficient biomass burning often
produces large amounts of incomplete particles and gaseous pollutants (Andreae
1991; Andreae and Merlet 2001; Simoneit 2002). In China, biomass fuel con-
tributed about 24 % of national total energy consumption. The burnings of crop
residues and wood materials are the major sources of pollutants like PM, volatile
organic compounds and SO, (Cao et al. 2005, 2007; Crutzen and Andreae 1990;
Tian et al. 2011).

Coal is the most abundant and widely used fossil fuel. The consumption of coal
in China is very large, and it can be expected that in the years to come, coal would
still be the main energy source in the country. The coal consumption increased
from 603 Mtce in 1980 to 1389 Mtce by 1996, and after that although there was a
short decrease, it raised up to 2656 Mtce in 2007. Coal consumption comprises up
to 70-76 % of national total energy consumption (Chen and Xu 2010). Coal
combustion process covers the phases of pre-heating, burning of volatile fractions
and combustion of the other solid materials. Pollutant emissions from the first two
phases were about 50 times of that in the last burning period (Bond et al. 2002;
Butcher and Ellenbecker 1982). But it is noted that these three phases are not
absolutely independent (Bond et al. 2002, 2004). It is accepted that at the initial
burning period, a large number of pollutant was released and increased obviously,
and then in the smoldering phase without obvious fire, pollutant emissions usually
decreased.

The combustions of biomass and coal under relatively low burning efficiencies
often produce various pollutants, and subsequently affect the indoor and outdoor
air quality and human health. It was reported that the indoor PM, 5 concentration
in the kitchen using briquette coal was 13 and 30 times of those using natural gas
and liquid petroleum gas, respectively (Peng et al. 2005). Exposure to these toxic
pollutants is associated with increased risks of various diseases (Chapman et al.
2005; Hu and Guo 2007; Tian et al. 2009; He et al. 2005; Lin et al. 2005; Mumford
et al. 1987; Smith 1993; Zhang and Smith 2007). The occurrence of COPD in
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population using solid fuels for daily cooking was 16—-19 %, significantly higher
than that of 8.7 % in the population using liquid petroleum gas (Wen et al. 2006).
In China, exposure to smoke from residential solid fuel combustion caused about
0.42 million premature death, which was about 40 % higher than that of
0.30 million caused by the outdoor air pollution (Zhang and Smith 2007).

Residential solid fuel combustion is a major source for many pollutants like PM
and PAHs, especially in developing countries. It is necessary to develop reliable
inventories of these pollutants from solid fuel combustion so as to estimate the
impacts on air quality, human health and also regional climate change of these
pollutants of widespread concern.

2.3.2 EF Measurements

EFs can be affected by a number of factors and usually vary in orders of magnitude
(Streets et al. 2001; Xu et al. 2006). Beside the use in the development of emission
inventory, EFs are also widely used in the development and implement of many
environment pollution control strategies. For instance, the emission standard is one
most important term used to regulate the pollutant emission behaviors of most
industrial sources. Emission permits, standards and control strategies based on the
inadequate or even wrong EFs might ignore some important sources of target
pollutants, and even result in wrong emission reduction plans (U.S. EPA 2006;
Pouliot et al. 2012).

When the mass or energy of combusted fuel and the total mass of emitted
pollutants are known, the EF can be calculated directly. This is one most widely
used approach to measure the EFs, especially in laboratory chamber study. The
fuel burning process differs significantly in field in comparison with that in lab-
oratory chamber. Field measurement might be closer to the real practice and more
reliable as an input for the study on emission and transport behaviors of these
pollutants, however, it is realized that it is difficulty to collect all emitted pollutants
in field. Alternatively, the calculation of EFs based on the carbon mass balance
method is developed and commonly adopted in the measurement of EFs for fuel
combustion. The method follows the assumption that carbon in fuel would be
burned and released into the atmosphere as the forms of gaseous CO, CO,, total
hydrocarbon carbon (THC) and particle-bound carbon. The results calculated
based on the carbon mass balance method were found to be comparable to the
direct measured ones within 20 % (Dhammapala et al. 2006).

In most EF measurement experiment, sampling dilution system or cooling
system is adopted to avoid the potential impacts of high temperature and relatively
humidity (RH) in the emission smoke on sampling and EF measurements. In a
dilution system, high purity inert gas or clean air is used to dilute the emission
exhaust and cool the smoke temperature. In the system, the dilution ratio, dilution
rate and temperature of diluted gas affect the mass and size distribution of PM
significantly (Purvis et al. 2000; Lipsky and Robinson 2006). For example, it was
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reported that when the dilution ratio increased from 20:1 to 350:1, the EF of PM, 5
decreased by about 50 %. The dilution also changes the gas-particle partitioning of
volatile organics (Lipsky and Robinson 2006). In practice, it is necessary to test
and control the dilution ratio and rate, and monitor the change of gas temperature
and RH. The dilution system is often used in laboratory study (Hildemann et al.
1989; Hays et al. 2005; Schimidl et al. 2011; Schauer et al. 2001; Rogge et al.
1993a, b, ¢, d, 1994). The cooling system with a cooling device after the exhaust
exit to cool the smoke temperature is another widely used sampling system (Bond
et al. 2004), for example in the emission source measurement study by U.S. EPA.
In addition, in some studies, especially field measurements, the sampling was done
directly at the chimney exit (Roden et al. 2006, 2009). In this case, the exhaust is
diluted naturally by ambient air and assumed that smoke temperature decreased
significantly after the mixing with cold ambient air once emitted.

There has been a long research on the emission measurements of particle and
gaseous pollutants in developed countries (Gupta et al. 1998; Jetter and Kariher
2009). For example, by using a dilution system (Hildemann et al. 1989), Schauer
and Rogge and the colleagues investigated the EFs of PM and particle-bound
pollutants for a variety of sources like residential wood combustion, vehicle
emission and open biomass burning (Simoneit et al. 1993; Schauer et al. 1999a, b,
2001, 2002a, b; Rogge et al. 1991, 1993a, b, ¢, d, 1994, 1997a, b, 1998). They also
analyzed the influence of fuel type and burning conditions on the EFs and com-
position profiles. Jenkins et al. (1993, 1996a, b) simulated open burning of biomass
fuels in a laboratory tunnel, and measured EFs of PM and PAHs at 5.05-7.27 g/kg
and 5.04-683 mg/kg, respectively, varying under different burning conditions.
Dhammapala et al. (2006, 2007a, b) measured EFs of PM, OC, EC and organics
from the burning of crop straw. They also compared the results from direct cal-
culation and that using the carbon mass balance method, and found that the results
were comparable (Dhammapala et al. 2006).

Although there are lots of tests on emissions from biomass burning in the
literature for developing countries, the studies mainly focused on the open burning
rather than the combustion in residential sector. In most developing countries and
regions, like Asia and Africa, more attention should be paid to the residential solid
fuel combustion since it produces largely to the total pollutant emission. Venka-
taraman and Kim Oanh and the colleagues measured EFs of PM, CO, VOCs and
OC for a variety of solid fuels burned in different stoves that were often used in
Asian countries like India, Thailand and Malaysia by using a hood and dilution
system in laboratory (Bhattacharya et al. 2002; Kim Oanh et al. 1999, 2002;
Venkataraman and Rao 2001; Venkataraman et al. 2002). Roden et al. (2009)
conducted a series of measurements on PM emission from wood combustion in
Honduras and found that the EF of PM in field measurement was 6.1 g/kg, about 4
times of that of 1.5 g/kg measured in laboratory study. For the same fuel and stove,
the EF of PM was significantly different between the field (6.6 g/kg) and labo-
ratory studies (1.8 g/kg).

In China, much less work has been done. Moreover, most studies so far are in
the laboratory chamber. Zhang and colleagues measured EFs of CO, CO,, NO,,
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SO,, VOCs and PM for a variety of fuels like coal, crop residue, wood, kerosene
and natural gas burned in different stove types (Edwards et al. 2004; Tsai et al.
2003; Zhang et al. 1999, 2000; Zhang and Smith 1999). The results for a large fuel/
stove combination are one most widely used database for the development of
emission inventory in China. The research group leaded by Dr. Hao designed a
sampling system and measured the EFs of CPM and gases for residential biomass
burning in rural China (Li et al. 2007a, b, 2009a, b; Wang et al. 2009b). Chen and
colleagues reported the EFs of PM, OC and EC for a variety of coals with different
maturity (Chen 2004; Chen et al. 2004, 2005, 2006, 2009; Zhi et al. 2008, 2009).
In their study, a cooling system was developed to avoid the influence of high
temperature on sampling. They found that PM emission varied significantly among
different coal types. The emission for anthracite was about 6-15 times lower than
that for the bituminous. PM emitted from residential coal combustion was fine
with high abundance of sub-micron particle. Among these limited measurement
studies, PAHs emission was much less (Dou et al. 2007; Li et al. 2008; Zhang et al.
2008c, 2011), and because of different methods used, variety in fuel and stove
types, these reported results varied dramatically. Lu et al. (2009) compared EFs of
PAHs from the rice straw burning under different fuel moistures, burning tem-
peratures and air supply amounts. The results showed that the EFs of PAHs
increased with the increase of combustion temperature ranging from 200 to
700 °C. With the increase of air supply, the EFs of PAHs increased and decreased
with a maximum at air supply of 40 %. It is thought that adequate air supply is
necessary to achieve low pollutant emission. For PAHs emissions from wood
combustion, Zhang et al. (2003) reported PAHs EFs for four wood fuels burned in
different conditions, but the study was done in Austria using local fuel and local
purchased stove. PAHs EFs for coal reported in the literature ranged from 6.0 to
882 mg/kg, depending on coal property, form and burning conditions (Cui et al.
1993; Chen et al. 2004, 2005, 2006; Dou et al. 2007; Liu et al. 2009). Emissions
from the burning of anthracite with low volatile matter content are generally lower
than those for sub-bituminous and bituminous coals. Li et al. (2003) measured
PAHs in the emissions from the burning of four different coal types in a laboratory
tunnel, and found that PAHs in the exhaust were about 30—60 times of that in the
coal indicating the formation and emission of PAHs under high temperature
pyrolysis and pyrosynthesis. Total EFs of 16 PAHs ranged from 0.010 to
0.225 mg/kg, or 0.001-0.009 mg/KJ. Dou et al. (2007) reported PAHs EFs for
bituminous coals from Shanxi and Beijing were 882 and 880 mg/kg, and for
anthracite were 104 and 71 mg/kg, respectively. The emission was lower for the
briquette compared with the raw chunk, and the emissions from the coal stove with
one chimney were about 4-12 times of that burned in two-chimney stove (Liu
et al. 2009). Chen et al. (2005) measured EFs of 14 priority PAHs for five different
coals. The EF for anthracite was about 3 orders of magnitude lower than that for
the bituminous.

The main objective of this thesis is to measure emissions of CPM (EFcpy) and
PAHs (EFpaps) from the residential combustions of different solid fuels. Among
various sources, we focused on the residential solid fuel combustion since it is one
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major source of these pollutants in China, particularly in rural area, and there are
limited data available so far. It is hoped that the study can provide important first-
hand data for the future development of CPM and PAHs inventories in China, and
also as a part of input in environmental and ecological analysis modeling, the
results can provide helpful information in the analysis of the impacts of these
pollutants on human health and climate change.
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Chapter 3
Method

3.1 Fuel and Combustion Experiment

3.1.1 Simulated Kitchen

In the present study, the main objective is to measure emission factors of PM and
PAHs from residential solid fuel combustion. To reflect the real fuel burning
activity in rural household, and to investigate the influence of factors, we built a
kitchen according to the real layout of rural family in Northern China. As shown in
Fig. 3.1, the kitchen was connected to a bedroom, and a typical heating bed
(known as Kang in Chinese) was used. The stove-Kang structure was very com-
mon in Northern China. It was estimated that there were about 66.85 million Kang
in China, covering 43.64 million households and about 174.65 million populations
by 2004 (Zhuang et al. 2009). The built kitchen was in the campus of Peking
University. There was no other traffic or residential source nearby. A brick stove
was used for the burning of biomass fuels and the exhaust from the stove chamber
passed through the Kang and then emitted into the ambient air through the
chimney.

3.1.2 Fuel Property

Traditional solid fuels like crop residue, wood and coal are main energy resources
used in rural China, and also the major burning source of various incomplete
pollutants (Bond et al. 2004; Cao et al. 2006, 2007; Lu et al. 2011; Streets et al.
2001, 2003; Tian et al. 2011; Xu et al. 2006; Zhang et al. 2009). Although the
adoptions of cleaner fuels like biogas, liquid petroleum gas and biomass pellet
have been advocated by the local government in the last several years (Chen et al.
2009; Kou et al. 2008; Liu and Zhou 2007; NDRC 2007; Wang et al. 2007),
traditional solid fuels would be still the main fuel used in the years to come,
affecting local/regional air quality and climate change significantly.

G. Shen, Emission Factors of Carbonaceous Particulate Matter and Polycyclic 45
Aromatic Hydrocarbons from Residential Solid Fuel Combustions, Springer Theses,
DOI: 10.1007/978-3-642-39762-2_3, © Springer-Verlag Berlin Heidelberg 2014
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Fig. 3.1 The layout of built kitchen and pictures of a brick stove and a coal stove in this study.
Reprinted from Shen et al. (2010) with permission of American Chemical Society

In this study, residential combustions of crop residue, wood and coal were
investigated. The fuels were collected by the colleagues from different rural areas
in China, like Heilongjiang, Beijing, Henan, Hubei, Hunan and Jiangsu Provinces.
Coals were purchased from the local market of Beijing, Taiyuan and Yulin. Nine
crop residues including the straws of rice, wheat, corn, soybean, horsebean, cotton,
peanut, sesame and rape, contributed to more than 90 % of the total crop residue
combusted in China. Contents of moisture, C, N, and H of crop residues and coal
samples were measured by the Analytical Instrumentation Center, Peking Uni-
versity. The results are listed in Table 3.1.

A cast-iron stove purchased from the local market in suburban Beijing was used
in coal combustion experiment. Five coals (two honeycomb briquettes from Bei-
jing and Taiyuan and three chunk coals from Taiyuan and Yulin) were tested. The
elemental and proximate analysis results for these five coals are listed in Table 3.2.
The honeycomb briquette was 15 cm in diameter and 11 cm thick with 16 holes.
The volatile matter contents of these two briquettes were 4 and 15 %, respectively.
The three raw chunk coals (from Taiyuan and Yulin) were all medium volatile
bituminous (MVB) with VM between 23 and 29 %.
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Fuel and Combustion Experiment

3.1
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Table 3.2 Properties of the coals tested

Market Beijing Taiyuan Taiyuan Yulin Yulin

type honeycomb  honeycomb  Chunk Chunk A Chunk B

N, % 039 £0.04 036+0.05 124+£0.13 0.95=+0.04 0.72+0.03
C, % 655+12 240+£20 812+£26 729£05 59.9 £ 0.39
H, % 0.84 £ 0.01 1.73 +£0.09 4.48 +£0.04 433 £0.01 4.5 £ 0.09
Moisture, % 1.26 £0.10 218 £0.03 0.72+0.07 3.73 £0.19 9.17 £+ 0.68
Ash, % 27.4 61.7 7.78 15.3 445
Volatile Matter, % 3.99 14.7 22.8 28.0 28.5

Fixed Carbon, % 65.9 19.7 68.9 55.4 55.0

Heat value, MJ/kg  22.4 8.73 33.0 282 242

CRC 1 2 6 5 2

Reprinted from Shen et al. (2010) with permission of American Chemical Society

In wood combustion experiment, 27 fuels, including 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 tom-
entosa (P.tomentosa (Thunb.) Steud.), toon (Ailanthus altissima), white birch
(Betula platyphylla Suk), willow (Salix babylonica), locust (Robinia pseudoacacia
L.), bamboo (Phyllostachys heterocycla(Carr.)), ribbed birch (Betula dahurica
Pall.), paulownia elongata (P. elongata S.Y. Hu), black poplar (Populus nigra L.),
aspen (Populus adenopoda Maxim.), chinaberry (Melia azedarach), the tree of
jujube (Ziziphus jujuba Mill.), persimmon (Diospyros kaki Thunb.), mulberry
(Morus alba L.), peach (Prunus persica), and 3 brushwood of lespedeza (Leape-
deza bicolor. Turcz), holly (Buxus megistophylla Lévl) and buxus sinica shrubs
(Buxus sinica (Rehd. et Wils.) Cheng), were burned in the brick stove. These wood
fuels are the main tree species used for bio-energy in China (Gao et al. 1990).
Measured fuel properties are listed in Tables 3.3 and 3.4. The average carbon
content was 48 %, similar to that of the crop residue. Wood moisture ranged
widely from 5.32 to 41.8 %. In comparison with coal, wood material had relatively
higher volatile matter content with a mean of 81.0 &+ 3.1 %.

3.1.3 Biomass Pellet

Two commercial biomass pellets (8§ mm in diameter and 1.5-2.0 cm in length)
made of pine wood and corn straw, respectively were burned in a modern pellet
burner. Figure 3.2 shows the pictures of two pellet types and the specific burner for
pellets. Fuel properties, including density, moisture, contents of C, H, N, O, vol-
atile matter (VM), ash content, and lower heating value were measured and are
listed in Table 3.5. The bulk densities of the pellets were much higher than those
of the raw materials, especially for corn straw. The moisture of the two pellets
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Table 3.3 Density (g/cm3), volatile matter (%), ash (%), fixed carbon (%) content and HHV
(MJ/kg) of tested fuels

Fuel Density Ash VM  FC HHV
Bamboo Phyllostachys heterocycla(Carr.) 0.912  0.51 84.94 14.55 18.33
Chinese White Poplar Populus tomentosa Carr. 0463 090 81.69 17.41 18.35
Elm Ulmus pumila L. 0.536 1.50 78.56 19.94 18.27
Yellow Locust Robinia pseudoacacia L. 1.176 ~ 0.90 78.93 20.16 18.77
Maple Acer mono Maxim. 0.949 1.80 86.12 12.08 19.03
Fir Cunninghamia lanceolata 0.427 0.42 8294 16.64 18.61
Larch Larix gmelini (Rupr.) Rupr. 0.634 0.46 82.10 17.44 19.22
Water Chinese fir Metasequoia glyptostroboides 0410 0.71 7991 19.38 19.49
Cypress Cupressus funebris Endl. 0.667 1.47 76.60 21.93 20.02
Oak Quercus mongolica 1.114 1.85 78.33 19.82 19.00
Chinese Pine Pinus tabulaeformis Carr. 0.443 0.25 84.77 1498 18.51
Willow Salix babylonica 0.551 141 82.84 15.75 16.99
Paulownia tomentosa  P.fomentosa (Thunb.) Steud. 0.284 0.30 85.03 14.67 16.00
Toon Ailanthus altissima 0.734 1.49 8294 1557 17.28
White Birch Betula platyphylla Suk 0.798  0.39 87.45 12.17 20.22
Ribbed Birch Betula dahurica Pall. 1.059  5.05 84.08 10.87 18.14
Paulownia elongata  P. elongata S. Y. Hu 0.763 034 81.68 17.98 19.33
Black Poplar Populus nigra L. 1.080  1.53 77.11 21.36 18.93
China Aspen Populus adenopoda Maxim. 0.867 1.45 81.89 16.67 19.33
Chinaberry Melia azedarach 0.654 2.07 7695 2098 17.67
Jujube tree Ziziphus jujuba Mill. 0.805 0.88 79.81 19.30 18.61
Persimmon tree Diospyros kaki Thunb. 0.710 1.71 79.56 18.72 18.05
Mulberry tree Morus alba L. 0.909 1.37 77.13 21.50 18.73
Peach tree Prunus persica 0.770  3.81 77.79 1840 19.35
Lespedeza Leapedeza bicolor. Turcz 4.60 81.08 14.32

Buxus sinica Buxus sinica (Rehd. et Wils.) Cheng 5.84 78.36 15.80

Holly Buxus megistophylla Lévl 8.56 77.58 13.86

Proximate analysis was conducted by the Analytical Center of Chinese Academy of Agricultural
Engineering. Reprinted from Shen et al. (2012) with permission of American Chemical Society

were 5.63 and 5.80 %, respectively, and generally lower than those of raw pine
wood (9.10 %) and corn straw (7.02 %). Biomass pellets had lower VM and
higher ash contents than the corresponding raw fuels. Ash content of corn straw
pellet was higher than that of pine wood pellet. Such difference was previously
reported in the literature (Yao et al. 2010; Johansson et al. 2004; Schimidl et al.
2011). Pre-weighed pellets were added into the burner and fired. After ignition, the
burner was set up under a stainless steel hood. The pellets were combusted in the
burner in two modes, without (mode I) and with (mode II) secondary side air
supply.

It was noted that ash contents of the pellet fuels were much higher than those
made and used in Europe and United States (Bifver et al. 2011; Boman et al. 2011;
Chen et al. 2010; Garcia-Maraver et al. 2011; Johansson et al. 2004; Schimidl et al.
2011). A comparison study on properties of biomass pellets found that ash contents
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Table 3.4 Moisture and elemental analysis of C, H, N, O content (%, dry basis) in tested wood

fuels

Fuel Moisture C N H O
Bamboo Phyllostachys heterocycla(Carr.) 8.18 48.75 0.26 5.98 45.02
Chinese White Poplar Populus tomentosa Carr. 5.32 4775 0.08 6.15 46.03
Elm Ulmus pumila L. 6.52 46.89 0.84 5.89 46.40
Yellow Locust Robinia pseudoacacia L. 33.33 4537 1.37 6.05 47.22
Maple Acer mono Maxim. 31.41 47.73 0.18 6.10 46.00
Fir Cunninghamia lanceolata 9.12 49.83 0.13 6.18 43.87
Larch Larix gmelini (Rupr.) Rupr. 12.77 4823 0.14 6.20 45.44
Water Chinese fir Metasequoia glyptostroboides 12.83 49.42 0.29 6.07 44.22
Cypress Cupressus funebris Endl. 12.71 50.13 0.36 6.02 43.49
Oak Quercus mongolica 29.41 4742 030 6.15 46.14
Chinese Pine Pinus tabulaeformis Carr. 9.10 49.10 0.18 6.32 4441
Willow Salix babylonica 9.92 4739 0.23 6.14 46.25
Paulownia tomentosa P.tomentosa (Thunb.) Steud. 8.69 48.76 0.13 6.11 45.02
Toon Ailanthus altissima 7.17 47.71 0.18 6.13 45.99
White Birch Betula platyphylla Suk 32.21 48.33 0.21 6.20 45.28
Ribbed Birch Betula dahurica Pall. 32.33 48.41 0.19 6.22 45.19
Paulownia elongata  P. elongata S. Y. Hu 41.78 48.85 0.08 6.09 44.98
Black Poplar Populus nigra L. 39.45 4745 0.32 6.06 46.18
China Aspen Populus adenopoda Maxim. 38.27 47.42 0.38 6.08 46.14
Chinaberry Melia azedarach 18.45 48.72 0.46 593 44.89
Jujube tree Ziziphus jujuba Mill. 15.22 47.19 0.59 6.03 46.20
Persimmon tree Diospyros kaki Thunb. 18.69 46.52 0.30 5.94 47.25
Mulberry tree Morus alba L. 17.79 48.27 0.20 6.01 45.52
Peach tree Prunus persica 27.16 48.10 0.26 6.01 45.65
Lespedeza Leapedeza bicolor. Turcz 6.04 48.59

Buxus sinica Buxus sinica (Rehd. et Wils.) Cheng 6.96 48.19

Holly Buxus megistophylla Lévl 6.76 45.85

C, H, and N contents were analyzed by the Analytical Instrumentation Center, Peking University
(Elementar Vario MICRO CUBE, German) and O content is calculated by the difference. Rep-
rinted from Shen et al. (2012) with permission of American Chemical Society

Fig. 3.2 Pictures of the
pellet burner and two types of
biomass pellet fuels in this
study. Reprinted from Shen
et al. (2012) with permission
of American Chemical
Society

L4
Pine wood pellet
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Table 3.5 Fuel properties (dry basis) of raw and pelletized corn straw (Zea mays) and pine wood
(Pinus tabulaeformis Carr.)

Raw pine wood Pelletized pine wood Raw corn straw Pelletized corn straw

Moisture, % 9.10 5.63 7.02 5.80
Density, g/cm® 0.44 1.30 0.069 1.41
Proximate Analysis, %

Ash content 0.25 3.75 4.01 10.84
Volatile matter  84.77 76.77 77.94 70.62
Fixed carbon 14.98 19.48 18.05 18.54
LHV, MJ/kg 16.72 16.48 15.44 13.89
Elemental analysis, %

N 0.18 0.16 0.96 1.23
C 49.10 46.78 43.47 43.14
H 6.32 5.84 6.02 5.48
O (by difference) 44.41 47.23 49.56 50.16

Reprinted from Shen et al. (2012) with permission of American Chemical Society

of the pellets from China (7.71-21.7 % and 1.01-9.25 % for crop straw pellets and
wood pellets, respectively) were significantly higher than those of 4.70-7.9 % and
0.30-3.40 % from Sweden (Yao et al. 2010). It was believed that these high ash
content pellets usually had lower softening temperature and were much easier to
form slag. The use of anti-slagging additives to reduce slag formation was adopted
(Xiong et al. 2008, 2010; Yuan et al. 2009a, b). It was reported that the slagging
rates in the burning of corn straw pellets with 3 % of MgCO3, CaCO;, Al,O3, and
kaolin added were 1.12, 5.07, 25.8, and 43.9 %, respectively, while a slagging rate
of 46.5 % was found for pellet fuels without additives (Yuan et al. 2009b). The use
of additive restrains the slagging formation, but increases fuel ash content.

3.2 Sampling
3.2.1 A Mixing and Sampling Chamber

The exited smoke from the wok stove (passed through a “Kang™) and cast-iron
stove entered a mixing chamber (4.5 m®) with a build-in mixing fan. The mixing
chamber was used to deposit large PM; to cool the exhaust temperature to avoid
the adverse impacts of high temperature on sampling efficiencies; and to mix the
exhaust (Hildemann et al. 1989; Purvis et al. 2000), even though the emission
factor calculation was based on carbon mass balance method and the site of
sampling probe was flexible (Zhang et al. 2000).



52 3  Method

3.2.2 Total and Size Segregated PM

Low-volume pumps (XQC-15E, Tianyue, China) with quartz fiber filters were
used to collect PM (as total suspended particles) in the mixing chamber at a flow
rate of 1.5 L/min. A nine stage cascade impactor (FA-3, Kangjie, China) with glass
fiber filters was used to collect PM;, samples with different aerodynamic diameters
(D, (<04, 04-0.7, 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) at a flow rate of 28.3 L/min. The filters were baked at 450 °C for 6 h
and stored in a desiccator for 24 h prior to weighing and sampling. After sampling,
particle-loaded filters were packed with aluminum foil and stored in a desiccator
before further analysis.

3.2.3 PAHs and the Derivatives

Gaseous and particulate phase PAHs, and their derivatives, were collected on
polyurethane foam plugs (PUF, 22 mm diameter x 7.6 cm, 0.024 g/cm®) and
quartz fiber filters (QFFs, 22 mm in diameter) respectively, using active samplers
at a flow rate of 1.5 L/min. All filters were baked at 450 °C for 6 h and equili-
brated in a desiccator. PUF were pre-extracted with acetone and dichloromethane,
followed by hexane for 8 h each. After sampling, the PUFs and QFFs were packed
in aluminum foil.

3.3 Field Measurement

3.3.1 Site

Field measurements on residential solid fuel combustion emission were conducted
in selected households in rural Shanxi and Jiangsu Provinces. In rural Shanxi, coal
is the main fuel used by residents. Corn stalk was occasionally used by the resi-
dents as cooking fuel or materials to feed livestock. Woody materials are also
frequently used. In addition to the briquette or chunk coal purchased from the local
market, rural residents often make coal cake by themselves at home by mixing the
coal and clay. Home-made coal cake is much cheaper in comparison to the pur-
chased coals, and thus, is another widely used solid fuel in rural households.
Figure 3.3 shows the pictures of fuel-stove combinations measured in rural Shanxi.
Wood was burned in a simple movable metal stove, honeycomb briquette was
burned in an improved metallic stove with a chimney, and coal cake was burned in
a brick stove with an outdoor flue pipe. These three combinations are most widely
found in the studied area.
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Wood Briquette Coal cake

Fig. 3.3 Pictures of three fuel/stove combinations investigated in this study. For left to the right
wood, honeycomb briquette, and coal cake burned in a simple metal stove, an improved metallic
stove with a chimney and a brick stove with a outdoor flue pipe, respectively. Reprinted from
Shen et al. (2013) with permission of American Chemical Society

In the field study in Jiangsu, a large fraction of these crop residues were used as
residential fuels for cooking. Rice, wheat, cotton, and rape are main crops in this
area. An improved two-pot brick stove with a chimney is commonly used in this
area by most households. A relatively new stove of 1-year old and an old stove of
15-year old were selected in this study so as to compare the emissions from stoves
of different ages.

3.3.2 Sampling

Samples were collected during regular cooking time and the residents were asked
to conduct fuel burning activities as normal. For sample collection using a com-
monly adopted method, the probes were placed near the chimney center or 1.0 m
above the stoves without a chimney. The exhausted smoke was naturally diluted
by the ambient air during the initial few seconds and then it was sampled directly
(Fig. 3.4).

PM was collected on pre-baked quartz fiber filters (QFFs, 22 mm in diameter)
using an active sampler at a flow rate of 1.5 L/min (XQC-15E, Tianyue, China).
The flows were calibrated using a primary flow calibrator (Bios. Defender 510,
USA). Polyurethane foam plugs (PUFs, 22 mm diameter x 7.6 cm) were used to
collect gaseous PAHs and derivatives.
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Fig. 3.4 Pictures of two brick stoves tested in this study. The structures of these two stoves were
similar with two pots in the middle and an outdoor chimney. These two stoves had different
usages. The stove in the left was a new built one (about 1 year ago), and the right one was an old
stove used for about 15 years. Reprinted from Environmental Pollution 184, Wei et al., Field
measurement on the emissions of PM, OC, EC and PAHs from indoor crop straw burning in rural
China, 18-24, with permission from Elsevier

3.4 Chemical Analysis
3.4.1 CO and CO,

The EFs in the present study were calculated using the carbon mass balance
method under the assumption that the carbon was released in the forms of CO,,
CO, total gaseous hydrocarbons (THC), and carbonaceous carbon in PM. EFs of
targets (CPM and PAHs) can be calculated from the EFs of CO, and their mass
emission ratios. In this study, CO, and CO were measured every 2 s using an on-
line non-dispersive infrared sensor. The instrument (GXH-3051, Technical Insti-
tute, China) was calibrated using a span gas before each combustion experiment
(CO 1.00 %; CO, 5.00 %). The THC was not analzyed. Since most gaseous
carbon was in the forms of CO and CO,, the omission of total hydrocarbon in gas
would cause a very small error which was estimated in 4 % (Roden et al. 2000).

3.4.2 PM and EC/OC Mass

Gravimetric measurements were conducted using a high precision (0.00001 g)
digital balance (Mettler Toledo XS105). EC and organic carbon (OC) were ana-
lyzed using Sunset EC/OC analyzer (Sunset Lab, USA). The filter was heated in a
pure helium at 600, 840, 550 °C for OC detection, and then at 550, 650, 870 °C in
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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
according to the initial laser value.

3.4.3 PAHs and Derivatives

The PUFs were Soxhlet extracted using 150 ml of dichloromethane for 8§ h. A
microwave accelerated system (CEM Mars Xpress, USA) was used to extract the
PAHs from the PM collected on QFFs using 25 ml of a hexane/acetone mixture
(1:1, v/v) at 1200 W (100 %). The temperature was increased to 110 °C over
10 min and held for an additional 10 min. Both PUF and QFF extracts were
concentrated to 1 ml and then transferred to a silica/alumina gel column for
cleanup (12 cm silica gel, 12 cm alumina and 1 cm anhydrous sodium sulfate
from bottom to top). The column was eluted with 20 ml hexane, followed by
70 ml hexane/dichloromethane (1:1, v/v). The hexane/dichloromethane eluate was
concentrated to 1 ml and spiked with deuterated internal standards (J&W Chem-
ical Ltd., USA).

Parent PAHs were measured using a gas chromatograph (GC, Agilent 6890)
connected to a mass spectrometer (MS, Agilent 5973 in electron ionization mode.
A HP-5MS capillary column (30 m x 0.25 mm x 0.25 um) was used, and the
oven temperature was held at 50 °C for 1 min, increased to 150 °C at a rate of
10 °C/min, to 240 °C at 3 °C/min, and then to 280 °C for another 20 min. Helium
was used as the carrier gas. PAHs were identified based on retention time and
qualifying ions of standards in selected ion monitoring mode. In the beginning, 16
U.S. EPA priority PAHs were analyzed. Later for samples from wood combustion,
we added 12 other non-priority but of increasing concern PAHs into the analytical
list. So, a total of twenty-eight parent PAHs were measured, including naphthalene
(NAP), acenaphthylene (ACY), acenaphthene (ACE), fluorene (FLO), phenan-
threne (PHE), anthracene (ANT), fluoranthene (FLA), pyrene (PYR), retene (RET),
benzo[c]phenanthrene (BcP), cyclopenta[c,d]pyrene(CPP), benzo(a)anthracene
(BaA), chrysene (CHR), benzo(b)fluoranthene (BbF), benzo(k)fluoranthene (BkF),
benzo(a)pyrene (BaP), benzo(e)pyrene (BeP), perylene (PER), dibenz(a,h)anthra-
cene (DahA), indeno(1,2,3-cd)pyrene (IcdP), benzo(g,h,i)perylene (BghiP), diben-
zo[a,c]pyrene (DacP), dibenzo[a,l]pyrene (DalP), dibenzo[a,e]flluoranthene
(DaeF),Coronene(Corn), dibenzo[a,e]pyrene (DaeP), dibenzo[a,i]pyrene (DaiP),
dibenzo[a,h]pyrene (DahP).

Nitro- and oxygenated PAH analyses were performed using a gas chromatog-
raphy (GC, Agilent 6890) connected to a mass spectrometer (MS, Agilent 5975)
equipped with a HP-5MS capillary column (30 m x 0.25 mm x 0.25 pm) in a
negative chemical ionization mode. The oven temperature was programmed at
60 °C, increased to 150 °C at a rate of 15 °C/min, and then to 300 °C at 5 °C/min
held for 15 min. High-purity helium at the flow rate of 1.0 L/min and methane at
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the rate of 2.5 L/min were used as the carrier and reagent gas, respectively. nPAHs
and oPAHs were identified and quantified based on the retention times
and selected ions of the standards (J&W Chemical, USA). Twelve nPAHs and 4
oPAHs were quantified, including 1-nitro-naphthalene (1 N-NAP), 2-nitro-naph-
thalene (2 N-NAP), 5-nitro-acenaohthene (5 N-ACE), 2-nitro-fluorene (2 N-FLO),
9-nitro-anthracene (9 N-ANT), 9-nitro-phenanthrene (9 N-PHE), 3-nitro-phenan-
threne (3 N-PHE), 3-nitro-fluoranthene (3 N-FLA), I-nitro-pyrene (1 N-PYR),
7-nitro-benzo[a]anthracene (7 N-BaA), 6-nitro-chrysene (6 N-CHR), 6-nitro-
benzo[a]pyrene (6 N-BaP), and 9-fluorenone (9FO), anthracene-9,10-dione
(ATQ), benzanthrone (BZO), and benzo[a]anthracene-7,12-dione (BaAQ).

3.4.4 Quality Control

All solvents were from Beijing Reagent, China and re-distillated and checked for
PAHs blank before use. The silica gel and alumina were baked at 450 °C for 6 h,
activated at 300 °C for 12 h, and deactivated with deionized water (3 %, w/w)
prior to use. The anhydrous sodium sulfate was baked at 450 °C for 8 h. All
glassware was cleaned in an ultrasonic cleaner and baked at 500 °C for at least
10 h.

Instrumental detection limits (IDLs) for the pPAHs ranged from 0.13 ng (ACY)
to 0.92 ng (BghiP). Laboratory analysis method detection limits (MDLs) ranged
from 0.23 ng/mL (NAP) to 1.42 ng/mL (BghiP) for gaseous phase PAHs and from
0.53 ng/mL (PHE) to 1.32 ng/mL (BghiP) for particulate phase PAHs. Recoveries
of the spiked standard PAHs ranged from 70 to 121 % for gaseous and 68-120 %
for particulate phase compounds. IDLs ranged from 0.12 to 0.49 ng for nPAHs and
0.06 to 0.24 ng for oPAHs. MDLs for gaseous and particulate phase nPAH ranged
from 0.18 to 0.58 and 0.12 to 0.53 ng/mL, respectively. Recoveries of the
spiked standards were 78 & 6 to 92 &£ 10 % and 93 £ 19 to 124 £ 30 % for
gaseous and particulate phase nPAH, respectively. MDLs for oPAHs were 0.32 to
0.60 ng/mL and 0.11 to 0.44 ng/mL for gaseous and particulate phase PAHs,
respectively. Recoveries of the spiked oPAH standards were 72 4+ 4 to 96 & 14 %
for gaseous phase and 82 =+ 26 to 125 + 10 % for particulate phase.

3.5 Carbon Mass Balance Method

Pollutant emission factors were calculated based on carbon mass balance method
(Zhang et al. 2000). It follows the assumption that total carbon released into the
gaseous form of CO,, CO, total hydrocarbon (THC) and particle phase carbon.

my —mg = Mc—co, + Mc-co + Me-tuac + Mc—pu,
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where my and m, are carbon mass in fuel and ash, respectively. mc.coz, Mc.co, Mc.
THC, and mc_py are the carbon released in CO,, CO, THC and PM, respectively.
By defining a parameter “K”:

= Me-co + mc_rHc + Mc—pm

Mmc—co,

Emission factor of carbon in CO, from per mass of burnt fuel (M) can be
calculated from the equation:

ny — nig

EFc_ =—
C—-CO, (1+K)M

With a factor (fco,) for conversing carbon mass in CO, to CO, mass, EF of CO,
is:

(my — ma)fco,

EFco, = EFc_co, fco, = 0T KM

And emission factors of other compounds (EFx) can be calculated from
emission factor of CO, and their mass concentration ratios to CO,:

C
EFy = EFco, C—X

where Cx and Cco, is the mass concentration of X and CO,, respectively.
In most cases, carbon mass in ash was much smaller compared to that in fuel
(m, < my), so:

(mf - mll)fCOZ _ fcffueLfCOZ

EFco, =
T T+ KM (1+K)

Where fc_ser 1s the carbon content of fuel.

Modified combustion efficiency (MCE), defined as CO,/(CO + CO,) (molar
basis) is calculated to characterize the combustion. Since most carbon emitted as
gaseous CO and CO,, the difference between MCE and combustion efficiency,
which is defined as carbon in CO, divided by the total carbon released, is very
small (Dhammapala et al. 2006; Janhall et al. 2010; McMeeking et al. 2009), and
the former is widely used.
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Chapter 4
Carbonaceous Particulate Matter

Ambient particulate matter affects local/regional air quality, human health and
climate change significantly. The carbonaceous fractions like organic carbon (OC)
and elemental carbon (EC, sometimes known as black carbon) are of high interest
for scientists all over the world. In this section, measured EFs of PM, OC and EC
for various solid fuels, and the influences of fuel properties and burning conditions
were reported. The size distribution of PM, EC/OC ratio in PM and total carbon
mass percent in PM were discussed and compared among three fuel types.

4.1 Coal Combustion
4.1.1 EFs and Influencing Factor

Measured EFs of PM, OC, and EC (EFpy;, EFoc and EFgc, respectively) from the
coal combustions are listed in Table 4.1. EFpy; for coal combustion varied widely
from 0.065 £ 0.002 for anthracite (honeycomb coals from Beijing) to
10.8 £ 0.55 g/kg for bituminous coals (raw chunk from Yulin) with a mean and a
standard deviation of 3.17 + 4.67 g/kg, depending on origin and type of the coals.
Zhang et al. (2000) reported comparable EFpy; of 1.30 (0.026-10.0) g/kg for coals
burned in stoves. EFpy; for anthracite and bituminous coals were measured at
0.62-2.20 and 4.05-37.8 g/kg, respectively (Chen et al. 2004, 2005, 2006; Zhi
et al. 2008, 2009). The differences in EFpy; between anthracite and bituminous
coals and between raw chunk and honeycomb coals are well recognized. In
addition to the coal property and form, the stove design, which may cause different
air supply rate and fuel-air mixing ratio that are directly associated with the
burning status in stove chamber also affects the emission significantly.

EFgc varied from 0.006 for the anthracite coal (Beijing, honeycomb) to
0.83 £ 0.34 g/kg for the MVB (Median Volatile Bituminous) chunk coals from
Taiyuan. The mean and standard deviation of EFgc for coal was 0.23 + 0.36 g/kg.
Similarly, EFo¢ ranged from 0.007 to 1.00 g/kg for these coals. It has been previ-
ously reported by Chen et al. (2006) that EFgc and EFgc for raw chunk anthracite

G. Shen, Emission Factors of Carbonaceous Particulate Matter and Polycyclic 61
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DOI: 10.1007/978-3-642-39762-2_4, © Springer-Verlag Berlin Heidelberg 2014



62 4 Carbonaceous Particulate Matter

Table 4.1 EFs of CO, CO,, OC, BC, and PM (g/kg) from the burning of different types of coals

CO, CO oC EC PM
Honeycomb, Beijing 291 +£43  35.0 &£ 8.7 0.007 £ 0.003 0.006 £ 0.001 0.065 % 0.023
Honeycomb, 639 £ 94  54.6 £3.5 0.021 4 0.002 0.004 & 0.002 0.173 £ 0.010
Taiyuan
Chunk, Taiyuan 2290 £+ 106 241 4+ 136 1.00 + 048  0.825 £ 0.343 4.55 £ 1.66
Chunk A, Yulin 1810 £ 0 288+ 0  0.660 + 0.022 0.310 & 0.020 10.8 £ 0.55
Chunk B, Yulin 2050 £ 9 112 +£23 0.104 £ 0.015 0.006 £ 0.002 0.258 £ 0.070

Reprinted from Shen et al. (2010) with permission of American Chemical Society

were 0.030-0.051 and 0.002-0.007 g/kg, respectively, and for raw bituminous coals
were 2.66—17.0 and 0.20-12.7 g/kg, respectively. In their another study, EFs of
CPM for various honeycomb briquette coals were measured, and EFgc and EF ¢
were only 0.017 and 0.004 g/kg for anthracite briquette, but for the bituminous
briquette, they were 3.58-13.8 and 0.064-0.675 g/kg, respectively (Chen et al.
2005). If the bituminous coal was further classified into three categories of low
volatile bituminous, median volatile bituminous and high volatile bituminous (LVB,
MVB, and HVB, respectively), it was found that MVB coals with VM content at
20-35 % had relatively higher pollutant emissions than the LVB and HVB (Chen
et al. 2006, 2009). In Chen et al. (2009)’s study, EFoc values for LVB, MVB and
HVB in the form of briquette were 2.14, 8.44, and 2.89 g/kg, and in the form of raw
chunk were 4.68, 10.6 and 3.36 g/kg, respectively. For EFgc, they were 0.043, 0.25
and 0.060 g/kg for briquette and 2.15, 13.2 and 0.99 for raw chunk, respectively.
Again, distinct difference between the raw chunk and briquette was shown. It was
estimated that if all coals were burned in the form of briquette, the annual emissions
of PM, OC and EC would reduce by about 64, 61 and 98 % in comparison with those
from the burning of raw chunk (Zhi et al. 2009).

Coal properties such as volatile matter content and heating values significantly
influence the formation and emission of incomplete pollutant. In general, high VM
coals are difficult to achieve complete burning and hence produce relatively high
pollutants in comparison with low VM coals (Bond et al. 2004; Chen et al. 2005).
It is thought that the VM content is closely related to the tar and hydrocarbon
fractions in coal, and the later usually acts as the nuclei in the formation of light
absorption carbon (Bond et al. 2002; Mitra et al. 1987; Ledesma et al. 2000).

To address the factors affecting CPM emission from coal combustion, a number
of parameters including moisture, ash content, VM, heat value, and MCE were
tested using a stepwise regression. The result showed that MCE (p = 7.0 x 1077)
and VM (p = 0.0003) were two most significant factors affecting EFpy;, and about
92 % of the variation could be explained. The predicted EFs were comparable with
the measured results (Fig. 4.1). For EFgc, in addition to VM and MCE, ash content
and heating value also affect the EC emission significantly (p < 0.05), and these
four factors accounted approximately 95 % of the total variation of EFgc.

EFpy(g/kg) = 66 — 73 x MCE 4+ 0.17 x VM(%) R* = 0.918
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Fig. 4.1 Comparison between the measured and calculated EFpy; and EFgc for coals. The
calculation was based on a stepwise regression model for predicting EFpy; based on MCE and
VM, and for EFgc based on MCE, VM, ash content and heating value. Reprinted from Shen et al.
(2010) with permission of American Chemical Society

4.1.2 EC/OC Ratio

The ratio of EC/OC and carbon mass percent in PM (TC/PM) are two important
factors in the analysis of source and impact on climate change of carbonaceous
particulate matter (Chow et al. 2011; Zhi et al. 2009). Calculated EC/OC varied
obviously among five coals in the present study, ranging from 0.06 to 0.86. It was
reported than because the reduction in EC emission was much larger than that in
OC reduction when replacing raw chunk coal with briquette ones, it could be
expected that the EC/OC ratio would decrease as well after the deployment of coal
briquette (Zhi et al. 2009). Due to limited data in our present study, no significant
dependence of EC/OC ratio on coal properties like moisture and VM content was
found. Overall, the average EC/OC for coals in this study was 0.48 £ 0.38.
Total carbon mass percentage in PM ranged from 9 to 46 % (Table 4.2). With all
data included, there was no significant correlation found between TC/PM ratio and
coal property. If the lowest 9 % from the combustion of bituminous coal from Yulin
was excluded, it appears that the TC/PM for anthracite was generally lower than that
for bituminous, and the percent for briquette was lower than that for raw chunk.

4.1.3 Size Distribution

Fine particles dominate the PM emission from coal combustion. On average,
PM, 5 fractions were more than 77 £ 5 % of the total. Size distributions of PM for
five coals fell into two distinguished categories with dominant size ranges of
0.7-2.1 pm or <0.7 pm (Fig. 4.2). For chunk coal from Taiyuan and chunk coal A
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Table 4.2 Calculated EC/OC and TC/PM ratios in emissions from coal combustion

Coal type Briquette Raw chunk Average
Location  Beijing Taiyuan Taiyuan Yulin-A Yulin-B
Type Anthracite  Bituminous Bituminous Bituminous Bituminous

BC/OC 0.86 £0.32 020+ 0.12 0.84 £ 0.14 0.47 £0.05 0.06 = 0.01 0.48 £ 0.38
TC/PM 0.17 £0.08 0.15+0.01 045 =£0.09 0.09£0.00 046 +£0.15 0.32 £ 0.19

Fig. 4.2 Size distribution of 0.4
PM from residential coal

combustion. The size

distributions of PM;q from 0.3
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from Yulin, size fraction between 0.7 and 2.1 um contributed 49 & 11 % of the
total mass of PM,,, while the dominant fraction of two honeycomb coals and
chunk coal B from Yulin was those with D, less than 0.7 um, accounting for
52 £ 18 to 60 £ 1 % of the total. Of all coal properties and combustion status
determined in the study, the only one which distinguished the two categories was
Char Residue Characteristics (CRC, an index describing caking property of
combusted coal residue, the higher the CRC the tighter the combusted residue).
The CRCs of the 2 coals emitted PM,, with dominant D, range of 0.7-2.1 pm
were 5 and 6, while CRCs of the 3 coals emitted PM;, with dominant D, range
of <0.7 pm was 1 or 2. It appeared that the coals with higher CRC had stronger
caking potential and tended to emit larger particles during the combustion, pri-
marily due to decrease in particle surface area and increase in contact time
between the volatiles and char.

Mass median aerodynamic diameter (MMAD, the diameter at which 50 % of
the mass are larger and the other 50 % are smaller) is one frequently used
parameter in the analysis of particle size and particle-bound pollutants. It was
believed that the cumulative mass percentage (y) was linearly correlated with log-
transformed up diameter (Dp) of each size fraction (Francois et al. 1989; Parterson
and Gillette 1977; Whitby 2007; Zhang et al. 1994).

y=alg(Dp) +b
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Fig. 4.3 Relationship between the cumulative mass percent and the upper diameter for size
segregated PM from coal combustion

Table 4.3 Calculated MMAD of PM for five coals

Coal type Briquette Raw chunk

Location Beijing Taiyuan Location Beijing Taiyuan
R? 0.9616 0.9549 0.9344 0.9160 0.9678
MMAD 0.77 0.51 1.06 0.97 0.62

O 5.23 8.44 3.69 3.81 6.14

The slope coefficient (a) and intercept (b) can be used to calculated MMAD:

50-b

MMAD = 10"« .

For five coals in the present study, the cumulative mass percentage was sig-
nificantly linear correlated with the up diameter, as shown in Fig. 4.3. The
regression coefficients were between 0.92-0.97. Calculated MMAD for each coal
is shown in Table 4.3. For two briquette coals from Beijing and Taiyuan and one
chunk from Yulin, all of which are low caking coals, the MMAD values were 0.77,
0.51 and 0.62 pm, while for the other two high caking chunk coals, MMAD were
0.97 and 1.06 pm, respectively.

4.1.4 Correlation Among Co-emitted Pollutants

During the fuel combustion, a series of pollutants can be formed and emitted
simultaneously. It is often interesting to look into the correlation among these
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Fig. 4.5 Correlation between EFpy;, EFgc and EFgc for coal

co-emitted incomplete pollutants. In Fig. 4.4, the EF of CO was found positively
correlated with EFs of PM, OC and EC. In fact, the EFs of PM, OC and EC were
also correlated with each other (Fig. 4.5).

4.2 Indoor Crop Straw Burning
4.2.1 EFs and Influencing Factor

Emissions of PM and EC vary over the whole burning period of crop residues,
which can be at least divided into flaming (with obvious fire) and smoldering
(without observed fire) phases. Both CO and CO, increased in the flaming phase
and decreased during the smoldering phase. The difference in PM and EC emis-
sions between the two phases was expected. Therefore, in addition to the whole
burning cycle experiment, the two phases were tested individually in duplicates for
all crop residues.

Measured EFpy;, EFgc and EF ¢ for crop residue are listed in Table 4.4. EFpy
for crop residues varied from 3.41 £ 0.11 (cotton) to 16.8 + 4.81 g/kg (rape) with
a mean and a standard deviation of 8.19 £ 4.27 g/kg. It was previously reported
that for crop residue burned in residential cooking stoves, the EFpy was 8.05
(1.12-29.0 as range) g/kg (Zhang et al. 2000). Andreae and Merlet (2001)
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Table 4.4 EFs of CO, CO,, OC, BC, and PM (g/kg) for different crop straws from the whole
burning cycle

Fuel type CO, CO ocC EC PM
Horsebean straw 1430 £ 3 123 + 8 1.20 £ 0.17 1.28 £ 0.10 7.45 + 0.21
Peanut straw 1280 170 1.08 0.493 7.2
Soybean straw 1380 £ 13 723 £ 0.5 1.17 £ 0.18 1.37 &£ 0.04 5.46 + 0.22
Cotton straw 1520 £ 6 787 £ 1.2 0.354 £ 0.041 1.34 + 0.58 341 £0.11
Rice straw 1140 £ 2 215 £ 0.2 1.50 £ 0.16 0.749 + 0427 6.39 £ 0.51
Wheat straw 1370 £ 9 126 + 5 2.27 £ 1.30 2.64 + 1.01 13.7 £ 5.1
Rape straw 1330 £ 16 154 £+ 23 1.75 + 0.63 2.34 +0.92 16.8 £ 4.8
Sesame straw 1440 £ 59 92.7 £60.5 234 £ 1.12 1.07 £ 0.03 7.41 £ 1.90
Corn straw 1490 £ 25 104 +£ 19 1.36 + 0.29 1.11 £+ 0.08 5.84 + 0.63

Reprinted from Shen et al. (2010) with permission of American Chemical Society

Table 4.5 EFs of CO, CO,, OC, BC, and PM (g/kg) for different crop straws from the flaming
and smoldering phases

CO, CO OoC EC PM

Flaming phase
Horsebean straw 1430 £ 34 135 £ 26 1.65 + 0.64 2.24 + 141 10.6 + 34

Peanut straw 1290 184 1.16 0.643 9.69
Soybean straw 1470 £ 1 740 £ 3 1.09 £+ 0.29 1.66 £ 0.29 6.88 + 1.78
Cotton straw 1560 £+ 2 622 +3 0.277 £0.207 0.951 £+ 1.345 5.05 &£ 0.27
Rice straw 1190 £ 65 205 £+ 62 1.82 £ 0.36 0.988 + 0.49 8.44 £+ 0.84
Wheat straw 1390 £ 6 146 + 1 2.99 £+ 0.24 3.23 £ 0.24 157 £ 4.7
Rape straw 1300 £ 6 181 + 31 1.58 + 0.25 2.15 £ 0.25 142 + 1.7
Sesame straw 1470 £ 62 98.8 £ 52 2.12 £ 0.07 1.47 £ 0.07 9.03 4+ 0.40
Corn straw 1520 £20 100 £+ 19 1.91 £ 0.50 1.76 £+ 0.08 8.52 £ 0.36
Smoldering phase

Horsebean straw 1450 £ 1 123 £ 3 1.14 £ 0.37 1.10 £ 0.17 9.05 4+ 3.92
Peanut straw 1310 168 1.09 0.46 6.13
Soybean straw 1470 £ 2 745 +£ 25 1.33 £ 0.22 1.37 £ 0.07 5.35 £ 0.30
Cotton straw 1540 £ 2 85.1 £ 1.1 0.393 £ 0.017 1.53 £+ 0.32 344 £ 047
Rice straw 1170 £ 26 226 £+ 27 1.33 £ 0.11 0.604 + 0.324 4.59 + 145
Wheat straw 1420 £ 1 122 +£9 2.06 = 1.20 2.61 + 1.44 148 £ 5.6
Rape straw 1350 £ 14 150 £+ 18 1.38 4+ 0.28 1.96 £+ 0.65 135+ 23
Sesame straw 1480 £ 68 92.8 £ 656 130+ 0.04 0.844 £ 0.040 5.68 + 1.61
Corn straw 1520 £20 107 £ 19 1.04 £ 0.26 0.674 £ 0.074 4.63 + 1.40

Reprinted from Shen et al. (2010) with permission of American Chemical Society

reviewed published EFpy, data and came up with a similar value of 9.4 + 6.0 g/kg
for domestic biomass combustion. For the two phases of flaming and smoldering
burning (Table 4.5), EFpy of the flaming phase (9.51 £ 3.02 g/kg) were signifi-
cantly higher than those of the smoldering one (7.09 £ 3.87 g/kg) (p < 0.05). In
fact, smoke observed in the smoldering phase was less thick than that in the
flaming phase.
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Fig. 4.6 Dependence of EFs of PM, OC and EC on fuel moisture for crop residue. Adapted from
Shen et al. (2010) with permission of American Chemical Society

EFgc and EFgc for crop residue were 1.38 & 0.70 and 1.45 £ 0.62 g/kg,
respectively. Due to differences in crop residue property and fuel burning condi-
tions, relatively large variations could be found in measured EFs. In general, our
results are more or less similar to those measured using cooking stoves in the
literature (Li et al. 2009; Venkataraman et al. 2005). For example, Li et al. (2009)
reported that EFgc and EFgc for crop residues in residential stoves were 0.09-0.94
and 0.85-3.21 g/kg, respectively.

It is noted that the EFgc measured for residential stoves (both our study and those
reported in the literature) were often higher than those measured in laboratory
chambers or open field. It was reported that EFgc and EFc were 0.08 and 6.2 g/kg
for rice residue (McMeeking et al. 2009) and 0.35 and 1.9 g/kg for wheat (Jimenez
et al. 2007) burned in laboratory chambers. EFgc and EFgc of open fire burning for
wheat were 0.16-0.17 and 0.29-2.81 g/kg, respectively (Jimenez et al. 2007; Sahai
et al. 2007). EFgc and EFqc for rice straw were 0.749 and 1.50 g/kg, respectively,
and 2.64 and 2.27 g/kg for wheat straw, respectively. The difference is likely due to
the restricted air supply and poor mixing in residential stoves compared with those in
chambers and open field, resulting in relatively lower combustion efficiency and
higher combustion temperature, which is favorable for EC formation.

For the emissions emitted from crop straw burning, it could be found that EFs
were negatively correlated with fuel moisture significantly (Fig. 4.6). The stepwise
regression analysis using moisture, C, H, and N of the fuels, and the calculated
MCE as independent variables showed that fuel moisture and MCE were two most
significant influencing factors accounting for 63—83 % of total variation in EFpy
(Fig. 4.7). For EFgc, in addition to fuel moisture, fuel N content was also sig-
nificant and these two factors can explain 63-72 % of the total variations in EFgc
(Fig. 4.8). The effect of N on EC emission is unclear at this stage (Fig. 4.9), which
required more detailed studies in future.

4.2.2 EC/OC Ratio

The EC/OC in emissions from crop residue burning was 1.25 £ 1.04, and total
carbon mass percent in PM was 38 %. The EC/OC ratios were comparable among
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Fig. 4.9 Dependence of EFpy;, EFoc, and EFgc on fuel N content for crop residue

different crop straw types, and insignificantly different between the flaming and
smoldering phases. In comparison with literature reported ratios (Li et al. 2009;
Chow et al. 2011), it appears that the ratio in our present study was higher. For
example, Li et al. (2009) reported ratios of 0.08-0.10 and 0.21-0.25 in emissions
from the burnings of rice and corn stalk in Chongqing household, at 0.09 £ 0.01
and 0.10 &+ 0.08 for rice and corn straws in a Shandong household, and at
0.22 £+ 0.05, 0.14-0.16 and 0.18-0.19 in measurements in Henan area, respec-
tively, but a high ratio of 1.08 £ 0.22 was also found by them in a study on bean
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straw burning. The MCE for crop residue burning the present study was 92.2 %
larger than 90 %, and the ratio of CO/CO, averaged at 8.98 % lower than 10 %,
both of which indicated that the high temperature fire flaming phase dominated the
whole burning cycle, and hence preferable for the formation of light absorption
carbon (Bonsang et al. 1995; Hurst et al. 1994; Li et al. 2009; Novakov et al.
2000).

4.2.3 Size Distribution

For all crop residues tested in whole burning cycle, the distributions were similar
and unimodal with the peak between 0.7-1.1 and 1.1-2.1 pm (Fig. 4.10). On
average, over 81 % of the total mass of PM;, from crop residues was PM, 5 and
approximately 12 % were finer particles with diameter less than 0.4 um (PM 4).
Calculated MMAD of PM for each crop straw type is provided in Table 4.6. The
values are in the range of 0.91-1.34 pm. PM emitted during the smoldering phase
was generally finer in comparison with that produced from the flaming phase
(Fig. 4.11). Fine PM; 5 contributed over 78 £ 7 and 83 + 4 % of total PM mass
during the two burning phases, respectively.

PM size distribution can be affected by a variety of factors such as temperature,
moisture, and excess air ratio (Chang et al. 2004; Hays et al. 2003; Lighty et al.
2000; Maguhn et al. 2003; Purvis et al. 2000; Venkataraman and Rao 2001).
Although the size distributions of PM from burning of various crop residues were
similar to one another, the minor difference could be found among different crop
straws, and it appears to be moisture dependent. Of the 9 size stages, correlation
coefficients between moisture and relative fractions of 6 stages with D, larger than
1.1 pm were positive (5 out of the 6 were significant at p < 0.05), while corre-
lation coefficients between moisture and relative fractions of the remained 3 stages
with D, less than 1.1 pm were negative (p = 0.098, 0.041, and 0.054 for 0.7-1.1,
0.4-0.7, and <0.4 um, respectively). Such a relationship was aggregately char-
acterized by the significantly negative correlation between moisture and fine/
coarse ratio (mass of PM smaller than 1.1 pm divided by that larger than 1.1 pum)
(r = —0.651, p = 0.002), as shown in Fig. 4.12.

It is believed that the increase of moisture can reduce combustion temperature
and efficiency (Chomanee et al. 2009; Hays et al. 2003; Purvis et al. 2000;
Venkataraman et al. 2002). Since larger particles are produced under lower
combustion temperature, higher moisture is favorable for emission of larger par-
ticles. Higher temperature may also shift mass distribution of particles to smaller
diameter by limiting partitioning of organics on particles. In addition, fuel mois-
ture may also affect relative humidity of flue gas, subsequently particle conden-
sation in flue gas and the size of new emitted particles.
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Fig. 4.10 Size distribution of PM from indoor crop straw burning

Table 4.6 Calculated MMAD of PM for different crop straw types

Fuel Horsebean Peanut Soybean Cotton Rice Wheat Rape  Sesame Corn
R? 0.9447 09172 0.9267 0.9539 0.9327 0.9129 0.8942 0.9184 0.8978
MMAD 1.15 1.44 1.35 1.22 1.34 1.09 091 1.13 1.22
O 3.71 3.04 3.18 3.59 3.25 3.63 4.12 3.57 3.23
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Fig. 4.11 Comparison of PM size distribution in emissions from the flaming and smoldering
phases of indoor crop residue burning. Modified from Shen et al. (2010) with permission of
American Chemical Society

4.2.4 Correlation Among Co-emitted Pollutants

PM, OC and EC were positively correlated with one another (Fig. 4.13). Fig-
ure 4.14 shows the relationship between EFs of PM, OC and EC and EF of CO
from the crop straw burning. Only PM was found to be positively correlated with
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CO, while the correlation between OC and CO and between EC and CO was
statistically insignificant (p > 0.05). This may indicate that although CO is the
main incomplete product from the fuel combustion, the relationship between CO
and other co-emitted incomplete pollutants may vary dramatically depending on
the combustion conditions and experimental circumstance (Li et al. 2007; Venk-
ataraman et al. 2004). So, the use of CO as a marker for other pollutants may be in
caution before a sound conclusion reached based on sufficient data and detailed
information on factors like fuel property, burning conditions, as well as pollutant
formation and emission mechanisms.

4.3 Residential Wood Combustion
4.3.1 EFs and Influencing Factor

Table 4.7 lists measured EFs of PM, OC and EC for various wood materials in the
present study. For 23 wood logs, EFpy;, EFoc and EFgc were in the range of
0.71-6.23, 0.11-3.81 and 0.06-1.19 g/kg, with means of 2.04 £ 1.38,
0.80 £ 0.85 and 0.50 £ 0.36 g/kg, respectively. For 3 brushwood fuels, they were
3.104.63, 0.21-1.48 and 0.48-2.49 g/kg with means of 3.74 + 0.80, 0.81 + 0.64
and 1.53 + 1.01 g/kg, respectively. The EFs for brushwood were generally higher
than that for fuel wood log, as shown in Fig. 4.15.

Since there was no significant difference in chemical composition (C, H, N, and O
contents) between these two wood types, and the burning rates of the fuel wood log
were significantly lower than those of brushwood fuels (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 (Rogge et al.
1998; Simoneit 2002). Relatively high pollutant emissions for brushwood or wood
branches had been previously mentioned in the literature (Edwards et al. 2004;
Zhang et al. 2000). In practice, brushwood and/or wood branches are widely used for
daily cooking, thus, relatively higher emissions of incomplete pollutant would lead
to high emissions of these pollutants from residential wood combustion which would
subsequently affect the air quality and human health outcome significantly.

PM emissions from wood burning in China were reported at 1.17-5.87 g/kg in
the instant combustion, and 1.51-8.73 g/kg in the ultimate combustion (Zhang
et al. 2000). 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 (Li et al. 2009). It can be seen that these EFs were all highly variable
depending on fuel types and combustion conditions. In many developed countries
and regions, firewood was often combusted in fireplace in addition to woodstove.
It was reported that for the same fuel, EFs of fine PM from cooking stove com-
bustion were significantly lower than those in fireplaces (Fine et al. 2004b). Based
on the previously published EFs in literature and those measured in this study, EFs
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Table 4.7 Emission factors of CO, OC, EC and PM from residential wood combustion

CO oC EC PM
1. White Poplar 4983 £545 0.66+032 0.88+049 1.75+025
2. Elm 4434 £224 079 £ 0.15 1.19 £ 032  2.16 £0.22
3. Locust 4227 £253 019 £0.13  0.52 + 041 0.99 £ 0.39
4. Maple 53.02+£ 196 039£0.12 094 £0.51 1.89 + 0.21
5. Fir 384 +£11.8 0.60 £ 035 094 £040 159 +0.32
6. Larch 3691 £243 097 £088 0.95£020 1.68 £0.70
7. Water Chinese fir 4421 +£1.06 021 +0.13 041 +039 0.87 £0.29
8. Cypress 56.06 +£ 652 082 +045 071 £039 2.02+ 059
9. Oak 3275 £320 014 £0.11 035£034 0.71 £0.36
10. Chinese Pine 3567 £0.16 036 £0.17 0.85 £ 0.45 1.79 + 0.19
11. Willow 63.90 + 045  0.50 £ 0.11 097 £ 028 230+ 0.74
12. Paulownia 6272 £2.02 121 +£063 028 £0.08 2.31+0.13
tomentosa
13. Toon 8252+ 184 201 +153 021+£020 343 +1.97
14. White Birch 5748 £276 014 £0.03 0.10£0.06 1.35+£0.10
15. Ribbed Birch 4453 £0.11 026+025 0.10+006 1.29+022
16. Paulownia elongata 4531 £540 054 £063 0.13 £ 0.13 1.68 £ 1.00
17. Black Poplar 3751 £3.11 011 £0.01 0.06 £0.00 0.79 £ 0.42
18. China Aspen 4974 £3.01 069 £032 0.67 £ 0.61 1.90 £ 0.42
19. Chinaberry 35.73 £ 091 016 £0.17 0.12£0.14  0.74 £ 0.13
20. Jujube 5730+ 062 198+ 150 021 £0.15 1.65 £ 0.65
21. Persimmon 5448 £8.02 051+£061 0.13+£0.17 2.15+0.58
22. Mulberry 66.78 £ 027 125+ 141 039+045 565+ 531
23. Peach 140.0 £ 135 381 £ 131 0.32+004 623 +£2.08
24. Lespedeza 6244 +£371 021 +£0.17 048 £040 348 245
25. Buxus sinica 4570 £ 6.85 1.48 £0.57 249 +123 4.63 + 051
26. Holly 3467 £3.12 0.73 £0.28 1.63 £ 037 3.10£0.14
27. Bamboo 4412 £11.8 0.13£0.09 1.19+054 213 £046

Data shown are average and standard derivations of triplicate combustion experiments. Modified
from Shen et al. (2012) with permission of American Chemical Society

of PM, OC, and EC were 2.95 & 3.04 (0.31-16.3, as range, n = 85), 1.10 = 1.56
(0.02-8.09, n = 109), and 0.68 + 0.64 (0.04-3.77, n = 85) g/kg for woodstoves
and 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. The differences
between them were indeed significant (p < 0.05).

Figure 4.16 shows the dependence of EFs of PM, OC and EC on MCE. PM and
OC emissions decreased with the increase of MCE, however, the relationship
between EC and MCE was statically insignificant (p > 0.05). Individually, most of
fuel property factors were not significantly correlated with the measured EFs, as
shown in Fig. 4.17 using fuel moisture as an example. This could 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 (Roden et al. 2006).
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Fig. 4.17 Dependence of measured EFs of PM, OC and EC on fuel moisture in residential wood
combustion

4.3.2 EC/OC Ratio

The ratio of EC/OC in emissions from residential wood combustion was
1.19 £ 0.88. The result was very close to 1.41 £ 0.57 reported by Li et al. (2009)
for wood combustion in rural households in China. Both were found to be higher
than those reported in the literature (Chow et al. 2011; Schauer et al. 2001; Fine
et al. 2001, 2002, 2004a, b). CO/CO, ratios measured in the present wood com-
bustion were lower than 10 %, indicating the hot flaming domination in the tested
wood combustion. As such, more EC would be emitted from the relatively high
temperature combustion in the flaming phase (Bonsang et al. 1995; Li et al. 2009;
Novakov et al. 2000). Total carbon mass percent in PM emitted from fuel wood
and brushwood combustions were 64 and 61 %, respectively.

4.3.3 Size Distribution

Freshly emitted PM from residential wood combustion is very small with the
domination of fine PMg 4. On average, over 80 % of total PM was fine PM, 5. In
brushwood combustion, there was a high fraction of coarse PM in comparison with
PM from fuel wood combustion (Fig. 4.18). 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
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Fig. 4.18 Size distribution of PM emitted from fuel wood log and brushwood combustions.
Modified from Shen et al. (2012) with permission of American Chemical Society

2.1 um (19.6 £+ 4.4 %). Overall, PM, 4 and PM, | fractions were 14.6 + 5.4 % and
57.7 £ 10.8 %, respectively. Distinct size distribution of PM between the fuel wood
log and brushwood combustions should be taken into consideration in the health
exposure study in future since PM with different size had different health outcome.

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. Meanwhile, moisture affects the size distribution in an opposite
direction to MCE. It is negatively correlated with coarse PM and positively cor-
related with fine PM (p < 0.05), indicating that the median mass diameters of PM
from lower moisture wood combustions were larger. Such a relationship was
aggregately characterized by the significantly positive correlation between mois-
ture and fine/coarse ratio (PM; ;/PM 1_1¢) and negative correlation between MCE
and the PM, ;/PM; ;_o ratio (Fig. 4.19).

The result was opposite to that found in crop residue burning. The influence of
fuel moisture is believed to be complicated. Lower moisture may result in a higher
temperature which is favorable for formation of small particles. But fuels 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. 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 (Rogge et al. 1998; Hays et al. 2003). It
is also noted that the wood moisture was generally higher than that of crop residue,
and moreover, wood moisture ranged widely in comparison with relatively small
moisture range in crop residue.

4.3.4 Correlation Among Co-emitted Pollutants

It appears that the correlation between PM and OC was significant, but the cor-
relation between EC and OC, and between EC and PM were statistically
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Fig. 4.21 Correlations between EF-o and EFs of PM, EC, and OC for wood

insignificant (Fig. 4.20). PM and OC were positively correlated with CO, but no
significant correlation was found between OC and CO (Fig. 4.21). Although CO is
also an incomplete combustion product and is occasionally used as a surrogate for
the emissions of PM and other pollutants (Bignal et al. 2008; Venkataraman and
Rao 2001), variable dependence of other pollutants on CO had been reported in the
literature. In some circumstances, CO may even be negatively correlated with
other incomplete pollutants (Li et al. 2007; Venkataraman et al. 2004).
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4.4 Fuel Comparison
4.4.1 EFs and EC/OC Ratio

In Table 4.8, we summarized measured EFs of PM, OC and EC, as well as EC/OC
and TC/PM ratios for different fuels. The EFs for coal have much larger variations
in comparison with biomass fuels, and highly depend on the coal property
(anthracite/bituminous) and form (raw chunk/briquette). For biomass fuel,
although varying obviously among different fuel types, the EFs are generally in the
same order of magnitude. Brushwood combustion produced much higher pollutant
emissions than the burning of fuel wood log.

The ratios of EC/OC for various biomass fuels were comparable, and appeared
to be higher than that for coal. The ratio varied not only among different fuel types,
but obviously within the fuel type. This may suggest that in the use of it for source
analysis or environmental impact analysis, a single specific value would cause
considerable bias. The total carbon mass percents in PM emitted from coal and
crop residue combustions were 32 and 38 %, respectively. In emissions from
residential wood combustion, carbonaceous carbon comprised up to 64 % of the
total PM mass, which was significantly higher than those for crop residue and coal.

4.4.2 Size Distribution

Size distributions of PM for different fuels are compared in Fig. 4.22. The dis-
tribution of PM from coal combustion is strongly associated with coal property,
such as caking property. High caking coal would produce much more coarse
particles. The size distribution of PM from biomass burning was similar with the
fuel type, but different between fuel wood log and brushwood, and the later was
comparable to that for crop residue. In emissions from brushwood and crop residue
burning, the dominated fraction was PM with diameter between 1.1-2.1 pm,
whereas in emissions from fuel wood log burning, fine PMy, was the most
abundant. Overall, freshly emitted PM from residential solid fuel combustion is
very small with over 80 % was fine PM, s.

4.5 Summary

EFpn, EFoc and EFgc for crop residue burned in residential brick stove were
8.19 £ 4.27 (3.41-16.8 as range), 1.38 + 0.70 (0.493-2.64) and 1.45 + 0.62
(0.354-2.34) g/kg, respectively. In the stove burning, the fast fuel combustion is
usually easy to form oxygenated deficient atmosphere in the stove chamber with
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Table 4.8 Comparison of EFpy;, EFgc, EFgc and EC/OC ratio among crop residue, coal, fuel
wood and brushwood

EFpv, o/kg  EFoc, g/kg  EFge, g/kg  EC/OC TC/PM
Coal 223 +344  0424£049 0264040 048 £038 032+ 0.19
(0.065-10.8)  (0.007-1.00)  (0.006-0.83)  (0.06-0.86)  (0.09-0.46)
Crop residue  8.19 £4.27  1384+070 145+062 125+ 1.04 038 £0.10
(341-16.8)  (0.493-2.64)  (0.354-2.34)  (0.32-4.57)  (0.22-0.61)
Fuel wood 204+ 138 080+08 050+036 1.08+087 0.64+029
(0.71-6.23)  (0.11-3.81)  (0.06-1.19)  (0.09-2.67)  (0.18-1.32)
Brushwood ~ 3.74 £ 0.80 081 £0.64 153+ 1.01 206+ 033 061 + 036
(3.104.63)  (021-148)  (0.48-2.49)  (1.68-2.26)  (0.20-0.86)
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Fig. 4.22 Comparison of PM size distribution in emissions from residential crop residue, wood
and coal combustions

small volume and limited air supply, and hence produces relatively higher emis-
sions of incomplete pollutant.

In residential wood combustion, the EFpy, EFgc and EFgc for brushwood were
3.74 + 0.80 (3.10-4.63), 0.81 £ 0.64 (0.21-1.48) and 1.53 £ 1.01 (0.48-2.49) g/
kg, respectively, significantly higher than those of 2.04 £+ 1.38 (0.71-6.23),
0.80 £ 0.85 (0.11-3.81) and 0.50 £ 0.36 (0.06-1.19) g/kg for fuel wood log. The
carbonaceous carbon mass percent in PM emitted from residential wood
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combustion was 61 %, which was higher (p < 0.05) than that of 38 % in emissions
from indoor crop residue burning.

EFpn, EFoc and EFgc for coal were in the range of 0.065-10.8, 0.007-1.00 and
0.006-0.825 g/kg, respectively. The pollutant emission factors for anthracite were
smaller compared to bituminous, and pollutant emissions for two studied briquette
coals were significantly lower than those for the raw chunk.

In residential solid fuel combustion, the domination of fine PM was observed in
freshly emitted PM. The mass percents of PM, s in total PM emitted were 77.5,
81.0 and 79.4 % in emissions from coal, crop residue and wood combustions. The
size distributions of PM for different crop straw types were similar in general.
Significant difference was found in emissions between fuel wood log and brush-
wood. PM emitted from the fuel wood log burning was dominated by very fine
PM, such as PMy,4 in the present study while PM with diameter between
0.7-2.1 pm was the most abundant fraction and a relatively higher percents of
coarse particles could be found in the emission from brushwood burning.
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Chapter 5
Parent Polycyclic Aromatic Hydrocarbons

Polycyclic aromatic hydrocarbons (PAHs) are a group of pollutants mainly pro-
duced from the incomplete burning process. Anthropogenic sources such as resi-
dential solid fuel combustion, vehicle emission, and industrial coal combustion are
the main sources of PAHs in environment while the contributions of natural
sources are relatively small. PAHs can undergo long range transport after emission
and cause detrimental impacts on human health. In this section, emission factors of
PAHs (EFpaps) were reported for coal, crop residue and wood burned in resi-
dential stoves. The influence of fuel property and burning condition was discussed.
In emissions from coal and crop residue burning, we mainly analyzed 16 priority
PAHs listed by U.S. EPA, and in the emissions from residential wood combustion,
some non-priority PAHs which had relatively high molecular weight and strong
carcinogenic toxic potentials were also analyzed.

5.1 Coal Combustion

5.1.1 EFs and Influencing Factor

EFs of 16 EPA priority PAHs from residential coal combustion ranged from
4.78 mg/kg (anthracite) to 373 mg/kg (bituminous), averaged at 82.9 mg/kg.
Gaseous PAH EFs were in the range of 3.83-174 mg/kg with most abundance of
low molecular weight PAHs (NAP-PHE), while average PAH EFs in particulate
phase ranged from 0.851 to 214 mg/kg dominated by high molecular weight PAHs
(from BaA to BghiP). Means and standard deviations of PAH EFs for each coal are
listed in Table 5.1. The EFpsys for two honeycomb briquettes were
6.25 £ 1.16 mg/kg (Beijing) and 14.3 £ 0.3 mg/kg (Taiyuan), respectively, sig-
nificantly lower than those at 140 £ 35, 253 £ 170 and 78.7 £ 93.4 mg/kg for
three chunk coals.

It has been widely documented that PAH EFs among different coal types
(honeycomb/chunk, and anthracite/bituminous) varied largely (Chen et al. 2005;

G. Shen, Emission Factors of Carbonaceous Particulate Matter and Polycyclic 85
Aromatic Hydrocarbons from Residential Solid Fuel Combustions, Springer Theses,
DOI: 10.1007/978-3-642-39762-2_5, © Springer-Verlag Berlin Heidelberg 2014
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Fig. 5.1 Relationship between particulate phase PAHs and co-emitted PM, and EC and OC
fraction in PM from residential coal combustion

Kim Oanh et al. 1999; Levendis et al. 1996; Liu et al. 2009; Mastral and Calleidn
2000; Mitra et al. 1987; Zhang et al. 2008). It is believed that chunk coals gen-
erally produce more PAHs than honeycomb ones, and bituminous coals emit more
PAHS than anthracite. Chen et al. (2004, 2005) measured PAH EFs for residential
coals in laboratory equipped with combustion hood and dilution sampling system,
and reported EFs of thirteen parent PAHs (without NAP, ACY and ACE) for
honeycomb anthracite with 7 % VM were 0.12 mg/kg, which was lower than those
(3.72 £ 1.80 mg/kg) from our honeycomb anthracite coals with VM content at
4 %. They also reported bituminous coals emitted thirteen PAHs at 66-151 mg/kg.
In another laboratory study, Liu et al. (2009) measured 15 PAH EFs (except NAP)
from Beijing and Shanxi coals ranging in 53—405 mg/kg and 78-1435 mg/kg in
high heat (mainly used for cooking and heating in daytime) and low heat (mainly
in night with decreased oxygen supply) modes, respectively.

PAHs were significantly correlated with other co-emitted pollutants, including
CO, PM, black carbon (BC) and organic carbon (OC) (p < 0.05). Figure 5.1 shows
the positive correlation between particulate phase PAHs and PM. It is realized that
the formation mechanism(s) of these pollutants are not the same, so even a positive
linear correlation was found, the use of such a correlation may need further
evaluation.

A variety of factors affect pollutant emissions from coal combustion. Generally,
coals with higher VM are often more difficult to achieve complete combustion, and
hence produce more PAHs. Significantly positive correlation between VM content
and PAH EFs was found (p = 0.001). Coals from Beijing, which had the lowest
VM (4 %) and were the only anthracite coal tested, emitted the least PAHs when
comparing to the others. Heat values of coals were also positively correlated to
EFs of PAHs (p = 0.004), which might be related to the suitable PAHs formation
temperature under residential conditions (Mitra et al. 1987; Mastral and Calledn
2000).

Similar to the approach in analysis of factors affecting PM emission, stepwise
regression models were applied to address key factors influencing PAH emission
from coal combustion. The results suggested that coal moisture (M) and VM
content were two most significant factors, explaining about 51 % of the variation.
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Fig. 5.2 Comparison of predicted EFpays and measured results for coal. The prediction was
calculated from fuel moisture and volatile matter content. Reprinted from Atmospheric
Environment 44, Shen et al., Emission factors and particulate matter size distribution of
polycyclic aromatic hydrocarbons from residential coal combustion in rural Northern China,
5237-5243. Copyright 2010, with permission from Elsevier

The predicted EFs based on the following equation agreed with the measured
results (Fig. 5.2).

EFpans(mg/kg) = 9.71 x VM(%, p = 0.010) — 16.7 x M(%, p = 0.119) — 31.9

5.1.2 Composition Profile and Isomer Ratio

Parent PAH isomer ratios are often used in receptor modeling for source appor-
tionment by comparing PAH ratios between sources and receptors (Watson 1984;
Yunker et al. 2002; Zhang et al. 2005). Several commonly used isomer ratios
includes ANT/(ANT + PHE), FLA/(FLA + PYR), BaA/(BaA + CHR), IcdP/
(IcdP + BghiP), BbF/(BbF + BkF), and BaP/(BaP + BghiP). For example, it is
suggested that the FLA/(FLA + PYR) being larger than 0.5 indicates from coal or
biomass burning and petroleum combustion if it is smaller than 0.5 (Yunker et al.
2002). Means and standard deviations of all five coals were 0.17 & 0.07,
0.56 + 0.02, 0.48 £ 0.13, 0.58 £ 0.16, 0.54 £ 0.06, and 0.58 £ 0.16 for ANT/
(ANT + PHE), FLA/(FLA 4 PYR), BaA/(BaA + CHR), IcdP/(IcdP + BghiP),
BbF/(BbF + BkF), and BaP/(BaP + BghiP), respectively. These values were
generally comparable to those reported in literature for coal combustion (Chen
et al. 2004, 2005; Yunker et al. 2002; Zhang et al. 2008).

The calculated isomer ratios for each coal are listed in Table 5.2. Except FLA/
(FLA + PYR), the difference in the ratios among the five coals were significant.
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Fig. 5.3 Composition profile of PAHs from residential coal combustion (a) and relative
distribution of 4 groups with different PAHs rings for each coal (b). Reprinted from Atmospheric
Environment 44, Shen et al., Emission factors and particulate matter size distribution of
polycyclic aromatic hydrocarbons from residential coal combustion in rural Northern China,
5237-5243, with permission from Elsevier

The coefficients of variation of these ratios were high (2641 %), except 3 % in
FLA/(FLA + PYR) and 11 % in BbF/(BbF + BKF). The ratio of IcdP/
(IcdP + BghiP) larger than 0.50 is often thought to indicate solid fuel combustion
sources while petroleum combustion source has the ratio lower than 0.5 (Yunker
et al. 2002). However, in our present study, a low IcdP/(IcdP + BghiP) ratio of
0.316 was found in emissions from briquette combustion from Taiyuan, and the
IcdP/(IcdP + BghiP) ratio for the other four coals were 0.582-0.730. In a study by
Zhang et al. (2008), the IcdP/(IcdP + BghiP) ratio was reported at 0.50 and 0.57
for coal burned in industrial and residential stove, but a low value of 0.35 was also
found in one briquette burned in residential stove. Chen et al. (2005) also reported
a low IcdP/(IcdP + BghiP) value of 0.33 in emissions from residential briquette
combustion. Thus, the use of isomer ratios in PAH source apportionment should be
in caution since they might be similar among different source, moreover for the
same source type, the ratios could vary dramatically depending on not only fuel
properties, but also burning conditions. In addition, once emitted into the envi-
ronment, the ratio would change causing the difficulty and uncertainties in their
use (Wu et al. 2006; Zhang et al. 2005).

Normalized composition profile of PAHs is shown in Fig. 5.3a. PHE and NAP
were two most abundant compounds, contributing about 24 and 19 %, respec-
tively. In comparison to lower molecular weight PAHs, compounds with higher
molecular weight often show considerable tendency to accumulate on PM. Taking
coals with higher VM emit more PM into consideration, it is thought that the mass
percent of PAHs with different molecular weight might be correlated with coal
VM content. 16 PAHs were classified into four groups with different rings. As
shown in Fig. 5.3b, the fractions of high molecular weight PAHs were higher in
emissions from the burning of coals with relatively high volatile matter content.
The percents of 2-, 3-, 4-, and 5-6 ring PAHs in emissions from the burning of
chunk coal from Taiyuan were 33 £ 4, 27 £ 4, 21 &+ 1 and 18 + 2 %, respec-
tively, while in emissions from the briquette coal from Taiyuan, they were 63 &£ 9,
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Fig. 5.4 Size distribution of particulate phase PAHs from residential coal combustion. The
distributions were classified into two categories of low and high caking coals. Reprinted from
Atmospheric Environment 44, Shen et al., Emission factors and particulate matter size
distribution of polycyclic aromatic hydrocarbons from residential coal combustion in rural
Northern China, 5237-5243. Copyright 2010, with permission from Elsevier

25+0,9+£5 and 4 £ 3 %. Since high volatile matter coal usually produces
more PAHs, relatively higher fractions of high molecular weight organics suggest
that the emission smoke would be much more toxic and cause detrimental impacts
on human health for these coals.

5.1.3 Size Distribution of Particulate Phase PAHs

More than 89 £ 6 % particulate phase PAHs were found in PM, 5 and similar to
the distribution of PM, the size distributions of particle-bound PAHs fell into two
categories (Fig. 5.4). For low caking coals (two honeycomb coals and one chunk
coal from Yulin), there was about 52 + 15 % of particulate phase PAHs were fine
PM, 4, followed by 24 + 13 % in PMy 4_ 7 fraction. For the other two coals, most
(58 £ 13 %) were found in PM with size of 0.7-2.1 pm and only 16 % in fine
PMy 4. The calculated MMAD for these five coals were 0.13, 0.13, 0.98, 0.95 and
0.11 pm, respectively.

Figure 5.5 compares the partitioning of PAH individuals in fine PM,; and
coarse PM, 1_jo. As expected, with the increase of molecular weight, the mass
percent of fine PM, ;-bound organics increased as well. For example, 55, 78 and
73 % of particulate phase NAP, ACY and PHE were in fine PM, ;, while there
were 93, 96 and 95 % of BaA, BaP and BghiP present in fine PM fraction. The
increase of mass percent in fine PM increased with the increase of MW was also
found in ambient atmosphere (Wang et al. 2009; Wu et al. 2006). This might be
explained by that: (1) the difference in diffusivity that is correlated to molecular
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Fig. 5.5 Distribution of particulate phase PAH individuals between fine PM2.1 and coarse
PM2.1-10 from coal combustion. Reprinted from Atmospheric Environment 44, Shen et al.,
Emission factors and particulate matter size distribution of polycyclic aromatic hydrocarbons
from residential coal combustion in rural Northern China, 5237-5243, with permission from
Elsevier
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Fig. 5.6 Mass percent of fine PM0.4 bound PAHs to the total particulate phase mass for each
individual. Reprinted from Atmospheric Environment 44, Shen et al., Emission factors and
particulate matter size distribution of polycyclic aromatic hydrocarbons from residential coal
combustion in rural Northern China, 5237-5243, with permission from Elsevier

weight; (2) enhanced vapor pressures of lower molecular weight compounds which
having higher volatilization rates from small particles due to their curved surfaces;
(3) the difference in particle surface area and organic matter content affecting
absorption/absorption and (4) varied chemical composition and concentration
gradients that govern the gas to particle transfer (Allen et al. 1996; Hays et al.
2003; Venkataraman et al. 1999).

In addition to the distribution between fine and coarse PM, it is more interesting
to look into the fraction in finest PM 4 in detail. The mass percent of fine PM 4-
bound fraction to the total particulate phase mass was shown in Fig. 5.6 for two
coal groups (low and high caking coals). As discussed above, PM from the
combustion of low caking coal was smaller than that from other coals. These coals
might also produce more PAHs in fine PM, especially in PMg 4. For each indi-
vidual PAH from coals in category 1-low caking coals, there was about 18-63 %
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of the total in PMy 4, while for those in category 2, PAHs bound in PM4 only
made up to 6-19 % of the total, varying among different individuals. The differ-
ence was significant for 4- to 6-ring PAHs from PYR to BghiP (p < 0.05).

5.1.4 Gas-Particle Partitioning

Like most volatile organics, PAHs can be in either gaseous or particulate phases.
Generally, low molecular weight PAHs are mainly in gaseous phase, while high
molecular weight PAHs are more preferable to be associated with PM. The gas-
particle partitioning of PAHs can be described by a partition coefficient (Kp = F/
(A x PM)), where F and A are concentrations in particulate (ng/m®) and gaseous
phases (ng/m*), respectively and PM is particulate matter concentration (jg/m>) in
air (Pankow 1987):

K, = F/(A x PM)

It is speculated that the partitioning can be controlled by absorption, or
adsorption, or both (Hays et al. 2003; Pankow 1987; Venkataraman et al. 1999).
The adsorption is related to factors like surface area of PM, contents of adsorbs
such as EC, while absorption is mainly associated to the present of absorbs like OC
(Goss and Schwarzenbach 1998; Lohmann and Lammel 2004). Several empirical
approaches to investigate the partitioning mechanism(s) are:

1. Relationship between Kp and subcooled liquid—vapor pressure (PY)
The Kp is usually linear correlated with P} following:

IgK, = mrlgP2+b,

It is suggested that a steeper slope than —1 indicates adsorption dominance,
while a shallower slope than —0.6 is responsible for absorption governance, and
the slope between —0.6 and —1.0 indicates the governance of both absorption and
adsorption (Goss and Schwarzenbach 1998).

2. Relationship between Kp and octanol-air partition coefficient (Koa)

In the absorption controlled partitioning, the partitioning coefficient usually pos-
itively correlated with the Ko, (Lohmann and Lammel 2004).

3. Dependence of PAHs/PM in each size fraction on PM size

It is believed that in the adsorption controlled partitioning, the surface area is a
critical factor. Since the particle surface area is directly related to PM size, the
mass ratios of particle-bound PAHs in PM would be size dependent if adsorption
controlled the partitioning (Hays et al. 2003; Venkataraman et al. 1999).

4. Relationship between PAHs and OC and EC fractions

As mentioned, EC and OC play an important role in the partitioning of volatile
organics, acting as the adsorb or absorb for the organics. Thus, the relationship
between PAHs and OC and between PAHs and EC can be also another piece of
evidence for the absorption or adsorption dominance.
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Fig. 5.7 Dependence of log(K,) on log(PE) (a) and log(Kpas) (b) for PAHs from coal
combustion. P(L) and Ko were calculated based on the measured temperatures and equations
established by Odabasi et al. (2006). Reprinted from Atmospheric Environment 44, Shen et al.,
Emission factors and particulate matter size distribution of polycyclic aromatic hydrocarbons
from residential coal combustion in rural Northern China, 5237-5243. Copyright 2010, with
permission from Elsevier

The mass percents of particulate phase PAHs were 26 + 10, 9 + 4, 59 £+ 10,
52 &+ 8 and 12 £ 5 % of the total for Beijing honeycomb, Taiyuan honeycomb,
Taiyuan chunk and two Yulin chunk coals, respectively. Though two chunk coals
produced more particulate-bound PAHs than the others, there was no significant
difference in Kp of PAHs from different coals, which implied that partitioning of
freshly emitted PAHs from residential coal combustion might be controlled by the
similar mechanism(s).

The slope in the regression linear relationship between Kp and PY, was —0.54
(p = 1.3 x 107°), larger than —0.6 (Fig. 5.7), and the Kp significantly positively
correlated (p = 7.3 x 1076) to Koa. The correlation between PAHs and OC
(r=0.830,p =23 x 10~*) were also more significant than that between PAHs
and EC (r = 0.657, p = 7.4 x 107°). The mass ratios of particle-bound PAHs
were not particle size (D,) dependent (Fig. 5.8). All these indicated that absorption
rather than adsorption governed the partitioning of freshly emitted PAHs from
residential coal combustions.

5.2 Indoor Crop Residue Burning

5.2.1 EFs and Influencing Factor

EFpays for crop residue ranged from 27 mg/kg (cotton stalk) to 142 mg/kg (wheat
straw), with an overall mean of 62 + 35 mg/kg. These results were higher than
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most data reported in literature (4—76 mg/kg) (Dhammapala et al. 2007a, b; Hays
et al. 2005; Jenkins et al. 19964, b; Lu et al. 2009). This might be mainly explained
by that in real cooking stoves, air flow is more limited, oxygen deficiency is more
severe, and mixing is less complete, resulting in lower combustion efficiency and
higher PAHs emissions (Chen et al. 2005; Zhang et al. 2008). In addition, higher
combustion temperature (measured as 550-750 °C in this study) due to limited
heat loss in the stove is also favorable for PAHs formation. It was reported that
PAHs emissions increased dramatically when combustion temperature increased
from 200 to 700 °C (Lu et al. 2009). EFs of total PAHs in the flaming and
smoldering phases were 99 £ 60 and 58 + 32 mg/kg, respectively (Tables 5.3,
5.4 and 5.5), and the former was significantly higher than the later (»p < 0.05). One
possible explanation for the higher emission in flaming phase is that combustion
temperatures are more optimal for PAHs formation, while the lower temperature
during smoldering leads to slower formation.

EFpans were negatively correlated with MCE significantly. The results of a
stepwise regression showed that moisture and MCE were the two most significant
factors affecting EFpays (p < 0.05) for crop residue. PAH EFs can be then pre-
dicted from these two factors using the following equations:

Wholecycle:  EFpis = —21 x moisture(p = 0.0085) — 492 x MCE(p = 0.0043) + 545(p = 0.0015)
Flaming phase: EFpjs = —33 x moisture(p = 0.0336) — 881 x MCE(p = 0.0101) + 960(p = 0.0045)
Smoldering phase:  EFpjs = —19 X moisture(p = 0.0102) — 360 x MCE(p = 0.0202) + 413(p = 0.0073)

The calculated results were compared with measured results in Fig. 5.9.
Approximately 60 % of total variation can be explained. Since PM was also
affected by the moisture and MCE, the correlation between PAHs and PM could be
expected in emissions from indoor crop residue burning, as shown in Fig. 5.10.

5.2.2 Composition Profile and Isomer Ratio

2-3 ring PAHs (from NAP to ANT) accounted for about 78 % of total PAH emis-
sions (Fig. 5.11). NAP was the most abundant compound found in gaseous phase
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Fig. 5.9 Comparison between the measured and calculated EFs of gaseous (a), particulate-
bound (b), and total (¢) PAHs for crop residue burning. The calculation was based on a regression
model with moisture and MCE as independent variables. The results are presented in log-scale.
Adapted from Shen et al. (2011) with permission of American Chemical Society
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Fig. 5.10 Relationship between PAHs and PM from crop residue burning in the whole burning
cycle (a), flaming (b) and smoldering phases (c¢). Adapted from Shen et al. (2011) with
permission of American Chemical Society
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Fig. 5.11 Composition profile of PAH emission from crop residues burning in the cooking stove
during a whole burning cycle. Adapted from Shen et al. (2011) with permission of American
Chemical Society

(76 £5 %), followed by ACY (15 x4 %). In particulate phase, PHE
(20 £ 12 %),FLA(11 = 7 %), FLO (11 £ 7 %) and PYR (10 &+ 7 %) dominated.
There was no significant difference in the PAH profile between flaming and smol-
dering phases (p = 0.121), and low molecular weight PAHs with 2-3 rings made up
80 + 4 and 78 £ 7 % of the total in flaming and smoldering phases, respectively.
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Table 5.6 Comparison of parent PAH isomer ratios from this study and the literature reported
values for crop residue

This study Stove burning Chamber study Open-fire
ANT/(ANT + PHE) 0.12 4+ 0.01 0.2 0.18-0.25 0.17-0.25
FLA/(FLA + PYR) 0.53 + 0.03 0.51-0.80 0.50-0.53 0.34-0.53
BaA/(BaA + CHR) 0.48 + 0.02 0.46 0.46-0.53 0.39-0.50
IcdP/(IcdP + BghiP) 0.54 + 0.02 0.31-0.50 0.46-0.52 0.39-0.94
BbF/(BbF + BKF) 0.55 + 0.03 0.50-0.65 0.28-0.41 0.35-0.80
BaP/(BaP + BghiP) 0.60 + 0.05 0.23-0.67 0.56-0.83 0.43-0.98

Modified from Shen et al. (2011) with permission of American Chemical Society

Several commonly used isomer ratios including ANT/(ANT + PHE), FLA/
(FLA + PYR), BaA/(BaA 4+ CHR), IcdP/(IcdP 4 BghiP), BbF/(BbF + BKF),
and BaP/(BaP + BghiP) for crop residue derived in our present study and those
reported in the literature from stove burning (Kim Oanh et al. 2005; Sheesley et al.
2003), chamber study (Lu et al. 2009; Zhang et al. 2008; Dhammapala et al. 2007a,
b; Keshtkar and Ashbaugh 2007) and simulated open fire burning (Hays et al.
2005; Jenkins et al. 1996a, b) are provided in Table 5.6. These ratios varied largely
between and within different burning situations. Our measured ratios are generally
similar to those of crop residue burning in stoves or chambers, with a few
exceptions, but are significantly different from those from open-field crop residue
combustions.

5.2.3 Size Distribution of Particulate Phase PAHs

The size distributions of particulate phase PAHs between different crop straws
were similar in general (Fig. 5.12). On average, over 80 % could be found in fine
PM, 5. Most of PAHs (54 &+ 11 %) were present in PM with diameter between
0.7-2.1 pm. Distribution of individual PAH compounds between fine (<2.1 um)
and coarse (2.1-10 um) particles are also illustrated in Fig. 5.12. It is clearly
shown that the higher the molecular weight, the stronger the association with finer
particles, similar to that found in coal emission. About 60 % of particulate phase
NAP was associated with particles larger than 2.1 pm, while 81-90 % of 4- to 6-
ring PAHs from PYR to BghiP bound to particles with diameter less than 2.1 um.
Since high molecular weight PAHs tended to be present in fine PM fraction (Allen
et al. 1996; Hays et al. 2003; Venkataraman et al. 1999), difference in normalized
composition profiles of particle-bound PAHs in different size fractions could be
expected. As shown in Fig. 5.13, the contribution of high molecular weight PAHs
increased in fine PM fractions.

In both flaming and smoldering phases, emitted particle-bound PAHs were also
mainly present in fine particles (Fig. 5.14). The mass fractions of total PAHs in
fine particles in the flaming phase was 74 + 9 %, significantly lower than that in
the smoldering phase (82 £ 7 %) (p = 0.019). It has been mentioned above that,
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Fig. 5.12 Size distribution of particulate phase PAHs emitted from crop residue burning (left
panel) and relative distribution of 16 individual PAH compounds between fine (<2.1 pm) and
coarse (2.1-10 pum) particles (right panel). The means and standard derivations of EFs of PAHs
associated with PM with different sizes from 17 burning experiments are shown. Adapted from
Shen et al. (2011) with permission of American Chemical Society
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particles emitted during the smoldering phase were smaller than those during the
flaming phase and this is the main reason causing the difference in size distribution
of particle-bound PAHs.
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Fig. 5.15 Dependence of log(K,,) on log(Pg) (a) and log(Kop) (b). P{ and Ko, were calculated
based on the measured temperatures and equations established by Odabasi et al. (2006). PAH
compounds of concern due to high abundance and/or toxicity, like PHE, FLA, BaP, and IcdP, are
labeled. The means and standard derivations of measured Kp from 17 burning experiments are
shown. Adapted from Shen et al. (2011) with permission of American Chemical Society
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5.2.4 Gas-Particle Partitioning

Total EFs of gaseous and particulate phase PAHs were 27 + 13 and 35 £ 23 mg/
kg, respectively. Similar to the approach in analysis of gas-particle partitioning of
PAHs from residential coal combustion, the partitioning coefficients were calcu-
lated and probable mechanism(s) controlling the partitioning was investigated. As
shown in Fig. 5.15, the dependence of Kp on PE and Koa was well demonstrated.
An extremely shallow slope of —0.19 (—0.23 to —0.15, 95 % confidence interval)
was derived from the relationship between Kp and P{. Kp positively correlated
with Kpa significantly. The mass ratios of particle-bound PAHs did not show any
dependence on particle size (Fig. 5.16). Moveover, the correlation between PAHs
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and OC (r = 0.563, p = 0.0093) was stronger than that between PAHs and EC
(r =0.376, p = 0.0685). All of these indicated that the partitioning was mainly
controlled by absorption.

5.3 Residential Wood Combustion

5.3.1 EFs and Influencing Factor

The measured results are provided in Tables 5.7 and 5.8. EFpay; for fuel wood log
ranged from 3.2 to 32.7 mg/kg, with a mean of 12.7 £ 7.0 mg/kg. For the
brushwood, the EFpay; ranged from 27.1 to 160 mg/kg, with a mean and standard
deviation of 86.7 £ 67.6 mg/kg. The later was significantly higher than the for-
mer, which coincided with that in PM emission. Positive correlations between
EFpans and EFpy; and between EFpay and EFco could be found (Fig. 5.17).

Total EFs of the 16 priority PAHs for fuel wood, brushwood, and bamboo were
12.1 £ 6.7, 79.7 £ 60.4, and 31.4 & 16.6 mg/kg, respectively, accounting for
approximately 95 + 3 % of the EFpay,. Although the 12 non-U.S. EPA priority
PAHs contributed only a small fraction to the EFpag2s, it is worth noting that most
of these PAHs are carcinogenic, and hence should be given more attention. As
most added non-priority PAHs are high molecular weight ones which are prefer-
able to be in particulate phase, it is expected that the increase in EFs of total 28
PAHs would be much obvious in particulate phase (Fig. 5.18). For example, the
EFs of total gaseous and particulate phase 16 priority PAHs for the brushwood
were 53.4 + 22.7 and 25.1 £ 13.4 mg/kg, respectively, while the sum of 28 PAHs
had EFs of 54.5 & 23.1 and 30.8 £ 17.1 mg/kg for gaseous and particulate pha-
ses, respectively.

The EFs were negatively correlated with MCE, and significantly positively
correlated with fuel moisture (Fig. 5.19). EFs of wood fuel with moisture larger
than 35 % were between 15.3-32.7 mg/kg while for fuels with moisture lower
than 10 %, the measured EFs were between 3.2 and 10.7 mg/kg. This might be due
to an appreciable amount of energy is needed to vaporize the water when burning
high moisture fuels, leading to reduced combustion efficiencies and enhanced
pollutant emissions The relationship between EFpay and other quantified fuel
properties was not significant (p > 0.05).

5.3.2 Composition Profile and Isomer Ratio

The composition profile of parent PAHs from residential wood combustion was
dominated by 2- and 3-ring PAHs (from NAP to ANT), accounting for 73.6 % of
the total. NAP (41.0 & 12.6 %) and PHE (169 £ 5.6 %), followed by FLA



5 Parent Polycyclic Aromatic Hydrocarbons

108

(panunuoo)
01 X 8¢ 0L X L'1 01 X 8¢ 0L X T1 ¢-01 X 8¢ 01 X T9 01 X 96 J2rd
0 X &°¢ -0l X ¥¢ 0L X T°¢C -0l X €1 0L X ¥'¢ 0L X T°6 0l X ¢'1 dred
0l X T°¢ 0l X T°¢ -0l X 6°¢ -0l X G'1 0L X 0°¢ 01 X T'I 01 X TC doed
0L X T'¢ 0L X 1T'C 0L X T'¢ 01 X 69 01 X ¢'1 0l X 6F 01 X979 dusg
0l X €7 -0l X 81 0l X 87 -0l X €1 0l X ¢°¢ 0l X 08 -0l X €1 Vied
0l X ¢ 01 X T°¢C -0l X ¥°¢ -0l X €8 01 X 07C 0L X 09 01 X 98 dpaI
-0 X 68 0 X 68 0L X ¥'1 0l X L'C -0 X €9 01 X971 01 X ¢C dad
01 X 0°¢ -0 X 97 -0l X 8% -0 X T1 -0l X L'C 0l X ¥'8 =01 X €1 ded
01 X 8% -0 X 9°¢C 0L X Ty -0l X L'8 01 X 0°7C 01 X 69 01 X 8L ded
01 X &L -0l X 6¢ 01 X 69 -0 X €71 0l X 0¢ -0l X 86 -0 X €71 434
01 X078 -0l X 6°¢ -0l X 99 101 X 6T 0l X T¢ =01 X T°[ =01 X €1 499
101 X 61 0L X ¥'8 =01 X €1 101 X €7¢ 01 X 98 1-0I X 07C 1—01 X ¢°C dHO
-0 X €71 0L X 0L -0 X €71 -0 X ¢ 01 X078 -0 X 1'C -0 X L'C ved
-0l X €T -0l X 8¢ -0l X 0°¢ -0l X ¥'6 01 X T9 =01 X T1 101 X 6C dp3D
0l X €¥ -0l X TC 0L X Ty 0L X T°¢ 01 X 1'C -0l X ¥'¢ -0l X V'L dod
-0 X €1 -0 X 1°C 0L X ¥'L 01 X T9 0l X &L 0l X ¥'¥ 0L X L9 L3y
-0l X 8L -0l X 0% -0 X T6 1—0I X 69 1—01 X L'¢ 101 X 86 101 X T6 JAd
-0 X T6 0L X 9% o0l X T1 0L X ¥'8 -0 X €% o0l X T'1 o0l X 01 n1d
-0 X 1T'C =00 X LT 1-0L X L'C 1-01 X 07C 1-0L X €71 1-0I X 6¢ -0 X €7C INV
o0l X 81 o0l X 71 o0l X 61 01 X 9T 101 X T6 o0l X L'C 01 X LT HHd
101 X ¢¢C 10T X 8¢ 1-0I X 6°C 1—01 X 6C 1-0T X971 -0 X T°¢ 1—01 X 9°¢ o4
0L X ¥y 0L X T¢ 0L X 0°¢ 0L X 1'8 0L X L'S =01 X T°[ -0 X 88 3OV
-0l X ¢'8 o0l X 01 o0 X T°T -0 X +78 101 X 6% o0l X L°1 01 X 61 ADV
o0l X T¢ o0l X 8¢ o0l X TV o0l X €€ 01 X ¥°C o0l X 6% o0l X §°¢ dVN
I 9sauIy)) IeA yore] I ordey 1SN0 wg Jerdod ayymn

sadA) [onJ JUSISHIP JO SUOTISNqUIOD POOM [BTUIPISAI 10] SHVJ Juared jo (Sy/3uwr) s10)oe] UOISSTW AFLIAY L'S dqe],



109

5.3 Residential Wood Combustion

(panunuoo)
1-0L X ¥7'1 01 X TC 01 X 8¢ 0L X T'[ 01 X €7 01 X 0% 01 X 9°¢ dpd]
01 X T¢ 01 X 8L 01 X €1 01 X 09 01 X TL 01 X €1 01 X 0T qdd
0L X 6°1 0L X T'¢ =0l X L'L 01 X 61 01 X L'¢ 01 X 99 01l X L'y ded
1-0L X 01 01 X 6C 01 X 19 01 X 81 0@ X 8¢ 01 X €¥ 01 X 9°¢ d°d
—0I X 6'1 0l X Tv 01 X 98 01 X 97T 0l X T'L 0L X 19 01 X €6 19
01 X 81 =0l X T'Yy 0L X 0L -0l X €T 01 X 69 -0l X 0L 0l X 19 494
-0 X 0°¢ 01 X 08 101 X 81 01 X €9 -0l X ¥7'1 =01 X L1 101 X T1 dHD
01 X 0°¢ -0l X 0L 01 X 67T 01 X 9% =01 X T°L 101 X 61 01T X T°T ved
-0 X ¢'¢ 0L X LC 0L X €1 01 X 97T 01 X I'C =01 X €1 0L X 09 dp3D
01 X &L 01 X 07C 01 X ¢€¥ 01 X 9] 01 X 6'¢ 01 X 9°¢ 01 X 87T d°9
-0 X 18 -0l X 8v 01 X 91 01 X €6 101 X ¥'¢ =01 X €1 01 X ¥'1 LAy
o0l X 01 -0l X 67C 0L X I'¥ -0 X 67C -0 X ¢'¢ 01 X €6 —01 X 0°¢ dAd
0T X T°1 01 X 6°¢ -0 X 6% 101 X L'¢ 1—0I X 99 101 X ¥'9 101 X T9 N1
101 X L'C -0l X ¥'8 01T X T°T 01 X T'8 =01 X ¥'1 =01 X 91 01 X 91 INV
o0l X 07C -0 X T8 0L X 01 01 X TL 01 X T1 0T X €71 0T X €1 HJHd
-0 X 0% 01 X T°1 -0 X €1 01 X 9L -0 X 81 101 X T¢C 101 X ¥'C O1d
01 X 1 -0 X T¢ 0l X L'y 01 X LT -0l X ¢y 0l X ¥'¢ 01 X ¥'¢ 3oV
o0l X 971 0L X I'y 01 X 9°¢ 101 X 6°1 01 X ¢°¢ -0 X 6'¢ 01 X 19 ADV
01 X €9 o0l X LT 01 X T¢ o0l X T°T 0T X T°C 0T X T o0l X ¥'¢ dVN
[oIIq YA uoog, BSOJUAWO) BIUMO[NEJ MOT[IM ourd asoury) YeO ssaxdA)
»—01 X TT 01 X 6°¢ 0l X ¥'L 0l X T°C »—01 X 8T 01 X T°L 01 X T°C dyed
01 X €7 0l X 6'1 0L X 6L 01 X ¥ 0T X T°1 01 X L'y 0L X L'6 dred
01 X 6C 0l X ¥'¥ -0 X971 0l X 6'8 0L X &L -0 X ¢'8 0L X ¥'6 deed
01 X 88 01 X 01 01 X 0T 01 X €7 01 X T8 01 X €7 01 X 9°¢ uolIon
I 9sauIy)) INBA\ yore| I qrdey 1SN0 wyyg rerdod ayrgpp

(Ponunuod) L's dqeL,



5 Parent Polycyclic Aromatic Hydrocarbons

110

(panunuoo)
101 X 9] 101 X T°¢ 1—0L X 61 101 X €T 1—01 X ¢¢ 1—01 X 6T 0L X ¥°1 4949
101 X 97C -0l X CT¥ -0 X €% -0 X T'¢ 101 X €L -0 X ¢°¢ -0 X 1T dHO
1-0I X 6C 1-0L X L'y -0 X 9°¢ 1-0L X L'¢ 01 X ¢°L 01 X 09 01 X ¢C ved
101 X 6C 101 X T°¢ 0L X L'¢ 101 X T¢ 101 X 89 101 X 0L 0L X ¥°1 dp3D
0l X &L 101 X ¥'1 01 X 1'8 0l X 6'L 1-0T X971 -0 X 671 -0l X 89 d°d
=0l X L'L -0l X 6°¢ 0L X 61 0L X L'L =01 X 61 0L X ¥°¢ -0l X €9 L3y
01 X L6 o0l X ¢°T 0L X T°1 o0l X T1 01 X 61 01 X 61 -0 X ¢6 JAd
01 X T°T o0l X 91 o0l X €71 o0l X ¥'1 01 X €7 o01 X TT o0l X 0T n1d
1-0L X ¥'¢ 1-0I X 6¢ -0 X 6¥ -0l X v°¢ 1-01 X 88 01 X 0L 01 X TC INV
o0l X ¥'C o0l X L'C 0L X T°¢ o0l X ¥'C 01 X 1°6 01 X 9°¢ o0l X 81 HHd
-0 X &°¢ -0 X 8¢ -0 X 29 101 X ¥'¢ 0L X 0°¢ -0 X 88 -0 X 9°¢ 014
=01 X ¥°1 =01 X €1 -0l X 97C -0l X L8 =01 X T°[ 101 X 8¢ 0l X 68 3OV
o0l X TT o0l X €7C o0l X ¥'C o0l X T1 01 XTI 01 X €°¢ o0l X ¢71 ADV
001 X 99 o0l X ¥'9 10T X €71 o0l X 09 o0l X S 10T X 1 o0l X 0L dVN
Q01 UOWWISId] Jon aoqning K1raqeury) uadse eury) rerdod yoerg ee3uo[e erumorned yoI1q paqqry
-0l X 97 0L X 09 01 X €1 o0l X 00 0L X €F 0L X L9 01 X T'T dyed
0L X 1'C 0L X T'1 01 X L9 01 X ¥'C -0 X 6¢ ¢ 01 X 9°¢ -0l X 67 dred
01 X L1 0l X 67 0L X €6 »—01 X 88 0l X ¢'T 0l X 9L 0L X €¢ deoed
01 X 89 0l X ¥'L 0L X 6°¢ 0l X 6°¢ 0 X 6°¢ -0l X 971 -0l X ¢'1 uolion
-0 X 61 01 X TC ¢-01 X 1'8 01 X 07¢C -0 X 61 0L X T°¢ 01 X 0°¢ J9rd
01 X TC 0l X 6°C 0l X T'8 0L X L1 0l X 07¢ 0l X ¥9 -0l X C9 dred
0l X ¢¢ 0l X ¥'¢ 01 X L'6 0L X ¥'1 01 X 81 01 X T8 ¢-0I X 8¢ doed
1-01 X 11 0L X 1'C 0L X L'y 0L X T'1 01 X 07 01 X ¢¢ 01 X 8T dmusg
01 X €1 0l X £°¢ 0L X ¥'6 -0l X 8¢ 0l X T'¢ 0l X 69 0L X 0°¢ Vied
YoIIq YA uoo, BSOJUQWIO) BIUMO[NE] MO[TIA ouid 9saury) eO ssa1d£D

(ponunuoo) 1§ dqeL



111

5.3 Residential Wood Combustion

(panunuoo)

01 X 1'8 01 X TP 01 X 66 -0 X 6'¢ 01 X L'S 01 X LS 139
o0l X 9T o0l X 61 o0l X 0L {01 X ¥'1 -0 X &L -0 X ¥'L dAd
o0l X 8C o0l X €7 o0l X TL MU | -0l X ¥'8 -0l X 68 nid

-0 X ¢'¢ -0 X 6% o0l X T1 o0l X €T 101 X 97C -0l X v'¢ INV
o0l X §°¢ o0 X L'E o0l X L'L {01 X T1 o0l X 1T o0l X €7¢ dHd

-0 X L9 1-0L X ¥'¢S o0l X €1 o0l X 9T 1-0L X 9% 101 X T¢ o4

-0 X ¥'6 01 X T'L -0 X 81 -0 X ¥'¢ 101 X T1 1—01 X €71 HOV
o0l X ¥'¢ o0l X ¥'C o0l X T9 {01 X €1 o0 X 91 O X LT ADV
0T X 1 {01 X T°1 101 X 6°C {01 X 6'C o0l X T9 o0l X 99 dVN

ooquieg K[I0H BOIUIS snxng ezopadso] 901 yorad Qo1 ALaqnA
¢-01 X 97¢C 0 X L'¢ 0L X ¥'1 0l X T°¢ 0L X T'1 -0l X 6¢ ¢-01 X 07 dyed
01 X €1 -0l X 6'¢ =01 X T1 01 X 61 -0l X 0¢ 01 X 97 -0l X ¢'1 dred
01 X ¢'1 0l X ¢€¢ 0L X €1 -0 X 97T 01 X 8¢ 01 X 6C -0 X 01 d°ed
0L X 19 1-01 X ¥'1 0L X ¥'¢ 0L X T'S 0L X L8 0l X 9L 0L X Gy uolop
01 X &1 -0l X ¢¢ 01 X €71 01 X 07T -0l X ¥'¢ 01 X L'C =01 X T'1 doed
-0l X ¥'C 0l X 9% 0L X971 -0 X 97T -0 X 8% 0l X ¥'¢ 01 X €71 dred
01 X 8T -0l X €9 01 X 8T 0l X 9¢ 0L X 19 0L X L9 =0l X LT doed
01 X L6 -0l X 1'C 01 X 69 1—01 X 11 -0 X 91 1—0I X 11 01 X €8 disg
-0l X €1 01 X 8¢ 01 X &1 -0 X 07T 0l X v'¥ -0l X ¥'C 01 X 06 Vyed
1-0L X T1 1-01 X L'C 01 X €6 1-01 X 61 -0 X 97C -0 X 81 1-0L X 0L dPaI
01 X T¢ -0l X 8¢ -0 X ¥'C 0l X ¢¢ 01 X 0°¢ 01 X T¥ 01 X 1'C dad
1—01 X 6'1 -0 X ¢ -0 X &1 —01 X 0C —01 X ¢°¢ —01 X L'C -0 X €71 ded
-0 X071 1-01 X 6'1 -0 X €8 1-01 X T1 -0 X 81 1-0L X ¥71 -0l X 6L ded
1—0L X L1 1—0I X 8¢ —01 X €71 -0 X 07T -0 X +'C -0l X 1'C 1—01 X €71 44
901 UOWIWISId] som aqning K1raqeury) uadse eury) rerdod yoerg ee3uole erumorneq yoIq paqqry

(Ponunuod) L's dqeL,



5 Parent Polycyclic Aromatic Hydrocarbons

112

£)9150§ TeOTWAY)) uBdLIdWY Jo uolssturad yiim (BZ1(g) [8 19 uays woij padepy jedrjdin ul ouop 21om SIUAWILIAAXS uonsnquod ‘anj yoeo 104

¢ 0l X 88 ¢ 01 X 'y .0l X &1 .0l X 6 ¢ 01 X07¢ , 01 X T8 dued
L0l X €L .0l X 6¢ 01 X TT 01 X L€ <01 X 01 ¢ 01 X 09 dred
01 X T'T <0l X 8¢ L0l X 61 01 X 8¢ ¢ 0l X 86 ¢ 0l X €6 doed
01 X 9°¢ 0T X 6T 0T X €8 01 X TT .0l X € .01 X 61 )
.0 X ¥'S .01 X 8¢ 01 X 9T 01 X 9°¢ ¢ 01 X 68 ¢ 01 X 9L doeq
«-0I X 9°G <01 X 6¢ L0l X 61 L0l X T¥ 201 X €1 ¢ 0l X 8L drea
01 X T'T .0l X % 01 X T°T 01 X 66 .01 XTT 201 X T doea
01 X L'b (01 X 8T 01 X ¥1 01 X TE L0 X L'L <01 X 0'F dwdg
<01 X 6°¢ .01 X 97 101 X €1 01 X T€ 0 X 06 ¢ 0l X GL vued
01 X TS 01 X T'€ 01 X 9T 01 X 0F .0l X L6 .0l X 6% dpo1
01 X 0T .01 X €9 01 X LT 01 X L9 .01 X 97 .01 X €1 ¥ad
01 X T9 01 X §°€ WO1 X LT 01 X ¥ 0T X €1 .0l X 9L ded
01 X T'€ 01 X T 0T X LS 01 X 61 .0l X €1 .0l X €6 dod
01 X 6 01 X 0% 01 X 9T 01 X 7€ 01 X TT .01 X 08 g
01 X 9p 01 X 6°€ 01 X 91 01 X 9¢ 01 X TT .01 X T6 dag
0L X LS 01 X 0S 01 X 9T W01 X §°€ 01 X 0T 0T X L'T MHD
01 X 99 01 X TS 01 X TT 01 X 6% 01 X €7 01 X 81 ved
01 X L9 0T X L' WO1 X €1 W01 X §9 01 X +'T L0l X 9T dpoD
01 X 61 0T X T 0T X LS 01 X T'T .0l X TS .0 X G dod
ooqurieq ATIoH BOTUTS snxng ezopadsoT Qa1 yoesq son Axroqn

(ponunuoo) 1§ dqeL



[sg}
—
—

5.3 Residential Wood Combustion

(panunuoo)
-0 X T8 01 X ¢ 01 X €9 0L X T1 -0l X 6°¢ 0l X € 0l X 0¢ uolon
0l X 07¢ 01 X Gy ¢-0l X 87T 0l X T°L -0l X971 0L X T'1 0l X T8 d9ed
0 X L'¢ 0L X 96 0l X 67 ¢-01 X T8 01 X T¢C »—01 X 8L 01 X T'1 died
-0l X ¢¢ 0l X L'¢ -0l X ¥'¢ 0l X 98 01 X 6T 01 X 81 -0l X ¢7C doed
01 X ¥'1 0L X 0°¢ 0L X ¥'1 0L X 9°¢ -0 X 69 0l X €6 -0l X 0¥ dwsg
0 X 61 01 X 89 ¢—01 X €1 01 X €9 01 X L1 0 X 671 01 X 01 vied
=01 X L1 0l X ¥°¢ 0L X €% -0l X ¥'¥ -0l X 98 0@ X 87 -0l X ¥9 dPaI
0l X 0¢ 0l X TC -0 X 81 0L X LT 0L X L1 -0l X 6C 0L X LT ddd
0l X 97T 0l X L'¢ 01 X T¢ 01 X 99 01 X T'I 01 X €8 01 X 96 ded
-0 X &1 0l X €7C 0l X T1 -0l X T¥ 0L X ¥'9 01 X 01 -0l X L'¢ d°d
01 X 61 0L X L'8 0L X 6T -0l X 89 0L X 8L 01 X971 -0l X &L 1
0 X €T 0l X C¥ ¢-01 X 89 01 X 89 01 X T1 01 X €1 0L X 19 499
-0l X L'C 0l X ¥'¢ -0 X 9°¢ -0l X T'6 -0l X TC 0l X ¢¥ =01 X €1 dHD
01 X 67T 0L X L'1 -0l X 9T =00 X T°T -0l X IC 0l X ¥ =01 X LT ved
0l X T¢ ¢ 0l X 6¥ 0l X €L 01 X ¢¢ 0l X T¢ 01 X 08 1-01 X 8¢ dpP2D
0l X ¥'L -0l X L1 -0 X 81 -0l X 81 0l X T¢ 0L X 66 0l X I'¥ d°d
-0l X 88 -0 X 1T -0l X 97 -0l X €¥ 0l X T'L 01 X €1 0L X ¥'1 Ly
1-0I X 07C 01 X 8¢ -0 X ¢'¢ -0 X €7C 0l X T¢ 1-0L X L'¢ 01 X 9°¢ dAd
101 X 6’1 -0l X T'L 01 X 9°¢ 01 X 8¢ -0l X 61 101 X T°¢ 01 X vy nid
0l X 6L -0l X T¥ =00 X T°T -0l X €L -0 X 8¢ 1—01 X 91 -0l X €6 INV
1-0I X 6'¢ -0 X ¥'¢ -0 X 9°¢ -0 X 99 -0 X €71 o0l X T'1 -0 X ¢'°¢ HHd
-0l X 88 =00 X T'1 01 X 9T 01 X €1 0l X LYy 101 X TT 01 X 971 O1d
01 X ¥'1 -0l X 6'1 -0l X ¥'¢ -0l X T¥ -0l X T¢ 0l X ¥ -0l X 9°¢ 4OV
1-01 X L'C 1-01 X 8¢ -0 X ¥'8 1—01 X 8¢ -0 X ¥'C 1—0L X L'L -0l X TL ADV
01 X 9L Ol X ¥°1 o0l X ¥'¢ 01 X 0T 01 X €1 o0l X TC 001 X 8C dVN
I 9sauIy)) I yore| g orden 1SN0 wig Terdod aiya
sad£y

[onJ JUSISHIP JO SUOHISNQUIOD POOM [ENUAPISAI 10J SHYJ Juared jo (Sy/3ur) s1030BJ UOISSIWS UO SjuawaInseaw 9jedr[dLy Ul SUONBALIOP pIepuelS §°S d[qe],



5 Parent Polycyclic Aromatic Hydrocarbons

114

(panunuoo)
0l X T'y 01 X ¥9 -0l X €°¢ 0L X ¥'¥ 01 X €9 0l X T°¢ 0l X T1 doed
0l X ¢'1 01 X 97T 01 X L1 01 X ¢¢ 0 X &1 ¢ 0l X 67 01 X ¢¢ dmusg
0l X LC 0l X ¢'1 0L X T°¢C 0L X 1T 0l X 6'1 0l X ¥'1 0L X L1 Vied
0l X €6 0@ X 8¢ -0 X €7¢ 0L X ¥'¢ 01 X 91 0l X L°L ¢-0l X 89 dP3I
0L X L1 p-OL X L'L ¢ 0l X ¥y 0L X LT 0l X 9°¢ =01 X T1 0L X 6'1 ddd
01 X 91 0l X0 -0l X 0¢ 0L X T'L 01 X 97T -0l X 9] -0l X 0L ded
-0l X L'6 0l X0 0L X €1 ¢-0I X 96 01 X 97 ¢ 0l X 8L ¢ 0L X ¥9 d°d
-0l X 87T 0L X LS 0L X 1'C 0L X €1 0l X €¢ 01 X €1 ¢-01 X T8 44
01 X 91 0l X 6¢ -0l X T¢C 0L X 01 -0l X ¢'¢ =0l X ¥'1 0L X I'L 4949
-0l X 66 ¢ 0l X 09 -0l X 0°¢ 0L X Iy 01 X G'L 01 X 97 -0l X ¥¢ dHO
0 X 81 0l X 1'8 01 X 8¢ -0l X 67C -0l X 29 -0 X 0¢ 0l X L'C ved
=01 X 11 -0l X 99 01 X 99 0L X L8 0 X 6°¢ 0l X T9 -0l X 0°¢ dp3D
0l X T°¢ 0l X L€ 0L X €1 01l X T1 01 X &1 0l X T°6 ¢-0L X009 do°d
0l X €T -0l X TT 0L X 1°C 0L X L1 01 X I'8 0L X 01 -0l X 6F L3y
-0l X '8 -0 X €8 -0l X €L =01 X ¥'1 =01 X 11 0L X 971 -0l X L6 JAd
01l X L9 01 X Gy 0l X 19 1-0I X 6'1 1-0I X 07C -0 X 1T 0L X 9°¢ n1d
0l X €6 -0 X 1'C 0l X ¥'C 0l X ¢¥ -0 X 9y 01 X 8L 0L X I'L INV
101 X 6'L =01 X 81 -0 X 07C 1—01 X 8v 01 X I'v -0 X ¥'¢ 0L X T'I HHd
1-0I X 97C 0l X 6'¢ 0L X Iy -0l X &8 0l X 68 0l X 6L -0l X 1C O1d
0l X ¥8 -0 X 07 01 X TC 01 X 07C -0 X 1'C 01 X €T 0L X T'1 HOV
o0l X T'T 101 X LT =00 X LT 1—01 X ¥°C 101 X 0¢ 0L X 971 0L X T'1 ADV
o0l X €€ o0l X 6'1 o0l X 0T 01 X €1 o0l X 91 o0l X €1 101 X 98 dVN
[oI1q YA uoog, BSOJUAWIO) BIUMO[NBJ MO[[TA ourd 9saury) eO ssaxdAD
01 X ¥'1 01 X 1°C -0 X €1 01 X 6’1 01 X 8% 01 X L1 ¢-0l X 87 dyed
-0 X L'C 01 X 07T »—01 X 69 0L X T'1 ¢-01 X 81 -0 X T¢ 0L X 01 dred
-0l X 81 0l X T¢C 0L X 01 0l X L'y 0L X T°6 »—0L X 9°¢ 0l X &L deoed
I 9sauly)) I9ep| yore| g ordey 1SNO0 wig rerdod a1yp

(ponunuoo) g'g dqeL



v
—
—

5.3 Residential Wood Combustion

(panunuoo)

-0l X 0% -0 X T'T 01 X ¥'¢ -0 X 01 -0l X 16 —01 X 6'1 0L X 0% dPpaI
0L X T'1 -0 X L'C 0L X T1 0l X €T 01 X ¢'1 0l X L'¢ -0 X 01 ddd
-0l X €9 =01 X 971 -0l X 98 =01 X ¥°1 =01 X ¥°1 101 X 6T 01 X ¢¢ ded
-0l X 0¢ 0L X 19 -0l X &°¢ -0l X &8 -0 X 99 —01 X €1 01 X 9°¢ d°d
0l X T¢ | 0L X ¥9 1-01 X €71 0l X ¥'¥ 1-0I X 61 0L X 9% 4344
-0l X 0% 101 X ¥1 0L X 09 =01 X L1 -0l X 9L 1—01 X 6T -0l X L°¢ 499
-0l X 6L 1—01 X €71 -0 X 971 1—01 X 81 —01 X 8% 1—01 X 8¢ -0l X 6L YHO
1—0L <01 1-01 X 07C -0 X 91 -0 X T°C -0l X ¥'¥ 1—0L X L9 -0 X €6 ved
-0 X ¥'1 -0l X L'¢ -0 X T'¢ =01 X LT 101 X 8¢ 101 X T8 -0l X 8% dpP3D
01 X 97C 0 X €°¢ 0l X 8¢ -0l X 6¢ 01 X 96 1—01 X L'1 01 X 971 d°d
0l X 0¥ 0L X L6 -0l X 68 1-01 <01 0l X ¢¢ -0l X 6'1 -0l X 69 L3y
-0 X L'¢ -0 X 09 -0 X I'¥y -0l X ¥'% -0 X T'8 01 X 07T -0 X 1'C JAd
1—01 X 6°¢ 1—0I X €9 -0 X € -0 X T¢ -0 X ¥'6 o0l X €T 1—01 X T'¢ n1d
1—0L X ¥'1 -0 X 81 0L X ¢7C =01 X T°L =01 X T°L 01 XTI =0l X LYy INV
1—01 X 978 o0l X 01 -0 X L8 101 X G°L 01 X 6°¢ o0 X ¥'9 -0 X T'¢ HHd
1—01 X 0¢C 1—01 X 9C -0 X L'1 -0 X 01 1—01 X ¢'1 -0 X ¥'L 0L X LS o4
0L X T°S 0l X 6% -0 X 99 -0l X TT -0l X 67T -0 X 81 -0 X €71 3OV
-0 X T8 o0l XTI —01 X 98 -0l X T¥ -0l X &¥ o0 X 81 1—01 X 6'1 ADV
o0 X 6'1 o0l X €F o0l X &% o0l X 91 o0 X ¥'¢ o0 X 61 1—01 X 6°6 dVN
901} UOWWISId] oon aoqning K1raqeury) uadse eury) rerdod yoerg ee3uole erumorned yoI1q paqqry
0l X CC 01 X T¢C 01 X 9°¢ o0l X 00 0L X TP 0L X 6'L 0L X T'L dyed
0l X ¥y 0L X ¥'C 0l X €V -0 X C°¢ 0L X ¥'°¢ 01 X 97 ¢-01 X €61 dred
0l XTI 0 X 01 01 X ¢'¢ 01 X 6L 01 X €7C -0 X 6'S 01 X T¢C d=ed
01 X 9°¢ 01 X 8T ¢-01 X T8 01 X ¢C 01 X 67C 01 X 07T ¢-01 X ¥'¢ uoIon
0l X T¢ 0L X 98 01 X TC -0l X ¥'¢ 01 X TC 0L X T'1 01 X T'T J2ed
0l X 6°¢ 01 X 6°¢ »—01 X 19 »—01 X 6¢ 01 X 81 0 X L'C 01 XTI dred
YoIIq YA uooJ, BSOJUQWIO) BIUMO[NE] MO[TIA ouid 9saury) eO ssa1d£D

(Ponunuod) g JqeL,



m (panunuoo)
w 1,0l X 6¢ 01 X 87T 1-0I X 0°¢ Ol X V1 01 X 6'1 0L X T¢ d°d
,m 1—0L X 9L 01 X 89 o0l X 01 o0l X L'C 0l X ¥'¢ ¢ 0 X 66 44
z 101 X L'¢ 01 X 69 01 X T°L o0l X 97C -0l X 0¢ 01 X 61 499
‘m 101 X 9°¢ 01 X &8 -0 X 68 o0l X LT 0l X ¥'¥ 0l X €T dHO
m 01 X T°L -0 X €6 01 X €1 Ol X Ty 0L X LS 00 X €7¢ ved
Z 01 X 0L 0L X 01 —01 X 88 o0l X 69 -0l X ¢°¢ 01 X ¥1 dp3D
L 1—01 X 6'1 01l X 1T -0 X ¥°¢ -0l X €8 0l XTIl ¢ 0 X 8¢ d°d
lml 0L X 1'8 =01 X 9] -0l X €L 0l X T1 0l X I'¥ -0l X 6'1 L3y
W 01 X 61 —0I X €7C 01 X L'E Ol X T°1 =01 X 81 -0l X 0¢ JAd
~ 01 X G'1 -0 X 0¥ o01 X 9°¢ 10T X €71 1-0T X971 01 X 9¢ n1d
m 1—0L XTI -0l X 88 01 X 6% Ol X L°1 =01 X T°[ =01 X T°1 INV
£ 101 X ¢'¢ -0l X TL o01 X 97T o0l X 8L —01 X ¥78 101 X ¥'¢ HHd
“ -0l X €69 0l X €6 101 X ¥'L o0l X 81 -0 X €7¢ 101 X 81 014
-0l X ¥'C ¢ 0 X 69 1—0L <01 -0 X ¢ -0l X 6¢ -0l X ¥'¢ HOV
101 X 0°¢ -0l X 8% 001 X 8¢ o0l X 06 —01 X 68 101 % 88 ADV
01 X 1°8 o0l X ¥y 01 X ¢°¢ 0L X ¥y o01 X 8¢ o0l X 07T dVN
ooquieg A1Io0H BOIUIS Snxng ezopadso Qo1 yoesd Jon Audqny
0L X 81 0L X L1 01 X TT 0l X 9¢ 01 X €1 01 X 61 01 XTI dyed
0l X Ly 0l X 61 0l X 0¢ 0L X L'1 01 X €1 01 X 6'1 01l X CTv dred
0L X ¥'¢ 01 X T1 0l X TC -0l X ¢°C -0l X T¢C 0l X T'¢ 0L X 1T deoed
0L X €7¢ 01 X 69 01 X 87T 0l X 0¢ 0L X T1 -0l X T8 -0l X ¢'1 uolion
¢-01 X 81 0L X T'I 0l X T'L 0l X 1 0l X 1'C 01 X 97T 01 X ¥y J9rd
-0l X T1 01 X €T -0l X 01 -0l X 07T -0l X 8¢ -0l X ¥'¢ 0L X T°¢C dred
01l X T1 0l X 6% 01 X 1T -0l X €T 01 X L'C -0 X &L 01 X 0°¢ doed
0l X L'C 0L X T'L 01 X 67C 0l X TL 0l X 9¢ -0 X071 0 X ¢¢ dmusg
0l X 67 01 X 81 0 X €7°¢ 01 X 91 -0l X 9°¢ -0 X 8¢ 0L X ¥y vied
901 UOWIWISId] som aqning K1raqeury) uadse eury) rerdod yoerg ee3uole erumorneq yoIq paqqry

116

(ponunuoo) g'g dqeL



117

5.3 Residential Wood Combustion

£191008 [EOTWIAYD) ULILIOWY JO

uorsstuiad yim (eg1(0g) ‘T8 10 uayS woiy paydepy

201 X €1 ¢ 01 X 1T ¢ 01 X L'L 201 X &1 ¢ 0 X ¥ L, 01 X L'S dued
01 X T1 4,0l X Sp <01 X 69 01 X §°T ¢ 01 X LT ¢ 0 X T dred
01 X 8T ¢ 0l X 9% 01 X €1 L0l X TP ¢ 0 X t'1 ¢ 01 X LT doea
01 X 6 .01 X €9 01 X 9°¢ 01 X L'T <01 X 1 ¢ 01 X 87 010D
.01 X &8 ¢ 0l X 9% 01 X T’ 01 X 8T » 01 X T6 »_ 01 X 9'¢ doeq
.01 X L8 200 X 1T .01 X G6 01 X T'€ ¢ 01 X 8¢ ¢ 01 X0C dred
01 X 8T 201 X 97 01 X 1 01 X T6 ¢ 01 X T¥ 01 X 86 doea
01 X L9 .0l X €% 01 X 88 01 X 9T .01 X LT ¢ 0l X 17¢ ddg
.01 X LS ¢ 0l X TS .01 X 09 01 X LT ¢ 01 X ¥ ¢ 01 X T1 vuea
01 X 9L L0l X Tt 01 X T 01 X €€ .01 X T'€ ¢ 01 X 19 dpo1
01 X 1 ¢ 0 X 98 01 X §'1 01 X 6 ¢ 01 X L'8 ¢ 0l X T€ ¥ad
0T X €8 .0 X L€ 01 X T 01 X 9°€ .0l X L't 200 X T dved
ooquieg ATIoOH BOIUTS SNXng ezopadso Qo1 yoesq Qom Arraqnin

(ponunuoo) g'g dqeL



118 5 Parent Polycyclic Aromatic Hydrocarbons

2.50 2.50
Brushwood Brushwood+

= o
= = +

g £
3 1.25 RPN

Eﬁ E Fuel wood log

-y
[ S5
o o r=0.598
— — _ -3

-0.50 0.25 1.00 1.40 1.80 2.20
LgEFpy, 1g(g/kg) LgEFco, lg(g/kg)

Fig. 5.17 Relationship between EFpay, and EFpy (leff) and between EFpay, and EFcq (right)
for wood burned in residential stove in the present study. Adapted from Shen et al. (2012a) with
permission of American Chemical Society
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Fig. 5.19 Dependence of EFpay, on fuel moisture (leff) and MCE (right) for wood. Modified
from Shen et al. (2012a) with permission of American Chemical Society
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Fig. 5.20 Composition profile of PAH emitted from residential wood combustion. Modified
from Shen et al. (2012a) with permission of American Chemical Society
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Fig. 5.21 Normalized mass percents of PAH individuals in gaseous and particulate phases.
Modified from Shen et al. (2012a) with permission of American Chemical Society

(9.1 £ 3.4 %) and PYR (7.8 £ 2.9 %) were the dominated species (Fig. 5.20). In
gaseous phase, NAP contributed about 54 % and ACY and PHE comprised to 14
and 15 % of total gaseous PAHs, respectively. In particulate phase, the mass
percents of PHE, FLA and PYR were 18, 21 and 18 %, respectively (Fig. 5.21).
No significant difference was found in the profile between fuel wood and brush-
wood (Fig. 5.22).

Calculated isomer ratios for ANT/(ANT + PHE), FLA/(FLA + PYR), BaA/
(BaA + CHR), IcdP/(IcdP + BghiP), BbF/(BbF + BkF), and BaP/(BaP + B-
ghiP) were 0.12 £ 0.02, 0.54 £ 0.02, 0.50 £ 0.04, 0.55 £ 0.03,0.51 £ 0.03, and
0.62 £ 0.04, respectively. They were within the previously reported ranges of
0.10-0.30, 0.43-0.74, 0.39-0.56, 0.16-0.69, 0.35-0.51, and 0.38-0.78 for these six
pairs in general (Kim Oanh et al. 1999, 2005; Hedberg et al. 2002).
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In addition to the 6 commonly used isomer ratios, BeP/(BeP + BaP) was also
calculated in this study. Although BeP is not among the 16 U.S. EPA priority
PAHEs, it is sometimes reported in field measurements together with the 16 PAHs.
The BeP/(BaP + BeP) ration has been used as an indicator of the degree of photo-
degradation in ambient air because BaP degrades faster than BeP in the atmo-
sphere (Wang et al. 2007; Luo et al. 2006). For example, in ambient air during the
summer and winter periods, the ratio of BeP/(BaP + BeP) was reported to be at
0.42-0.75 and 0.28-0.44, respectively (Wang et al. 2007; Ding et al. 2011).
Enhanced degradation under high temperature in summer resulted in more faster
degradation of BaP and subsequent high BeP/(BaP + BeP) ratio in comparison
with that in cold winter. Measured BeP/(BaP + BeP) for residential wood com-
bustion in our study varied from 0.29 to 0.54, with a mean and standard deviation
of 0.41 =+ 0.06. The result was similar to that of 0.51 + 0.12, ranging from 0.33 to
0.71 reported in the literature (Jenkins et al. 1996a, b; Kim Oanh et al. 2005;
Rogge et al. 1998; Schauer et al. 2001).

5.3.3 Size Distribution of Particulate Phase PAHs

Figure 5.23 shows the normalized mass percent of particulate phase PAHs in PM
fractions with diameter of 2.1-10.0, 1.1-2.1, 0.4-1.1, and <0.4 pm. Because of
much high laboratory analysis work, we combined the nine fractions into these
four fractions. It appears that the distributions were similar in emissions between
fuel wood and bamboo, which were different from that of brushwood. PAHs
associated with PMy 4_;; contributed 39.4 4 15.4 and 39.4 + 4.7 % of the total
for fuel wood and bamboo, respectively. The second largest size fractions were
those associated with PMy, accounting for 26.7 £ 7.7 and 21.8 £ 21.4 %,



5.3 Residential Wood Combustion 121

0.60 0.60 0.60
Fuel wood log Brushwood Bamboo

o
»
o

I
S
S

I
S
S

Percentage

|

o
)
o

o
o
S

Percentage
Percentage

o
o
=]

0.00
000 02 0411 1421 21100 000 04 0411 1121 2.1-10.0 <04 0411 1121 21-100
Diameter, um Diameter, um Diameter, pm

Fig. 5.23 Normalized mass percents of PAHs in different PM size fractions to the total mass of
particulate phase PAHs in emissions from the fuel wood, brushwood and bamboo burnings.
Reprinted from Biomass and Bioenergy 55, Shen et al., Emission and size distribution of particle-
bound polycyclic aromatic hydrocarbons from residential wood combustion in rural China,
141-147, with permission from Elsevier

respectively. For brushwood, however, PAHs associated with PM4_;; was only
28.0 £ 13.0 %, much less than those for fuel wood and bamboo. Meantime,
percent of PAHs associated with course PM; ;_jo was 35.0 £ 7.8 % for brush-
wood, significantly higher than that from fuel wood (13.3 £ 7.5 %) and bamboo
(20.3 £ 9.2 %). Overall, there were over 86.7, 65.0 and 79.9 % of total particulate
phase PAHs bound in fine PM,s. Such a difference in PAH size fraction was
consistent with that in the size distribution of PM, which also showed that PM
emitted from fuel wood combustion was finer than those from burning of brush-
wood. Calculated MMAD of particle-bound PAHs for fuel wood, brushwood, and
bamboo were 0.75 (0.38-1.6 as range), 1.4 (0.65-1.9) and 0.92 (0.49-1.4) pum,
respectively.

Differences in fuel properties and combustion conditions can result in variation
in size distributions of PM, consequently the distribution of particle-bound PAHs
(Hays et al. 2003; Purvis et al. 2000; Venkataraman et al. 2002). It is believed that
fine particle-bound PAHs could be influenced by the combustion temperature, as
high temperature often results in strong air convection and sufficient oxygen for
combustion. In this study, there was no significant difference in the recorded
temperature among the combustions of various fuels. Hence, the possible impact
of combustion temperature was not further discussed.

As shown in Fig. 5.24, the mass percents of PAHs associated with PM, ; were
positively correlated with fuel density and moisture, and negatively correlated with
MCE (p < 0.05). The impacts of other factors tested in this study were not
insignificant (p > 0.05). This can be partly explained by the change in the size
distributions of PM, to which the PAHs associated through absorption and/or
adsorption. It has been previously found that the combustions of wood fuels with
relative higher moisture under lower MCE produced higher mass percents of finer
particles. As a result, more PAHs in fine PM could be expected under high
moisture and low MCE.
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Fig. 5.24 Relationship between mass fractions of PM, ;-bound PAHs and fuel density (a),
moisture (b), and combustion efficiency (c) from residential wood combustion. Data shown are
results from fuel wood combustion. Reprinted from Biomass and Bioenergy 55, Shen et al.,
Emission and size distribution of particle-bound polycyclic aromatic hydrocarbons from
residential wood combustion in rural China, 141-147, with permission from Elsevier

Size distributions of individual PAHs usually follow a trend that higher
molecular weight (MW) compounds tend to be present in finer particles, while
lower MW ones prefer to partition to coarser PM. The same tendency was also
revealed in this study. For example, for fuel wood combustion, there were
24.2 £ 8.9 and 26.7 £+ 0.8 % of total particle-bound NAP and PHE in PMy4,
while PM 4-bound BaP and IcdP made up 32.2 &+ 2.8 and 33.0 & 2.9 % of the
total. MMAD values for individual PAHs varied from 0.47 to 1.0 um, decreasing
generally with the increase of PAH MW. As such, although the composition
profiles of PAHs in PM size fractions were similar in general (Fig. 5.25), domi-
nated by PHE, FLA and PYR, slight difference could be expected. Higher MW
PAH preferentially segregated to finer PM, leading to relatively higher normalized
mass percents of these HMW PAHSs in small particle. The difference could be
more clearly shown in the Fig. 5.26 using log-transformed scale. PAHs with
MW > 228 made up to 18, 25, 33, and 32 % of the total PAHs in PM, |_i(,
PM; 151, PMg4_1.1, and PMy 4, respectively.

Since high MW PAHs tended to occur in fine PM in comparison with low MW
ones, and high MW PAHs often had relatively high TEF values, it is expected that
the size distribution of BaPeg should be different from that of the total PAHs.
Because the TEF values for the other 12 PAHs identified in this study were not
available, the comparison includes only P16. Figure 5.27 compares the normalized
size distributions of P16 and calculated BaPeq from fuel wood combustion as an
example. The toxicity equivalency factors used were a group of data suggested by
Nisbet and LaGoy (1992) which was believed to be a better set (Petry et al. 1996).
For P16, total mass concentrations in PM, 1_;9, PM; 151, PMg4_1.1, and PMg4
made up 13.6 £ 8.1, 21.0 £ 7.8, 39.1 &£ 17.8, and 26.4 + 9.9 % of the total
particulate phase PAHs, respectively, while the mass percentages of BaPeg in
these fractions were 8.4 + 5.5, 17.7 £ 6.6, 429 + 17.8, and 31.0 £ 9.9 %,
respectively. The differences between mass percentages of P16 and those of BaPeg
in the same size fraction were statistically significant (p < 0.05).
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5.3.4 Gas-Particle Partitioning

The calculated partitioning coefficient was plotted against P{ and Koa in
Fig. 5.28. Significantly positive correlation between Kp and Kpa (r = 0.919) and
a shallow slope of —0.39 £ 0.06 indicated that in emissions from residential wood
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wood combustion. Modified from Shen et al. (2012a, b) with permission of American Chemical

Society

combustion, absorption rather than adsorption dominated the gas-particle parti-
tioning of freshly emitted PAHs, which was the same to that in emissions from the

coal and crop residue burning.

5.4 Fuel Comparison
5.4.1 Emission Factor

PAH emissions from coal combustion highly depend on the coal property and
form. Generally, bituminous produced higher emissions than anthracite, and raw
chunk had much higher emissions than briquette coals. Average EFpays for crop
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residue was 62.7 mg/kg, comparable to 79.7 mg/kg, both of which were signifi-
cantly higher than that of 12.1 mg/kg for fuel wood log. Particulate phase PAHs
contributed only 0.41, 0.60 and 0.16 % of total PAHs in emissions from crop
residue, brushwood and fuel wood combustions.

5.4.2 Composition Profile

The composition profiles for different solid fuel types were similar in general with
the domination of NAP, PHE, FLA and PYR. Slight difference could be identified,
as shown in Fig. 5.29. The profiles for crop residue and wood were very similar
but crop residue burning had relatively higher emissions of ACE and FLO. In coal
combustion, the mass percents of high molecular weight PAHs were higher than
those in emissions from biomass burning. The total mass percents of PAHs with
MW larger than 228 (from BaA to BghiP) were 15.6, 9.5 and 8.2 % on average for
coal, crop residue and wood, respectively. Since most high molecular weight
PAHs had more toxic, the burning of coal would cause more adverse health
outcome.

The isomer ratios for three fuels are compared in Table 5.9. The means were
not significant different among these three fuel types. In fact, these three fuels are
often classified into the same group in PAH source apportionment. But, it should
be noted that relatively large variations were found within fuels, particularly for
coal. Thus, the use of a specific one value in source apportionment may cause
considerable bias.
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Table 5.9 Comparison of isomer ratios between crop residue, wood and coal

ANT/(ANT FLA/(FLA BaA/(BaA  IcdP/(IcdP  BbF/(BbF  BaP/(BaP
+ PHE) + PYR) + CHR) + BghiP) + BkF) + BghiP)

Wood 0.12 £ 0.02 0.54 £0.02 0.50 £0.04 0.55+£0.03 0.51 & 0.03 0.62 £+ 0.04

Crop 0.12 £ 0.01 0.53 +£0.03 0.48 £ 0.02 0.54 & 0.02 0.55 + 0.03 0.60 &+ 0.05
residue
Coal 0.17 £ 0.07 0.56 + 0.02 048 £ 0.13 0.58 £ 0.16 0.54 + 0.06 0.58 + 0.16

Data shown are means and standard deviations from all combustion tests

5.4.3 Evaluation of Retene as a Marker

In source apportionment of PAHs, some compounds are often used as a maker for
a specific source by assuming that the compound is only or mainly emitted from
the given source while the contributions of other sources are minor. For example,
Retene (1-methyl-7-isopropylphenanthrene) has been proposed as a marker for
softwood (McDonald et al. 2000; Ramdahl 1983; Schauer et al. 2001; Simoneit
2002). Its use can be frequently found in many studies (Li et al. 2009; McDonald
et al. 2000; Schauer et al. 1996, 2001). Perylene is another compounds sometimes
used as a maker since it can not only form from the incomplete combustion
burning but also through biosynthesis process, and thus by comparing the differ-
ence in environmental behaviors like concentration, vertical distribution and
temporal- spatial distributions, between perylene and other PAHs it is able to
analyze the potential source of biosynthesis (Grice et al. 2009; Suzuki et al. 2010;
Silliman et al. 1998; Wilcke et al. 2002). The use of perylene can be often found in
studies on PAHs in sediment (Bachtel et al. 2007; Bouloubassi et al. 2001; Sil-
liman et al. 1998; Venkatesan, 1988). Another PAH of interest is Coronone.
Coronene was first found in vehicle emission, and had high abundance in the area
where vehicle emission was the dominated PAH source, like in a tunnel. It was
considered as a potential marker for vehicle emission (Gordon and Bryan 1973;
Gordon 1976; Greenberg et al. 1981; Harkov et al. 1984; Sawicki et al. 1962).
However, with more and more report of coronene on non-vehicle sources, and
variable levels in the vehicle source (Freeman and Cattell 1990; Hasegawa and
Hibino 2011; Mastral et al. 2003), it seems that the use of coronene as a marker has
been less mentioned nowadays.

In our present study, we analyzed emission factor of retene (EFgrgr) in the
source samples from residential combustions of wood, crop residue and coal, and
thus it provided an opportunity to compare the RET emission among there sources
so as to evaluate the use of it as a marker for softwood. The results are provided in
Table 5.9, together with collected data from the literature.

For the crop residues, EFggr ranged from 0.083 4 0.007 (pea straw) to
0.37 £ 0.14 (rape straw) mg/kg, with a mean and standard derivation of
0.14 £ 0.10 mg/kg. For wood, EFggr varied dramatically among different tree
species, ranging from 0.016 £ 0.006 (China Aspen) to 0.34 £+ 0.08 mg/kg
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(Chinese Pine). Of the wood types burned, five were softwood. EFggt for soft-
wood (0.20 £ 0.11 mg/kg) were significantly higher than for hardwood
(0.075 £ 0.043 mg/kg) (p < 0.05), and among the five softwood species, the
highest EFggrs were measured for pine (0.34 4+ 0.08 mg/kg) and larch
(0.29 + 0.22 mg/kg), followed by cypress (0.14 £ 0.05 mg/kg) and water Chi-
nese fir species (0.14 = 0.09 mg/kg). EFggr for the different coals measured
varied much more dramatically, from 2.2 + 1.5 (anthracite briquette, Beijing) to
187 + 113 (bituminous chunk, Yulin) mg/kg since coal properties and form varied
obviously among five coals. It was previously reported in the literature that EFggr
could be as high as 101 £ 2 and 282 + 45 mg/kg, respectively, for lignite and
sub-bituminous coals (Oros and Simoneit, 2000) (Table 5.10).

In addition to significant differences among fuel types (crop residues, wood, or
coal), EFgrgr varied significantly within fuel types, which can be attributed to the
differences in fuel properties and combustion conditions. For crop residues, sig-
nificantly negative correlations between EFrgr and fuel moisture (r = —0,596,
p = 0.002) and between EFger and MCE (r = —0,415, p = 0.027) were found.
For coal, EFgrgr was found to be positively correlated with VM content
(r =0.900, p = 0.019). But for wood materials, when softwood and hardwood
were burned, there was no significant correlation between EFggr and moisture,
VM content, and MCE (p > 0.05). Although EFggt were significantly different
among the hardwood and softwood tested, there was no significant difference
between hardwood and softwood in fuel properties, including density, moisture,
elemental and proximate analysis, and combustion conditions.

Phenanthrene was selected as a representative compound to retene since their
molecular structures are similar, and it is one most abundant and widely reported
PAH. Figure 5.30 illustrated the relationship between EFggr and EFpyg for dif-
ferent fuel types. Significantly positively correlations were found in emissions
from the burning of crop residues and coal (p < 0.05), but there were no signifi-
cant correlations for residential hardwood or softwood (p > 0.05). Although
EFRgr for both crop residues and coals were correlated with EFpyg and EFpy,, the
difference between crop residues and coal was clear. Although EFgrgr for both crop
residues and coals were correlated with EFpyg, the difference between crop resi-
dues and coal was clear. At the same levels of EFrgt, EFpyg for crop residue was
much higher than those for coal. The ratios of EFgrg1/EFpyg for wood were
comparable to that for crop residue, and they were lower than that for coal.

Retene was considered as a biomarker for the combustion of conifer fuel
containing abundant diterpenoid resin acids, the thermal degradation of which
usually leads to the formation of retene. In the present study, we compared the
retene emissions among different solid fuels. Although relatively high EFggr
values were found for the softwood fuels of Chinese pine (0.29 £ 0.22 mg/kg) and
larch (0.34 £+ 0.08 mg/kg), EFggr for the other three softwood fuels (0.13 £ 0.09,
0.14 £ 0.05, and 0.07 £ 0.03 mg/kg for redwood, cypress, and fir, respectively)
were not significantly higher than those of many hardwood and crop residues
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Table 5.10 Emission Factors of RET and ratios of RET/PHE for various solid fuels measured in
this study and reported in the literature

Fuel type Combustion EF, mg/ RET/ References
facility kg PHE
Softwood
Pine wood FP 0.70 Simoneit et al. (1993)
Pine wood FP 9.90 0.60 Schauer et al. (2001)
Pine wood FP 0.68 1.45 Rogge et al. (1998)
Pine FP 0.49 Gullett et al. (2003)
Pine (Ponderosa pine, pinion FP 1.79 0.17 McDonald et al. (2000)
pine)
Penderosa pine FP 18.9 66.04 Fine et al. (2004a, b)
Pinyon pine FP 439 40.00 Fine et al. (2004a, b)
Esatern white pine FP 45.9 34.94 Fine et al. (2001)
Loblolly pine FP 16.8 11.33 Fine et al. (2002)
Slash pine FP 9.01 48.27 Fine et al. (2002)
Eastern hemlock FP 6.31 22.82 Fine et al. (2001)
White spruce FP 6.52 22.81 Fine et al. (2004a, b)
Balsam fir FP 3.79 10.16 Fine et al. (2001)
Douglas fir FP + Fine et al. (2004a, b)
Apache pine 25.00 12.06 Oros et al. (2001a, b)
Eastern white pine 25.339 6.04 Oros et al. (2001a, b)
Lodgepole pine 4.165 2.82 Oros et al. (2001a, b)
Montezuma pine 25.043 3.26 Oros et al. (2001a, b)
Pacific pine 7.797 10.49 Oros et al. (2001a, b)
Western white pine 34,717 17.35 Oros et al. (2001a, b)
California redwood 0.274 0.43 Oros et al. (2001a, b)
Douglas fir 6.51 4.40 Oros et al. (2001a, b)
Moutain hemlock 0.573 0.07 Oros et al. (2001a, b)
Noble fir 0.963 243 Oros et al. (2001a, b)
Pacific silver fir 3.842 0.51 Oros et al. (2001a, b)
Sitka spruce 2.634 3.68 Oros et al. (2001a, b)
Pinus pinaster WS 4.18 8.17 Goncalves et al. (2010)
Loblolly pine WS 3.39 6.64 Fine et al. (2004a, b)
Douglas fir WS 1.70 2.06 Fine et al. (2004a, b)
Pine WS 0.84% 6.46 Bari et al. (2009)
Spruce WS 1113* 1.64 Ramdahl (1983)
Spruce WS 16* 0.19 Ramdahl (1983)
Spruce boiler 1420* 0.29 Ramdahl (1983)
Spruce boiler 360" 0.11 Ramdahl (1983)
Pine wood furance 82 1.46 Kozinski and Saade
(1998)
Pine WS 15.4° 148.08  Goncalves et al. (2011)
Pine WS 4.12° 20.70 Goncalves et al. (2011)
Pine FP 1.54° 39.59 Goncalves et al. (2011)
Pine FP 6.43° 17.33 Goncalves et al. (2011)

(continued)
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Table 5.10 (continued)
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Fuel type Combustion EF, mg/ RET/ References

facility kg PHE
Douglas fir WS 3.52 4.34 Fine et al. (2004a, b)
Fir 0.07 0.04 This study
Larch 0.29 0.27 This study
Water Chinese fir 0.13 0.07 This study
Cypress 0.14 0.10 This study
Chinese pine 0.34 0.28 This study
Hardwood
Oak FP 0.10 Simoneit et al. (1993)
Oak FP 2.33 0.25 Schauer et al. (2001)
Eucalyptus FP 0.15 0.02 Schauer et al. (2001)
Oak FP 0.11 0.37 Rogge et al. (1998)
Mixed oak birch aspen FP 0.50 0.03 McDonald et al. (2000)
Oak FP ND Gullett et al. (2003)
White oak_hw FP + Fine et al. (2004a, b)
Sugar maple FP + Fine et al. (2004a, b)
Black oak FP + Fine et al. (2004a, b)
American beech FpP + Fine et al. (2004a, b)
Black cherry FP + Fine et al. (2004a, b)
Quaking aspen FP + Fine et al. (2004a, b)
Red maple FP + Fine et al. (2001)
Nirthern red oak FP + Fine et al. (2001)
Paper birch FP + Fine et al. (2001)
Yellow polar FP + Fine et al. (2002)
White ash FP + Fine et al. (2002)
Sweetgum FP + Fine et al. (2002)
Mockernut hickory FP + Fine et al. (2002)
Oak WS ND Gullett et al. (2003)
Eucalyptus WS 0.09 3.84 Goncalves et al. (2010)
Quercus suber_cork oak WS 0.17 1.19 Goncalves et al. (2010)
Acacia lognifolia_Acacia WS 0.04 22.37 Goncalves et al. (2010)
Birch WS <0.1 Hedberg et al. (2002)
Mixed oak birch aspen WS 0.02 0.00 McDonald et al. (2000)
Red maple WS 0.00 0.01 Fine et al. (2004a, b)
White oak WS 0.03 0.09 Fine et al. (2004a, b)
White oak WS 0.01 0.04 Fine et al. (2004a, b)
Sugar maple WS 0.01 0.04 Fine et al. (2004a, b)
Beech WS 0.17% 4.25 Bari et al. (2009)
Golden wattle WS 0.16° 0.95 Goncalves et al. (2011)
Golden wattle WS 0.44° 1.92 Goncalves et al. (2011)
Golden wattle FP 0.28° 4.07 Goncalves et al. (2011)
Golden wattle FP 0.049° 0.28 Goncalves et al. (2011)
Oak WS 0.15° 1.31 Goncalves et al. (2011)

(continued)
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Fuel type Combustion EF, mg/ RET/ References
facility kg PHE
Oak WS 0.36° 0.90 Goncalves et al. (2011)
Oak FP 0.023° 0.04 Goncalves et al. (2011)
Oak FP 0.035° 0.31 Goncalves et al. (2011)
Eucalypt WS 0.10° 1.45 Goncalves et al. (2011)
Eucalypt WS 0.12° 0.41 Goncalves et al. (2011)
Eucalypt FP 0.084° 0.95 Goncalves et al. (2011)
Chinese white poplar 0.07 0.04 This study
Elm 0.04 0.02 This study
Yellow locust 0.07 0.09 This study
Maple 0.06 0.04 This study
Bamboo 0.08 0.02 This study
OAK 0.13 0.12 This study
Willow 0.09 0.16 This study
Paulownia tomentosa 0.16 0.17 This study
Toon 0.05 0.06 This study
White birch 0.08 0.05 This study
Lespedeza 0.04 0.00 This study
Holly 0.09 0.01 This study
Buxus sinica 0.04 0.01 This study
Ribbed birch 0.02 0.01 This study
Paulownia elongata 0.05 0.02 This study
Black poplar 0.15 0.04 This study
China aspen 0.02 0.01 This study
Chinaberry 0.15 0.06 This study
Jujube tree 0.04 0.02 This study
Persimmon tree 0.08 0.04 This study
Mulberry tree 0.06 0.02 This study
Peach tree 0.06 0.03 This study
Crop residue
Rice 0.90 3.26 Hays et al. (2005)
Wheat 0.01 0.48 Hays et al. (2005)
Broomcorn 0.10 0.05 This study
Pea straw 0.08 0.02 This study
Horsebean 0.10 0.01 This study
Peanut straw 0.13 0.02 This study
Soybean straw 0.05 0.01 This study
Cotton stalk 0.05 0.02 This study
Rice straw 0.12 0.01 This study
Wheat straw 0.21 0.01 This study
Rape straw 0.37 0.02 This study
Seasame straw 0.17 0.02 This study
Corn straw 0.18 0.03 This study

(continued)
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Table 5.10 (continued)

Fuel type Combustion EF, mg/ RET/ References
facility kg PHE

Coal

Lignite 101.00  0.78 Oros and Simoneit
(2000)

Sub-bituminous 282.00 1.86 Oros and Simoneit
(2000)

Briquette-anthricate 2.17 1.76 This study

Briquette-bituminous 3.68 1.29 This study

Chunk-bituminous 30.15 1.45 This study

Chunk-bituminous 186.90  6.10 This study

Chunk-bituminous 30.31 3.07 This study

Synthetic logs

Synthetic logs (pine mountain) FP 2.72 5.91 Rogge et al. (1998)

Synthetic log FP 0.39 0.05 McDonald et al. (2000)

Artificial log FpP 10.96 Gullett et al. (2003)

 Unit: ug/m®; ® Unit: mg/g OC; ND Not detected; +: detected but not quantified
FP Fireplace, WD Woodstove
Adapted from Shen et al. (2012b) with permission of American Chemical Society
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Fig. 5.30 Relationship between log-transformed EFggr and EFpyg (left panel) and between log
EFgrer and log EFpy, (right panel) for different fuel types. Modified from Shen et al. (2012b) with
permission of American Chemical Society

(Fig. 5.31). Much high retene emission factors were found for coal. Fine et al.
(20044a, b) reported unquantifiable levels of RET emitted from Douglas fir com-
bustion and suggested that the emission of Douglas fir may be different from other
softwood species. In fact, the occurrence of retene had been reported in the lit-
erature for sources other than softwood burning (Hays et al. 2005; Hedberg et al.
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Fig. 5.31 Comparison of EFrgr for crop residue, harwood, softwood and coal from residential
combustions in our study. Adapted from Shen et al. (2012b) with permission of American
Chemical Society

2002; Bari et al. 2009; Oros and Simoneit 2000). In addition to the thermal
degradation of diterpenoid resin acids, other formation mechanisms of retene have
been reported in the literature. For example, it has been suggested that retene can
be formed during the maturation of phyllocladane and/or kaurane-type compounds
and abiogenic cyclisation and rearrangement of bicyclic terpenoids (Romero-
Sarmiento et al. 2010). All of these suggest that retene is not a unique biomarker
for conifer emissions and that the emissions of retene from coal combustion, in
particular, should be taken into account.

5.5 Summary

EFs of 16 priority PAHs for the crop residue ranged from 23.6 to 142 mg/kg, with
a mean and standard deviation of 62.1 + 34.6 mg/kg. For the brushwood and fuel
wood log, the total EFs of 28 PAHs were 86.7 + 67.6 (27.1-160) and 12.7 £ 7.0
(3.2-32.7) mg/kg, respectively, of which over 90 % were 16 priority PAHs. For
the coal, EFpay, ranged from 6.25 to 253 mg/kg. In general, PAHs emissions for
coals were higher than that for crop residue and wood. The composition profiles
were similar among these three fuel types. But slight differences can be identified.
In emissions from coal combustion, the mass percents of high molecular weight
PAHs to total PAHs appear to be higher than those from crop residue and wood.
Since these high molecular weight ones usually have more toxic effects, relatively
high emissions of these PAHs from coal combustion suggest that the use of coal in
residential cooking would cause much serious detrimental health outcome, thus
requiring more strict control strategies.

Low molecular weight PAHs are mostly in gaseous phase while high molecular
weight ones prefer to be bound to particle. The mass percentages of fine particle
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bound PAHs increase with the increase of molecular weight. The gas-particle
partitioning of freshly emitted PAHs is mainly controlled by absorption into
organics rather than adsorption. The size distribution of particulate phase PAHs is
similar to the distribution of co-emitted PM. Most particulate phase PAHs are
present in fine particles. The size distributions of particulate phase PAHs for
biomass fuels are similar within the fuel type, but different between fuel wood and
brushwood and between crop residue and brushwood. For coal, coal property, like
the caking property affects the size distribution significantly.

In our present study, by comparing retene emission among different fuel types,
the use of retene as a marker for softwood was evaluated. EFggr for crop residue,
wood and coal were 0.012-0.45, 0.042-0.47 and 1.1-267 mg/kg, respectively. In
emissions from coal and crop residue combustion, retene was positively correlated
with other co-emitted PAHs like PHE. But in wood combustion emission, no
significant correlation was found between retene and PHE. It was also found that
renete was significantly affected by moisture and MCE in crop residue burning,
and positively correlated with volatile matter content in coal combustion, but in
wood combustion, no any significant correlation was found between retene
emission and quantified parameters. As such, it is thought that retene may be not a
unique marker for softwood, and other sources, particularly coal combustion,
could produce high amounts of retene as well.
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Chapter 6
Nitro- and Oxygenated PAHs

PAH derivatives like nitrated and oxygenated PAHs are of growing concern because
these polar derivatives are able to produce more direct adverse health outcome. In the
measurement on emissions from crop residue and coal combustions, four oxygenated
PAHs (oPAHs) were analyzed, and in the later wood combustion experiment, not
only four oPAHs but also 12 nitrated PAHs (nPAHs) were measured. Gas-particle
partitioning of the derivatives, size distribution of particle-bound derivatives and the
relationship between parent PAHs and the derivatives were discussed.

6.1 Residential Coal Combustion
6.1.1 EFs and Influencing Factor

The total EFs were 0.049 £ 0.009 and 0.29 % 0.02 mg/kg for the 2 types of
honeycomb briquettes and 8.8 + 4.3, 40 £ 42, and 0.53 £ 0.04 mg/kg for the 3
different raw chunk coals, respectively. 9FO (0.034 £ 0.009 and 0.22 + 0.01 mg/
kg for Beijing and Taiyuan briquettes, respectively) was the dominant specie from
briquette combustion, while 9FO (3.3-12 mg/kg) and BZO (4.0-24 mg/kg) were
the most abundant compounds for raw chunk coals. EFgpaps Of the tested coals
varied 3 orders of magnitude with EFgpay, of chunk coals higher than those of
honeycomb briquettes.

Similar to the approach in the analysis of influencing factors on CPM and PAHs
emissions from coal combustion, stepwise regression was undertaken to quanti-
tatively address the influence of fuel properties and combustion conditions on
oPAH emissions. The results showed that EFgpay for coal was significantly
affected by heating value, VM, MCE and moisture. Fopay can be predicted from
the regression models with these four factors as independent variables by using the
following formula:

EFopan(ug/kg) = a x M(%) +b x VM(%) + ¢ x HV(MJ /kg) +d x MCE + e

G. Shen, Emission Factors of Carbonaceous Particulate Matter and Polycyclic 139
Aromatic Hydrocarbons from Residential Solid Fuel Combustions, Springer Theses,
DOI: 10.1007/978-3-642-39762-2_6, © Springer-Verlag Berlin Heidelberg 2014
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Fig. 6.1 Comparison of measured and predicted emission factors of 9-fluorenone (open circle),
9,10-anthraquinone (open triangle), benzanthrone (filled circle) and Benz[a]anthrane-7,12-dione
(filled triangle) from residential coal combustions. Reprinted from Shen et al. (2011) with
permission of American Chemical Society

Table 6.1 Emission factors (mg/kg) of individual OPAHs from residential coal combustions

Fuel type 9FO ATQ BZO BaAQ

Honeycomb briquette, 34+£09x 1072 66+£06x10°  70+£01x107° 52436x 107
Beijing

Honeycomb briquette, 224£00x 107" 32+£08x1072 364£09x10% 52+06x107°
Taiyuan

Raw chunk, Taiyuan 3.3 £3.0 x 10° 1.3 +08 x 10° 4.0+ 04 x 10° 17401 x 107"

Raw chunk-A, Yulin 12+ 1.3 x 10" 4.0+ 3.8 x 10° 24425 x 10" 37435 x 107"

Raw chunk-B, Yulin 234+05%x 107" 21+£00x 107" 72403 x102 19407 x 1072

Reprinted from Shen et al. (2011) with permission of American Chemical Society

Figure 6.1 compares the estimated EFs with measured ones. They are generally
comparable, and about 42-52 % of the total variations in EFgpay for coals were
captured by the regression models Tables 6.1 and 6.2.

6.1.2 Relationship Between oPAHs and Parent PAHs

Parent PAHs generated from solid fuel combustion can be oxygenated to form
OPAHs. Since both parent and oxygenated PAHs were affected significantly by the
factors like coal VM content and MCE, it is interesting to investigate the rela-
tionship between oPAHs and the corresponding parent PAHs. As shown in
Fig. 6.2, there were significantly positive correlations (p < 0.05) between oPAHs
and pPAHs. In fact, oPAHs were also significantly positively correlated with other
co-emitted pollutants including PM, OC and EC (Table 6.3).

The linear relationship between log-transformed EFs of oxygenated and parent
PAH species may imply the quantitative dependence of the former on the latter.
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Table 6.2 Calculated regression coefficients (ng/kg) and R? for predicting EFgpay for resi-
dential coal combustion in the improved coal stove

a (value, p) b (value, p) ¢ (value, p) d (value, p) e (value, p) R?

OFO  —308,7.7 x 10~ 274,4.7 x 10~ 37,9.1 x 10 —6.5 x 10, 5.6 x 10% 0.444
! ! ! 2.7 x 107! 2.7 x 107!

ATQ —113,7.2 x 10~ 96,4.0 x 10~ 21,83 x 10° —2.0 x 10, 1.8 x 10% 0.508
! ! 2.5 x 107! 2.8 x 107!

BZO —408,8.5 x 10~ 498,5.1. x 10~ 37,9.5 x 10- —1.2 x 10°, 1.1 x 10°, 0.415
! ! ! 2.7 x 107! 3.0 x 107!

BaAQ —18,52 x 107" 10,3.1 x 107" 2.9,7.3 x 10~ —1.4 x 10°, 1.1 x 10%, 0.522
! 3.6 x 107! 4.1 x 107!

p values for individual coefficients are also listed. Reprinted from Shen et al. (2011) with permission of American
Chemical Society
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Fig. 6.2 Relationship between the log-transformed EFopay and EFpay from residential coal
combustions. The 3 pairs of OPAH/PAH from left to right are 9FO/FLO, ATQ/ANT, and BaAQ/
BaA. Reprinted from Shen et al. (2011) with permission of American Chemical Society

Such a relationship was characterized by defining an oxygenation rate (R,,) in this
study as the quantity of a given OPAH emitted per unit quantity of its parent PAH
emitted (EFopan/EFpan). For the 3 pairs of OPAH/PAH studied, the calculated R,
were 0.25 £ 0.25, 0.14 £ 0.08, and 0.03 £ 0.02 for 9FO/FLO, ATQ/ANT, and
BaAQ/BaA from coal combustion. Moreover, it is interesting to see that the R, for
9FO/FLO and ATQ/ANT pairs from coal combustion were positively correlated to
EFg 0 and EFsn, but for BaAQ, the Ro did not show any significant dependence
on EF of BaA (Fig. 6.3). Although many factors might influence the formation and
emissions of OPAHs and parent PAHs, no significant correlation between Ro and
any coal property or combustion condition was found. The interaction among these
factors was likely the reason causing the insignificance.

6.1.3 Gas-Particle Partitioning and Size Distribution

Similar to their parent PAHs, OPAHs are either in gaseous or condensed phases.
Generally, those with relatively low molecular weight and high volatility occur
dominantly in gaseous phase, while those with relatively high molecular weight
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Table 6.3 Correlation coefficients and p values between log-transformed EFs of OPAHs and
those of CO, OC, PM, and parent PAHs

FLO ANT BaA CO ocC BC PM
9FO r 0948 0.902 0.912 0.862 0.947
p 15x107° 1.8 x 107 12x107* 67x107* 17 x107°
ATQ r 0.994 0.942 0.969 0.856 0.923
P 2.8 x 107° 22x 107 20x10° 80x10™* 69 x 107°
BZO r 0.903 0.929 0.920 0.981
P 1.7x 107 51 x107° 83 x107° 3.0 x 1077
BaAQ r 0.951 0.927 0.951 0.834 0.913
P 12x107° 56x107° 12x107° 14x103 1.1 x107*
1.0 0.10
o (9FO/FLO) o 3 (ATQ/ANT) 3 (BaAQ/BaA)
= o8} = 0.08
52 o o) r=0.251
g >
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Fig. 6.3 Dependence of oxygenation rates (R,) on EFpsy for coal. The 3 pairs of OPAH/PAH
from left to right are 9FO/FLO, ATQ/ANT, and BaAQ/BaA. Reprinted from Shen et al. (2011)
with permission of American Chemical Society

and low volatility tend to associate with particles. Figure 6.4 compares the cal-
culated partitioning coefficients for oPAHs with those for the corresponding parent
ones. The Kp values of 9FO and ATQ were significantly higher than their parent
PAHs (p < 0.05) and the differences were as high as 0.6-1.3 orders of magnitude,
primarily because the vapor pressures of 9FO (7.6 x 10 Pa) and ATQ
(1.6 x 1073 Pa) are significantly lower than those of FLO (1.7 x 107! Pa) and
ANT (4.1 x 1077 Pa) (Walgraeve et al. 2010; Howard and Meylan 1997; Mackay
et al. 1992). For BaA and BaAQ, calculated Kp values of BaAQ (vapor pressure is
4.8 x 107 Pa) and those of BaA (vapor pressure is 1.5 x 10~> Pa) was not
significantly different (p > 0.05). This might be explained by the fact that high
molecular weight PAHs have quite low vapor pressures and are dominantly bound
to particles, so differences in Kp values between parent PAHs and OPAHs were not
as large as those of low molecular weight ones.

Size distributions of particle-bound oPAHs were similar to those for parent
PAHs. The distribution can be classified into two groups based on the coal caking
properties described by Char Residue Characteristics (CRC, ranged from 1 to 8,
and the higher the CRC, the stronger the caking and swelling properties of the
coal). Particulate phase OPAHs from the two briquettes and one raw chunk from
Yulin (Chunk-2) with CRC of 1 or 2 were primarily found in fine particles with
diameter less than 0.7 pm, while those from two other chunk coals with CRC of 5
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Fig. 6.4 The measured gas-particle partition coefficients (Kp) of 4 OPAHs from coal
combustion. The results are compared with those of parent PAHs (except the parent PAHs for
BZO which was not measured) emitted at the same time. The means and standard deviations are
shown in log-scale. Reprinted from Shen et al. (2011) with permission of American Chemical

Society

and 6, were dominantly in particles with Da between 0.7-1.1 and 1.1-2.1 pm,
contributing 16-30 and 2449 % of the total (Fig. 6.5).

Since oPAHs are polar organics and have low vapor pressure in comparison
with non-polar parent PAHs, it is expected that oPAHs had more tendencies to be
present in finer particles. Figure 6.6 compares the mass percent of oPAHs and
corresponding parent PAHs in fine PM with diameter less than 0.4 pm. It is clear
that for both low caking and high caking coals which had different size distribu-
tions, the mass percents of fine PM, 4 bound oPAHs were much higher than that for
the corresponding parent PAHs. For example, 17 £ 6, 19 & 8, and 22 &+ 7 % of
9FO, ATQ, and BaAQ and 10 &= 6, 13 £ 9, and 17 £ 9 % of FLO, ANT, and
BaA occurred in PMy 4 (PM with D, < 0.4 pm) from two higher caking raw coals.

6.2 Indoor Crop Straw Burning
6.2.1 EFs and Influencing Factor

Total EFs of the 4 OPAHs for the 9 crop residues studied ranged from 2.8 &+ 0.2
for soybean to 8.1 £ 2.2 mg/kg for wheat (Table 6.4) with a mean and standard
deviation of 4.5 £ 2.0 mg/kg. Among the 4 compounds, 9FO was the most
abundant (2.0 £ 0.8 mg/kg), followed by BZO (1.4 + 0.7 mg/kg), ATQ
(1.0 £ 0.4 mg/kg), and BaAQ (0.11 £ 0.04 mg/kg). Although EFgpay for vari-
ous crop residues were significant different, they were within the same order of
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Fig. 6.5 Size distributions of particulate phase OPAHs from combustions of low CRC coals
(middle panel), and high CRC coals (right panel). Modified from Shen et al. (2011) with
permission of American Chemical Society
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Fig. 6.6 Comparison of mass percents of fine PM 4-bound oPAHs and those of corresponding
parent PAHs

magnitude. Hays et al. (2005) measured EFgpay from open field burning of rice
and wheat residues and reported EForo, EFarq, and EFgzo of 0.022-0.31,
0-0.042, and 0.60-0.95 mg/kg, respectively. The EFopay for crop residue from
indoor stove burning in our present study are 1-2 orders of magnitude higher than
those from open field burning. This might be explained by the different amount of
oxygen supply resulting in lower combustion efficiencies and relatively high
temperature in the enclosed residential stoves due to low heat loss.

For oPAHs from crop residue burning, MCE and moisture negatively affected
EFopan of crop residues (p < 0.05). A relatively low MCE was favorable for
incomplete combustion, while relatively high moistures could reduce combustion
temperatures resulting in lower OPAH formations. Suppressed parent PAH for-
mation resulted from relatively higher moistures could be also another reason for



145

Indoor Crop Straw Burning

6.2

Kja100g

[eorway) ueouowry jo uorssrurad ym (1107) T8 10 uoysS woij pajunday ‘sjuowradxe pojesrdnp wWoIj UOHBALIOP PIEPUE]S PUB SUBIW QI8 UMOUS BIe(]

0l X '€ FT8 -0 X TS FT6 =0T X 9T F L9 O X T0F €T (sdvut vaz) ur0)
01 X 8T F 8L 0T X ¥0 F 6'F O X FOF TT 0T X SO F ST (wmdtput wnusag) AuIesog
0L X 70 F #'1 O X €0 F 91 O X F0FTI 01 X ¥0FTT (sndvu poisspag) adey
A 01 X €0 F LT 01 X 0 F 81 01 X ST F e (wmansav wmdopLL) VLAY
—0T X 90 F T'1 01 X 8T F 9T 0T X €0OFTI O X STFTE (vayvs p2410) 2o1Y
0L X ¥0F 6 0L X 00F Tl —01 X 80 F +9 0L X TOFIT (v1j0fu1a 2uowiauy) uoNoD
01 X S0 FT9 0T X TOF LL 0T X SO F LS 0T X €O0F 1 (sausp vissp)) ueaqhog
=01 X T'1 01 X ¥'1 0T X T'T 0T X €7 (vav3odsy swyov.ay) muead

0L X ¥9F 1'6 -0l X 6LF L6 1—0I X TEFS9 0L X S0 F 91 (vqnf p1o1A) UBDGESIOH
oved 0zd OLV 046 ad£y 1ong

Suruing onprsar doxo 1ooput 10§ SHYJO [eNpIAIpUI Jo (Sy/Sw) s10308] UOISSTWH $°9 e,



146 6 Nitro- and Oxygenated PAHs

Fig. 6.7 Comparison of
measured and predicted .
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the subsequently lower OPAH emissions. About 56-77 % of total variations in
EF,pans can be explained by these two factors, and EFgpays could be predicted
from the following regression models with moisture (M) and MCE as independent
variables (Fig. 6.7).

EFopo = —43 x M(p = 0.011) — 22 x MCE(p = 0.0045) + 24(p = 0.0027)

EFsrp = —34 x M(p = 0.032) — 9 x MCE(p = 0.015) + 10(p = 0.0072)

EFgz0 = =22 x M(p = 0.049) — 18 x MCE(p = 0.034) + 19(p = 0.026)
EFgarg = —41 x M(p = 0.030) — 0.9 x MCE(p = 0.028) + 1.1(p = 0.013)

6.2.2 Relationship Between oPAHs and Parent PAHs

In emissions from indoor crop straw burning, oPAHs also positively correlated
with parent PAHs (Fig. 6.8) and other co-emitted incomplete pollutants
(Table 6.5). The calculated R, were 0.40 £ 0.18, 0.89 £ 0.41, and 0.16 £ 0.05
for 9FO/FLO, ATQ/ANT, and BaAQ/BaA, respectively. It appeared that R, values
were significantly different among OPAH compounds and the measured R,, values
of crop residue burning were significantly higher than those of coal burning
(p < 0.05). Meanwhile, it is noted that different from positive correlations between
Ro and EFpay for coal, the dependence of R, on EFppy was negative in crop
residue burning (Fig. 6.9).
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Fig. 6.8 Relationship between the log-transformed EFgpay and EFpsy from residential crop
residue combustions. The 3 pairs of OPAH/PAH from left to right are 9FO/FLO, ATQ/ANT, and
BaAQ/BaA. Reprinted from Shen et al. (2011) with permission of American Chemical Society

Table 6.5 Correlation coefficients and p values between log-transformed EFs of OPAHs and
those of CO, OC, PM, and parent PAHs from crop residue burning

FLO ANT BaA co oc BC PM
9FO r 0.703 0.679 0.605 0.241 0.688
P 82 x 107 1.4 x 107° 5.0 x 1073 1.8 x 107! 1.1 x 107°
4
ATQ r 0.789 0.527 0.553 0.274 0.674
P 83 x 107 1.5 x 1072 1.1 x 1072 1.4 x 1071 1.5 x 1072
5
BZO r 0.538 0.028 0.248 0.334
P 1.3 x 1072 4.5 x 107! 1.7 x 1071 9.5 x 1072
BaAQ r 0.885 0.486 0.242 0.441 0.575
P 12x 100 24 x 1072 1.7 x 1071 3.8 x 1073 7.8 x 107
6
Reprinted from Shen et al. (2011) with permission of American Chemical Society
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Fig. 6.9 Dependence of oxygenation rates (R,) on EFpay from crop straw burning. The 3 pairs
of OPAH/PAH from left to right are 9FO/FLO, ATQ/ANT, and BaAQ/BaA. Reprinted from Shen
et al. (2011) with permission of American Chemical Society
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Fig. 6.10 The measured gas- 0.0
particle partition coefficients
(Kp) of 4 OPAHs from crop
residues burning. The results
are compared with those of
parent PAHs (except the
parent PAHs for BZO which
was not measured) emitted at
the same time. The means
and standard deviations are
shown in log-scale. Modified
from Shen et al. (2011) with
permission of American
Chemical Society
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residues. Modified from Shen
et al. (2011) with permission
of American Chemical
Society

——9F0

Mass percent

T0-04 0.7-1.1 2.1-3.3 4.7-5.
0.4-0.7 1.1-2.1 3.3-4.7

Diameter, um

6.2.3 Gas-Particle Partitioning and Size Distribution

Figure 6.10 shows the calculated partitioning coefficients for oPAHs in compari-
son with the corresponding parent PAHs. As expected, KP of organic pollutants
showed a general increasing trend as molecular weight increases. Due to relatively
lower vapor pressure, the oxygenated derivatives had high Kp values, which
suggested that they are preferable to be present in particulate phase.

Size distributions of particle bound OPAHs in emissions for different crop straw
were similar with a dominant fraction at 1.1-2.1 pm size range (33-37 %), fol-
lowed by those between 0.7 and 1.1 pum (26-31 %) (Fig. 6.11). The distribution
was similar to that in co-emitted parent PAHs. About 83, 88, 94, and 91 % of
particulate phase 9FO, ATQ, BZO, and BaAQ were found in fine PM, . The
simultaneously measured percentages of the co-emitted FLO, ANT, and BaA
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associated with PM,; were only 51, 65, and 88 % respectively, which again
indicated that oPAHs have more tendencies to be present in finer particles in
comparison with parent PAHs.

6.3 Residential Wood Combustion
6.3.1 EFs and Influencing Factor

Among the 12 nPAHs and 4 oPAHs measured, the concentrations of 7 N-BaA,
6 N-CHR, and 6 N-BaP were below the detection limit in most samples
(~0.05 pg/kg). However, 5 N-ACE, 2 N-FLO, and 1 N-PYR were measured in
several fuels, and 6 nPAHs (1 N-NAP, 2 N-NAP, 9 N-ANT, 9 N-PHE, 3 N-PHE,
and 3 N-FLA) and 4 oPAHs (9FO, ATQ, BZO, and BaAQ) were measured in all
samples. The results are listed in Table 6.6 for nPAHs and Table 6.7 for oPAHs,
respectively.

For fuel wood and brushwood, the EFpapn,9 was 8.27 £ 5.51 and 32.2 £+
19.5 ng/kg, respectively, and EFpapoq was 1.19 £ 1.87 and 5.56 £ 4.32 mg/kg,
respectively. 1 N-NAP and 2 N-NAP were the two dominant nPAHs identified. For
oPAHs, the EFs for two ketones (9FO and BZO) were much higher than those for
two quinones (ATQ and BaAQ). The co-emitted derivatives were positively
correlated with one another (Tables 6.8 and 6.9). EFpapyno and EFpap.s from
brushwood burning were significantly higher than those from fuel wood combus-
tion (Fig. 6.12).

EFs of nPAHs were approximately 3 orders of magnitude lower than those of
pPAHs, while oPAH EFs were on the same order of magnitude as pPAH EFs. In
comparison with literature reported results, although limited data available, our
results were comparable to those measured using woodstoves, but lower than those
measured using fireplaces in general (Rogge et al. 1998; Fine et al. 2001, 2002,
2004a, b; Gullett et al. 2003). For example, average EFs for particle-bound 9FO,
ATQ, and BZO were 0.841 (0.132 to 3.42), 0.612 (0.053 to 4.19), and 0.670 (0.150
to 2.09) mg/kg for wood combustion in fireplaces, respectively (Fine et al. 2001,
2002, 2004a; Gullett et al. 2003; Rogge et al. 1998), and were 0.625 (0.189 to
2.64), 0.256 (0.077 to 0.438), and 0.444 (0.091 to 1.01) mg/kg for wood burned in
woodstoves, respectively (Fine et al. 2004b; Gullett et al. 2003).

Significantly negative correlations (p < 0.05) could be found between MCE
and EFs of the derivatives, and the later were positively correlated with fuel
moisture (Fig. 6.13), which might be explained by that an appreciable amount of
energy is needed to vaporize the water which can reduce the combustion tem-
perature and lead to reduced combustion efficiencies and enhanced pollutant
emissions. The influence of other factors measured in this study, including density,
heating value, and volatile matter content, were not statistically significant
(p > 0.05).
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Table 6.7 Average emission factors (mg/kg, dry basis) of oxygenated PAHs from residential
wood combustions of different fuel types

9FO ATQ BZO BaAQ
White Poplar 40 x 107! 6.7 x 1072 45 x 1072 14 x 1073
Elm 9.2 x 107! 2.1 x 107! 7.0 x 1072 6.0 x 1073
Locust 3.9 x 107! 1.3 x 107! 3.8 x 1072 2.8 x 1073
Maple 45 x 107! 1.7 x 107! 8.8 x 1072 7.5 x 1072
Fir 40 x 107! 15 x 107! 72 x 1072 47 x 1073
Larch 2.4 x 107! 6.9 x 1072 2.8 x 1072 26 x 1073
Water Chinese fir 43 x 107! 1.5 x 107! 5.5 % 1072 53 x 1073
Cypress 3.5 x 107! 14 x 107! 5.1 x 1072 1.6 x 107!
Oak 3.9 x 107! 1.5 x 107! 6.1 x 1072 9.9 x 1073
Chinese Pine 22 x 107! 8.7 x 1072 6.2 x 1072 55x%x 1073
Willow 24 x 107! 83 x 1072 2.6 x 1072 1.5 x 1072
Paulownia tomentosa 3.7 x 107! 1.5 x 107! 9.2 x 1072 3.0 x 1072
Toon 24 x 107! 62 x 1072 34 x 1072 2.7 x 107!
White Birch 5.3 x 107! 1.7 x 107! 1.1 x 107! 7.0 x 1073
Ribbed Birch 5.8 x 107! 1.9 x 107! 1.3 x 107! 9.5 x 1073
Paulownia elongata 3.3 x 10° 6.8 x 107! 1.7 x 107! 1.3 x 1072
Black Poplar 6.1 x 10° 1.3 x 10° 5.0 x 107! 25 x 1072
China Aspen 1.2 x 10° 1.9 x 107! 1.7 x 107! 51 x 1073
Chinaberry 1.5 x 10° 3.6 x 107! 1.3 x 107! 9.9 x 1072
Jujube tree 7.5 x 107! 2.0 x 107! 3.2 x 107! 3.4 x 1072
Persimmon tree 8.9 x 107! 22 x 107! 1.7 x 107! 92 x 1073
Mulberry tree 1.0 x 10° 25 % 107! 7.5 x 1072 6.5 x 1072
Peach tree 7.0 x 107! 1.6 x 107! 1.0 x 107! 7.0 x 1073
Lespedeza 3.5 x 10° 1.7 x 10° 3.7 x 10° 1.3 x 107!
Buxus sinica 22 x 10° 1.2 x 10° 22 x 10° 9.6 x 1072
Holly 1.1 x 10° 3.8 x 107! 3.1 x 107! 2.6 x 1072
Bamboo 1.0 x 10° 4.1 x 107! 7.0 x 107! 5.1 x 1072

For each fuel, combustion experiments were done in triplicate. Adapted from Shen et al. (2012)
with permission of American Chemical Society

6.3.2 Relationship Between oPAHs and Parent PAHs

The derivatives were significantly correlated with parent PAHs (Table 6.10 and
Fig. 6.14) and co-emitted PM and CO (Fig. 6.15). The results were more or less
expected since they both significantly affected by fuel moisture and MCE.

The calculated Ro were 2.06 £+ 0.84, 0.792 £ 0.237, and 6.56 &+ 7.54 x 1072
for 9FO/FLO, ATQ/ANT, and BaAQ/BaA, respectively. Since EFs of nPAHs were
about 3 orders of magnitude lower than the parent PAHs, the calcualetd Ry values
were as low as 1.51 x 107" (3N-PHE/PHE) to 4.67 x 107> (9N-ANT/ANT),
significantly lower than the Ro value. Since nPAHs could be formed from pho-
tochemical reactions following direct emission from combustion (Albinet et al.
2007, 2008a, b; Wang et al. 2011), the ratio is believed to increase once emitted
into the ambient air. In a previous study in a rural household burning crop residue
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Table 6.9 Correlation coefficient and p values between EFs of measured oxygenated PAHs

9FO ATQ BZO BaAQ
9FO r 1.000 0.940 0.821 0.637
P 1.6 x 10713 7.8 x 1078 1.8 x 107*
n 27 27 27 27
ATQ r 1.000 0.901 0.793
p 7.1 x 107" 4.0 x 1077
n 27 27 27
BZO r 1.000 0.816
p 1.1 x 1077
n 27 27
BaAQ r 1.000
b4
n 27

Adapted from Shen et al. (2012) with permission of American Chemical Society
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Fig. 6.12 Comparison of oPAHs and nPAHs among different wood fuel types
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Fig. 6.13 Correlations between EFs of nPAHs and oPAHs and MCE (leff) and fuel moisture
(right) from residential fuel wood combustion. Modified from Shen et al. (2012) with permission
of American Chemical Society

Table 6.10 Correlation coefficients between PAH derivatives and corresponding parent PAHs

Derivative ~ IN-NAP 2N-NAP 5N-ACE 2N-FLO 9N-ANT 9N-PHE 3N-PHE
Parent NAP NAP ACE FLO ANT PHE PHE

r 0.843 0.829 0.375 0.684 0.810 0.858 0.771

p 34 %1078 92 x 1078 21 x 107" 42x 1072 31x107 21x107% 27x107°
N 27 27 13 9 27 26 22
Derivative 3N-FLA IN-PYR 9FO ATQ BaAQ
Parent FLA PYR FLO ANT BaA

r 0.465 0.890 0.838 0.916 0.588

P 2.2 x 1072 3.9 x 107° 4.8 x 1078 2.1 x 107" 1.3 x 1073
N 24 16 27 27 27

Adapted from Shen et al. (2012) with permission of American Chemical Society

and wood for cooking, Ding et al. (2012) measured ambient pPAHs, nPAHs, and
oPAHs concentrations in indoor and outdoor air. The results were calculated for
the Ry and Rp. In comparison to the present study, Ry and Rg ratios in ambient air
were significant higher than in emissions from wood combustion (p < 0.05),
especially for Ry in summer. For example, the average 1 N-NAP/NAP ratios in
ambient air were 1.17 x 1072 and 2.89 x 10~ in winter and summer, respec-
tively, and both ambient air ratios were significantly higher than the same ratio of
7.88 x 10™* measured in this study for primary wood combustion.

As mentioned above, Ro was positively correlated with EFppaps for coal
combustion and negatively correlated with EFypap for crop residue combustion,
but for the wood combustion, no significant relationship was found (Table 6.11). It
appears that these ratios may be useful for identifying emissions from these dif-
ferent combustion sources, if more field data would be available and a sound
conclusion could be reached.



6.3 Residential Wood Combustion
-1.00
)
4
el
g
% -2.00
as
<
Z
g
=
°
S -3.00
m
= 1=0.843
p=3.4x10°
-4.00
-1.00 0.00 1.00 2.00
Lg EFnav, Ig(mg/kg)
1.00
o) ATQ
=
2 r=0.916
= p=2.1x10"
g
Z
El
Z
5150
=
4
<
-
l=}
S8
53]
=)
-
-4.00
-1.50 -0.25 1.00

LgEF anr lg(mg/kg)

Lg EF of FLO derivatives, lg(mg/kg)

Lg EF of FLO derivatives, lg(mg/kg)

2.00

155

-2.00 -1.00 0.00 1.00
LgEFrLo, Ig(mg/kg)
-2.00
3.25
-4.50
1.50 0.00 1.50

LgEFpyg, 1g(mg/kg)

Fig. 6.14 Correlations between the measured EFs PAH derivatives and EFs of the corresponding
parent PAHs. The data are log-transformed. Means and standard deviations are shown. Modified
from Shen et al. (2012) with permission of American Chemical Society
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Table 6.11 Correlation coefficient and p values between EF ratios of derivatives to parent PAHs
(EFspans/EF pans), and EFpags

Ratio IN-NAP/NAP 2N-NAP/NAP 9N-ANT/ANT 9N-PHE/PHE 3N-PHE/PHE
Parent NAP NAP ANT PHE PHE

r —0.481 —0.379 —0.719 0.107 —0.234

P 2.0 x 1072 74 x 1072 1.1 x 107 6.7 x 107! 3.5 x 107!
N 23 23 23 18 18

Ratio 3N-FLA/FLA 9FO/FLO ATQ/ANT BaAQ/BaA
Parent FLA FLO ANT BaA

r —0.153 —0.213 —0.321 —0.449

P 52 x 107! 33 x 107! 1.4 x 107! 3.1 %x 1072
N 20 23 23 23

Adapted from Shen et al. (2012) with permission of American Chemical Society
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Fig. 6.16 Size distributions of oPAHs in emissions from residential fuel wood log, brushwood
and bamboo combustion in a brick cooking stove

6.3.2.1 Gas-Particle Partitioning and Size Distribution

The size distributions of particle-bound oPAHs were similar between fuel wood
and bamboo, which were different from that of brushwood (Fig. 6.16). oPAHs
associated with PMg 4_; ; comprised up to 39.4 + 10.9 % and 44.2 £ 0.3 % of the
total for fuel wood and bamboo, respectively. A total of 80.6 and 70.0 % of
particulate phase oPAHs were in fine PM, ;. For brushwood, the mass percentage
of oPAHs in coarse PM; ;_o was 44.9 & 9.3 % of the total particle-bound oPAHEs,
significantly higher than those of 19.4 £ 13.5 % for fuel wood and 30.0 &+ 3.6 %
for bamboo. Figure 6.17 shows the distributions of four oPAH individuals. In the
fine PM such as PM 4 and PMg 4_; 1, the mass percents of high molecular weight
BZO and BaAQ were generally higher than those for low molecular weight 9FO
and ATQ.

For nitrated PAHs, due to much lower emission concentration, we only detected
1 N-NAP and 2 N-NAP in size segregated samples. The other nitrated PAHs
including 9 N-ANT, 9 N-PHE, 3 N-PHE, 3 N-FLA and 1 N-PYR, were only
detectable in fine PMy 4. Figure 6.18 shows the size distributions of particulate
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Fig. 6.17 Size distributions of oPAH individuals from residential wood combustion
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Fig. 6.18 Size distributions of particulate phase 1 N-NAP and 2 N-NAP from residential fuel
wood log and brushwood combustions

1 N-NAP and 2 N-NAP. Again, distinct distributions were between the emissions
from brushwood and fuel wood log combustions. The later produced much more
coarse PM, and also higher mass percentages of total particulate phase PAH
derivatives in coarse particle. The mass percents of 1 N-NAP and 2 N-NAP in
coarse PM were 429 £ 1.2 and 44.9 £ 1.0 % of the total particulate phase
nitrated NAP. In the emission from fuel wood log combustion, most nitrated PAHs
were in fine particle, with over 80 % in fine PM;s. There were 36.6 £+ 9.8 and
38.5 £ 11.3 % of total 1 N-NAP and 2 N-NAP present in PMg 41 ;.

The calculated K, values of PAH derivatives increased in general with the
increase of compound molecular weight (Fig. 6.19), indicating the preferable
present in particulate phase for high molecular weight organics. Figure 6.20
compares the calculated K, values of PAH derivatives and that for the corre-
sponding parent PAHs. The Kp of most derivatives were significantly higher than
those of pPAHs, except 3 N-FLA, 1 N-PYR, and BaAQ (p > 0.05). In comparison
with the corresponding pPAHs, the derivatives often have lower vapor pressures
and are more likely to be present in the particulate phase.
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Fig. 6.19 Relationship between K|, of various PAH derivatives and their molecular weight from
residential wood combustion. Modified from Shen et al. (2012) with permission of American
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Fig. 6.20 Comparison of calculated Kp of pPAHs and their derivatives from residential wood
combustion. Modified from Shen et al. (2012) with permission of American Chemical Society

Gas-particle partitioning is thought to be controlled by the relative importance
of absorption into organic matter and adsorption onto the particle surface.
Unfortunately, Pg and Kpa values were not available for the nPAHs and oPAHs.
However, based on the positive correlations between EFs of pPAHs and EFs of
their derivatives, it might be speculated that the partitioning mechanism for nPAHs
and oPAHEs is similar to that for pPAHs, suggesting the governance of absorption.
In fact, both pPAHs and their derivatives were positively correlated with OC
(p < 0.05), suggesting that the absorption mechanism may be dominant for these
freshly emitted PAH derivatives.
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Fig. 6.21 Comparison of oxygenated-parent PAH ratio among different solid fuel types. a The
ratios of 9FO/FLO, ATQ/ANT and BaAQ/BaA among different fuel types. b comparison of
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6.4 Fuel Comparison
6.4.1 Emission Factor

In regard of EFppays from residential coal combustion, anthracite briquette had
the lowest EF of 0.049 + 0.009 mg/kg. For bituminous coal, briquette bituminous
was only 0.29 £ 0.02 mg/kg while for the other three raw bituminous chunk,
EFopans averaged at 16.6 mg/kg. EFgpaps for fuel wood log, brushwood and crop
residue were 1.2 + 1.9, 5.6 & 4.3 and 4.5 + 2.0 mg/kg, respectively. In general,
emission factor of oPAHs for different fuel types followed the tendency of bri-
quette < fuel wood log < brushwood—crop residue < chunk.

6.4.2 Correlation Between Parent PAHs and Derivatives

In both coal and biomass fuel burning, emission factors of oxygenated PAHs were
positively correlated with the corresponding parent PAHs. In comparison with
parent PAHs, oPAHs are more preferable to partition into the particulate phase,
particularly fine particles. The gas-particle partitioning of these polar organics,
similar to that for parent PAHs, was thought to be mainly controlled by the
absorption rather than adsorption in fresh emissions.

It is interesting to note that the calculated oxygenation ratio, Ro, was positively
correlated with emission factor of parent PAHs in emissions from coal combus-
tion, but negatively correlated in crop residue burning emissions, and no signifi-
cant correlation was found in emissions from wood combustion. It was found that
wood combustion produced relatively higher ratios of 9FO/FLO while crop residue
burning had high ratios of ATQ/ANT and BaAQ/BaA, as shown in Fig. 6.21. In
comparison with biomass fuel, coal combustion emitted lower Ro ratios. It appears
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that such relationship could be used for the source apportionment of oxygenated
PAHs. However, it should be pointed out that the results are only based on the
limited sample size in the present study, and the ratio would change obviously
once emitted into the atmosphere. The use of specific ratio for oPAH source
apportionment need more detailed studies in future, in field and laboratory sim-
ulation study to reach a sound conclusion.

6.5 Summary

In the present study, emission factors of oxygenated and nitrated PAHs were in the
first time reported for residential solid fuel combustion in China. These PAH
derivatives are believed to cause more adverse health outcome than the parent PAHs,
and hence of wide and growing concern all over the world. The results showed that
EFs of oPAHs were generally within the same order of magnitude of that of parent
PAHs while EFs of nPAHs were about 2-3 orders of magnitude lower.

The EFs of 4 oPAHs for crop residue, fuel wood log, brushwood and coal were
4.5 +£2.0,1.19 + 1.87,5.56 &+ 4.32 and 0.049-40 mg/kg, respectively. Similar to
the parent PAHs, the oPAH emission varied dramatically between raw chunk and
briquette coal with a range of EF in 1-2 orders of magnitude.

PAH derivatives can be also present in either gaseous or particulate phases. But
they have more tendencies to be associated with particle, particularly fine particles
in comparison with parent PAHs. The gas-particle partitioning behaviors of these
derivatives were thought to be mainly governed by absorption of organics rather
than adsorption.

PAH derivatives positively correlated with parent PAHs. The ratio in emission
factor between oPAHs and corresponding parent PAHs varies among different fuel
types. It is interesting in future to investigate whether the ratio can be developed
into the source apportionment of PAH derivatives with more data available from
field measurement, laboratory experiment and modeling studies.
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Chapter 7
Field Measurement

In the built kitchen, we simulated the combustions of 9 crop residues, 26 wood
materials and 5 coals, and measured emission factors of PM and PAHs. Two
stoves were used. Because of large differences in fuel properties and burning
conditions, the measured EFs varied dramatically, and identified influencing fac-
tors only explained the variations partly. In rural area, there are many different
fuel/stove combinations in rural China. The burning process and subsequent pol-
lutant emissions varied dramatically from site to site. It is realized that more
studies are required, and more important, field studies are preferable since the field
measurement can reflect the real fuel burning process and are more reliable. As a
result, two field measurement campaigns were conducted in rural Shanxi and
Jiangsu provinces.

7.1 Indoor Crop Residue Burning in Rural Jiangsu
7.1.1 Emission Factor

Field measurement on pollutant emissions from indoor crop residue burning was
conducted in rural Jiangsu. Two stoves with same design but different usage were
used. By comparing the emissions between the two stoves, it can be better to
understand the historical change of pollutant emissions from indoor crop residue
burning.

The measured EFpy, EFoc, EFgc, EFogppan, and EFsepay are listed in
Tables 7.1 and 7.2 for each fuel/stove combination in detail. For all stove-fuel
combinations, arithmetic means and standard deviations of EFpy;, EFoc, and EFgc
were 9.1 £ 5.7, 2.6 &+ 2.9, and 1.1 £ 1.2 g/kg, respectively, which were higher
than the corresponding median values, indicating right-skewed frequency distri-
butions. In fact, log-normal distributions of EFs are often reported for residential
coal and biomass burning. Similarly, EFg,pan and EF,,pap were also right-
skewed with arithmetic means higher than median values. Average EF of the total

G. Shen, Emission Factors of Carbonaceous Particulate Matter and Polycyclic 163
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Table 7.1 EFpy;, EFoc, EFgc, EFagppan, and EF4opay for indoor crop residue burning in the two
stoves

Stove Fuel PM oC EC pPAHs oPAHs
g/kg g/kg g/kg mg/kg mg/kg
Stove 1 wheat straw 98 £47 26+ 1.8 046 £ 0.19 310 £ 128 17 £9.8
rape straw 37+3.0 058 +0.17 047 +£048 561 £348 82 +7.2
rice straw 524+29 1.1£09 0.51 £0.37 257 £ 105 22 +£35
cotton straw 57146 3.1+45 1.2+ 14 122 £ 53 22422
Stove 2 wheat straw 17+ 7 41+£18 1.4 +£09 122 £ 41 73 +6.3
rape straw 13+£5 49 + 6.5 27 +24 276 £ 88 14 £ 11
rice straw 82+28 15+£06 0.64 +£0.19 166 £5 6.9+ 63

cotton straw 10 £ 4 25+ 1.8 096 £ 090 188 £ 119 7.0+ 12
Mean * standard deviation 9.1 £5.7 2.6 + 29 1.1 +£1.2 259 £ 189 11 £+ 14
Median 7.9 1.4 0.71 176 7.1
Geometric mean 7.3 1.6 0.67 214 3.5

Arithmetic means and standard deviations from triplicate measurements are shown for individual
stove-fuel combinations and overall means (standard deviations), median, and geometric means
are also listed. Reprinted from Environmental Pollution 184, Wei et al., Field measurement on the
emissions of PM, OC, EC and PAHs from indoor crop straw burning in rural China, 18-24, with
the permission from Elsevier

16 U.S. EPA priority PAHs, which are often reported in the literature, was
252 + 185 mg/kg.

The measured EFpy;, EFgc, and EFgc in this study are well correlated. Whether
the data for the two stoves are plotted separately or together, the correlations
between EFpy; and EFoc and between EFpy; and EFgc are all significant
(p < 0.05). For both new and old stoves considered, the slopes of the regression
equations were 1.18 (R2 = 0.748) for EFp\; against EFgc, and 1.15 (R2 = 0.713)
for EFpy; against EFgc, respectively. EFs of various parent PAHs were generally
correlated with one another, especially for those with similar molecular weight,
with a single exception of RET.

Similarly, the measured EFs of individual oPAH compounds correlated well
with each another (p < 0.05), suggesting similar formation processes of them.
Significant correlations between oPAHs and their corresponding parent PAHs
were identified for the 1-year stove, but there was no such relationship for the old
stove (Fig. 7.1). It appears that the aging of stoves affected the formation and
emission of pPAHs (p = 0.082) and oPAHs (p = 0.742) differently.

It is noted that the variations of the measured EFs were much high although
only two stoves and four crop residues were tested. The calculated coefficients of
variations for EFPM’ EFoc, EFEC’ EFZSpPAH7 and EF40PAH were 63, 114, 113, 73,
and 130 %, respectively. Such a high variation is sometimes expected since a lot
of factors, such as crop type, stove design, burning temperature, air supply, fueling
and fire management behaviors, can affect the EFs.
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Fig. 7.1 Relationship between EFs of 9FO, ATQ, and BaAQ (from left to right) and EFs of their
corresponding parent PAHs for crop straws burned in a 1-year old stove (fop row) and a 15-year
old stove (bottom row). Reprinted from Environmental Pollution 184, Wei et al., Field
measurement on the emissions of PM, OC, EC and PAHs from indoor crop straw burning in rural
China, 18-24, with the permission from Elsevier

7.1.2 Composition Profile and Isomer Ratios

Figure 7.2 shows compound profiles of PAHs for the two stoves. The composition
profiles of the two stoves were very similar to each other, and also very similar
among the crop residues. For parent PAHs, the emissions were dominated by NAP
(B39 £8 %), ACY (16 £3 %) and PHE (14 £2 %), followed by FLA
(6.5 £ 1.5 %) and PYR (7.7 & 2.0 %). The total contribution of the 20 high
molecular weight parent PAHs (mw > 228) contributed merely 9.0 % of the total.

The calculated means of several commonly used isomer ratios, including ANT/
(ANT + PHE), FLA/(FLA + PYR), BaA/(BaA + CHR), IcdP/(IcdP + BghiP),
BbF/(BbF + BkF), BaP/(BaP + BghiP), and BeP/(BeP + BaP), were
0.16 =+ 0.01, 0.46 £ 0.02, 0.46 £ 0.03, 0.58 £ 0.01, 0.74 £ 0.02, 0.78 £ 0.02,
and 0.36 £ 0.03, respectively. Insignificant differences were observed for these
isomer ratio values among the four fuel types and the two stoves (p > 0.05).
Among the 4 oxygenated PAHs, EFs of 9FO and ATQ were higher than the other
two oPAHs, making up to 54 + 28 and 26 £ 16 % of the total oPAHs,
respectively.
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Fig. 7.2 Composition profiles of the measured pPAHs and oPAHs for crop residue burned in the
new (1 year) and old (15 years) stoves. The results are arithmetic means (bars) and standard
deviations (sticks) of the four crop residues. The compounds are 28 parent PAHs (1. NAP, 2.
ACY, 3. ACE, 4. FLO, 5. PHE, 6. ANT, 7. FLA, 8. PYR, 9. RET, 10. BcP, 11. CPP, 12. BaA, 13.
CHR, 14. BbF, 15. BKF, 16. BeP, 17. BaP, 18. PER, 19. IcdP, 20. DahA, 21. BghiP, 22. DacP, 23.
DalP, 24. DaeF, 25. COR, 26. DaeP, 27. DaiP, and 28. DahP) and 4 oxygenated PAHs (29. 9FO,
30. ATQ, 31. BZO, 32. BaAQ). Reprinted from Environmental Pollution 184, Wei et al., Field
measurement on the emissions of PM, OC, EC and PAHs from indoor crop straw burning in rural
China, 18-24, with the permission from Elsevier

7.1.3 Influence of Fuel Type and Stove Age

Based on the measured EFs for the target pollutants, a two-way analysis of vari-
ance was conducted to test the influence of fuel type and stove usage. For all the
pollutants, no interaction between the two factors (stove age and fuel type) was
found (p > 0.05). Significant difference among the four fuel types was found for
EFgppan (p = 0.027). EFygppan for the 4 tested crop residues followed the trend
as rape straw (4.2 £ 2.8 x 10 mg/kg) > rice straw (2.2 £ 0.9 x 10> mg/
kg) ~ wheat straw (2.2 £+ 1.3 x 10 mg/kg) > cotton straw (1.6 & 0.9 x 10°
mg/kg).

The most significant difference occurred between the two stoves of different
usage. With an exception of EF,,papy (p = 0.742), EFpy (p = 0.004), EFoc
(p = 0.090), EFgc (p = 0.043), and EF,g,pan (p = 0.082) were all significant at
different levels below 10 %, indicating that stove age is critical in terms of
emissions of carbonaceous particles and PAHs. For example, the measured EFpy,,
EFoc and EFg( for the stove used for about 1 year were 6.1 £+ 4.1, 1.9 &+ 2.4, and
0.66 £ 0.72 g/kg, respectively, which was some 2.5 times lower than 12 +£ 5,
34 + 34, and 1.5 £ 1.5 g/kg for the stove used for approximately 15 years. It
was reported that EFpy, for residential wood combustion in a stove used for 1 year
was 50 % higher than a new one of same type (Roden et al. 2009). The increase in
EFs of carbonaceous particles in aged stoves might be explained by the stove
degradation, like flue block after long time use. Such a difference in stove age adds
more complexity to the variation in emissions, which should be taken into con-
sideration in inventory development in the future.
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Table 7.3 EFs of PM, OC, EC, total parent PAHs, oxy- and nitro-PAHs from residential
combustions of coal briquette, coal cake, and wood

Briquette Coal cake Wood

PM, g/kg 0.54-0.64 3.2-8.5 8.1-8.5
OC, g/kg 0.13-0.14 0.38-0.58 2.2-3.6
EC, g/kg 0.0040-0.0041 0.022-0.052 0.91-1.6
28 pPAHSs, mg/kg 14-16 168-223 182-297
16 pPAHs, mg/kg 13-15 148-210 141-276
4 oPAHs, mg/kg 1.7-2.6 4.7-9.5 7.8-10

9 nPAHs, mg/kg 0.64-0.83 0.16-2.4 0.14-0.55

Data shown are the range from duplicate measurements. Reported values for PAHs and their
derivatives are gas- and particle-phase are combined. Reprinted from Shen et al. (2013) with
permission of American Chemical Society

7.2 Residential Coal and Wood Combustion in Rural
Shanxi

7.2.1 Emission Factor

The measured EFs are summarized in Table 7.3 in terms of pollutant mass per
burned fuel mass (g/kg). Besides a total EF of 28 pPAHs (EF,gppan), a total EF of
16 priority PAHs (EF,eppan) is also provided. EFs of individual pPAH, oPAH, and
nPAH are listed in Table 7.4.

7.2.2 Coal Combustion

To the best of our knowledge, field measurements on emissions from residential
coal briquette combustion in rural China have not been conducted previously. The
ratios of EC/OC, EC/PM, and OC/PM for the coal briquette were 0.031 4 0.002,
0.69 £ 0.07 % and 22 + 4 %, respectively. These measured EFs were generally
higher in comparison with those measured from combustions under laboratory
conditions. For instance, EFpy;, EFoc, and EFgc of the coal briquettes (also from
Shanxi) that were burned in an iron stove were 0.17 &+ 0.010, 0.021 £ 0.0020, and
0.0042 £ 0.0021 g/kg, respectively. It had been also reported that EFpy; of hon-
eycomb briquettes burned in residential metal stoves were in the range of
0.032-0.62 g/kg (Zhang et al. 2000). Coal properties including chemical compo-
sitions, volatile matter, and ash contents often vary widely, resulting in differences
in combustion characteristics and emissions of various incomplete combustion
byproducts. Therefore, the differences in EFs between this study and others could
be caused by the varying properties of coal from which the briquettes were made
of. In addition, stove type and configuration are also critical in emission mea-
surements. It was estimated that the emissions of PM, OC, and EC for coals burned
in improved stoves with an upper lid and chimney could be reduced by 56, 61, and
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Table 7.4 EFs (mg/kg) of individual parent PAHs, oxy- and nitro-PAHs from residential bri-
quette, coal cake, and wood combustions

Briquette Coal cake Wood
Parent-PAHs
naphthalene (NAP) 2.2-32 18-87 9.3-172
acenaphthylene (ACY) 0.59-0.82 32-42 15-28
acenaphthene (ACE) 0.052-0.086 1.7-2.1 1.3-2.0
fluorene (FLO) 0.29-0.42 9.5-9.6 4.1-4.9
phenanthrene (PHE) 3.0-3.5 26-29 16-22
anthracene (ANT) 0.33-0.38 8.1-9.1 3.5-4.6
fluoranthene (FLA) 2.2-2.3 11-14 14-26
pyrene (PYR) 1.6-1.7 8.6-11 13-23
retene (RET) 0.058-0.11 0.70-0.85 0.88-8.1
benzo[c]phenanthrene (BcP) 0.14-0.16 0.99-1.5 1.0-1.9
cyclopenta[c,d]pyrene (CPP) 0.022-0.11 7.8-12 12-22
benzo(a)anthracene (BaA) 0.58-0.74 4.3-6.6 4.5-8.1
chrysene (CHR) 1.2-1.3 2.8-4.2 3.6-6.6
benzo(b)fluoranthene (BbF) 0.31-0.38 2.0-2.9 2.7-4.2
benzo(k)fluoranthene (BKF) 0.24-0.30 1.8-2.5 3.0-4.5
benzo(a)pyrene (BaP) 0.20-0.22 0.95-1.3 1.7-2.6
benzo(e)pyrene (BeP) 0.068-0.077 24-34 3.8-5.9
perylene (PER) 0.0094-0.0096 0.43-0.55 0.62-0.96
indeno(l,2,3-cd)pyrene (IcdP) 0.034-0.035 1.8-2.7 2.7-3.9
dibenz(a,h)anthracene (DahA) 0.018-0.019 0.19-0.32 0.33-0.39
benzo(g,h,i)perylene (BghiP) 0.033-0.034 0.86-1.3 1.9-2.7
dibenzo[a,c]pyrene (DacP) 0.0014-0.0018 0.67-0.67 0.78-1.5
dibenzo[a,l]pyrene (DalP) 0.0050-0.0067 0.41-0.58 0.36-0.55
dibenzol[a,e]flluoranthene (DaeF) 0.0022-0.0039 0.31-0.39 0.33-0.37
Coronene(COR) 0.0055-0.0066 0.75-1.2 2.2-2.6
dibenzo[a,e]pyrene (DaeP) 0.0084-0.012 0.23-0.39 0.16-0.39
dibenzol[a,i]pyrene (DaiP) 0.0014 0.27-0.47 0.22-0.45
dibenzo[a,h]pyrene (DahP) n.d.* 0.048-0.067 0.053-0.097
Oxy-PAHs
9-fluorenone (9FO) 1.1-1.8 3.4-4.1 2.9-4.1
anthracene-9,10-dione (ATQ) 0.50-0.68 0.69-1.5 1.5-2.0
benzanthrone (BZO) 0.077-0.16 0.65-3.8 3.44-3.89
benzo[a]anthracene-dione(BaAQ) 0.014-0.018 0.018-0.062 0.096-0.15
Nitro-PAHs
1-nitro-naphthalene (IN-NAP) 0.00038-0.00049 0.0037-0.0041 0.0098-0.011
2-nitro-naphthalene (2N-NAP) 0.00071-0.0012 0.0043-0.0045 0.010-0.011

5-nitro-acenaohthene (SN-ACE)
2-nitro-fluorene (2N-FLO)
9-nitro-anthracene (9N-ANT)
9-nitro-phenanthrene (9N-PHE)
3-nitro-phenanthrene (3N-PHE)
3-nitro-fluoranthene (3N-FLA)
1-nitro-pyrene (IN-PYR)

0.00032-0.00062
0.00063-0.00067
0.47-0.59
0.16-0.24
0.00022-0.00025
0.00073-0.00075
0.0011-0.0017

0.0011-0.0033
0.0012-0.0033
0.13-2.1
0.016-0.35

0.00030-0.00088

0.00057-0.0017
0.0030-0.0053

0.0054-0.0070
0.0047-0.0068
0.04-0.33
0.042-0.18
0.0015-0.0020
0.0052-0.010
0.0059

Data shown are the range from duplicate measurements. Reprinted from Shen et al. (2013) with
permission of American Chemical Society

*n.d. not detected
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14 % compared to emissions from a traditional stove with a lid near the bottom
and without a chimney (Zhi et al. 2009).

For PAHs and their derivatives, measured EFs are again much higher than those
measured in the laboratory experiment of coal briquette combustion (14 £ 3.1 and
2.9+ 0.16 x 107! mg/kg for EF eppan and EF4,pan, respectively, while nitro-
PAHs were not quantified). Low and median molecular weight PAHs, including
PHE (22 £ 0.11 %), NAP (18 +£29 %), FLA (16 £ 1.3 %), and PYR
(12 £ 091 %) dominated the pPAH composition profile from the briquette
combustion. Of the 4 oPAHs, EFs of 9FO (1.1-1.8 mg/kg) and ATQ (0.50-
0.68 mg/kg) were higher than the other two oPAHs. Similar to emissions from the
wood burning, EFgro and EFa1g were of the same order of magnitude as EFs of
their corresponding parent PAHs, while EFg, s was roughly 2 orders of magni-
tude lower than EFg,.. The ratios of 9FO/FLO, ATQ/ANT, and BaAQ/BaA were
4.3, 1.7, and 0.025, respectively. Also like the wood fuel combustion, EF pay
values were 2-5 orders of magnitude lower than those of their corresponding
parent PAHs with a single exception of 9 N-ANT, whose EF was 0.48-0.59 mg/
kg, comparable to its parent ANT (0.33-0.38 mg/kg).

For coal cake, OC and EC mass percents were 9.3 £ 3.6 and 0.65 £ 0.06 %,
respectively. The calculated EC/OC ratio was 0.075 £ 0.022. There was only one
previous study in the literature reporting the emissions of PM and BaP from a
similar coal cake made of raw coals from rural Shanxi (Ge et al. 2004) which
reported EFpy; and EFg,p of 1.0 £ 0.06 g/kg and 2.1 £ 2.2 pg/kg, respectively.
These EFs were much lower than what we found in the present study. Different
types of coals that were used in the made of coal cake, in addition to different stove
designs, may explain the difference between the two studies. The volatile matter
and ash contents of the coal cake in our study were 6 and 87 %, respectively, while
they were 11 and 30 % of the coal cake tested by Ge et al. (2004). For parent
PAHs, low and median molecular weight compounds again dominated in the
emissions. Approximately 25 £ 9.8, 19 &+ 0.3, and 14 & 3.7 % of the total 28
PAHs were NAP, ACY, and PHE. Of the 4 oPAHs from the coal cake burning, the
EF of 9FO was the highest. The calculated ratios of 9FO/FLO, ATQ/ANT, and
BaAQ/BaA were 0.39, 0.12, and 0.007, respectively. Nitro-PAHs tested were
again orders of magnitude lower than those of their corresponding parent PAHs.
ON-ANT and 9N-PHE were the most abundant compounds.

7.2.3 Wood Combustion

In the previous field study conducted in China, it was reported that the overall
means of EFs of PM, 5 (PM with diameter less than 2.5 um), OC, and EC for wood
were 3.1 £+ 0.82, 1.14 £ 0.40, and 1.5 % 0.69 g/kg, respectively (Li et al. 2009).
So far, most EFs were measured in laboratory conditions. It is interesting to see
that the EFs reported based on laboratory tests were generally lower than those
obtained in the field. In comparison with the results for residential wood
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combustion in our simulated kitchen study which reported EFpy;, EFoc, and EFgc
values of 1.6 £ 0.32, 0.60 £ 0.35, and 0.94 + 0.40 g/kg, respectively. The EFs
were 5.2, 4.8, and 1.3 times lower than that obtained in the field test. The stove
used in the built kitchen was a so-called “improved” new one with a shorter
distance between the grid and cookware, a smaller firebox, and a taller chimney.
The improved stoves are now commonly used in many places in China after the
implementation of the National Improved Stove Program during the 1980s to
1990s. However, the simple movable wood stove without flue tested in this study
is also used quite often. It is generally expected that the combustion efficiency in a
stove with a chimney is higher than that without one due to an increased draft
condition. In addition, mainly wood branches, instead of wood logs, were burned.
This could also lead to relatively high emissions, since EFs for brushwood/branch
were reported to be higher than those for fuel wood logs. Another possible reason
for higher emissions is that the fire management behavior in the laboratory test was
essentially “normalized”, while the process observed in the field was rather ran-
dom, which could include some low combustion efficiency occasions. Calculated
ratios of EC/OC, EC/PM, and OC/PM from the wood combustion were
0.42 £ 0.02, 15 £ 6, and 35 £ 13 %, respectively. In comparison with the results
of the previous laboratory test (2.1 £ 1.3, 49 £ 20, and 31 £ 16 %), it appears
that a higher proportion of EC, but not OC, was generated while operating the
improved stove with a chimney under laboratory conditions. Such a discrepancy
can be explained again by the fact that under laboratory conditions, the stove
performed better than that in the field test, and the former test may fail to
reproduce some low-efficiency burning occasions (Chen et al. 2012). In fact, these
ratios varied dramatically not only among sources, but also among burning con-
ditions, suggesting that caution should be exercised when using these ratios.

The EFs of PAHs for residential wood combustion were tested in the field for
the first time in this study. The measured EF,g,pay and EFcppan Were about two
orders of magnitude higher than those detected in the previous combustion
experiments using an improved stove (6.4 £ 2.8 and 6.0 £+ 2.7 mg/kg, respec-
tively). The reasons for the relatively high EF pay are similar to those for PM.
However, the difference in EFps was larger than that in EFpy;. A larger difference
in EFppay between two distinct combustion emissions in comparison with EFpy
was also mentioned in the literature (Dhammapala et al. 2007a, b; Lamberg et al.
2011), suggesting that the formation and emission of PAHs could be more sen-
sitive to the variability in fuel/stove types and fire management behavior than PM.
Though EF values for pPAHs measured in field were higher than those from the
laboratory tests, the composition profiles were similar to each other, made up of
approximately one third of NAP, followed by FLA, PYR, and PHE. Attention
should be paid to those compounds with relatively high molecular weight PAHs
(>228) that are often carcinogenic. The 7 carcinogenic compounds with high
molecular weight (BaA, CHR, BbF, BkF, BaP, DahA, and IcdP) accounted for
16 % of the total emissions of the 16 U.S. EPA priority PAHs. This percentage
was much higher than 6.3 % of the global total emissions from all sources. Similar
to the 16 priority pollutants, EFs for 12 other parent PAHs, most of which were
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highly toxic, were also much higher than those measured in the previous com-
bustion under laboratory conditions. For example, EFs of CPP and DalP in the
present field measurement were 17 £ 7.0 and 0.46 £ 0.14 mg/kg, while those
from the combustion under laboratory conditions were only 0.021 + 0.0030 and
0.0020 £ 0.0018 mg/kg, respectively.

EFs of oPAHs and nPAHs were also measured for the first time in the field. For
the same reason discussed above, these EFs were 1-2 orders of magnitude higher
than the values reported in the previous laboratory combustion test (0.37 £ 0.27
and 0.0051 % 0.0029 mg/kg for EF,,pay and EFg,pay, respectively). Of the 4
oxy-PAHs measured, EFs of 9FO (3.5 mg/kg) and BZO (3.7 mg/kg) were the
highest, followed by ATQ (1.7 mg/kg). EFs of 9FO and ATQ were the same order
of magnitude as those of corresponding parent PAHs and EF of BaAQ was around
2 orders of magnitude lower than that of BaA. The calculated EF ratios of oxy-
PAHs over their corresponding parent PAHs were 0.79 (9FO/FLO), 0.42 (ATQ/
ANT), and 0.020 (BaAQ/BaA), which were close to those in emissions from the
previous laboratory test. Among all nitro-PAHs measured, IN-ANT and 9N-PHE
were the two most abundant species having EFs of 0.047-0.33 and 0.042-0.18 mg/
kg, respectively. EFs of individual nPAHs were 2-5 orders of magnitude lower
than EFs of their corresponding pPAHs. The calculated EF ratios of nPAHs over
their corresponding pPAHs ranged from 0.000057 (EFn.nap/EFnap) to 0.095

(EF9N»ANT/EFANT) .

7.2.4 Fuel Comparison

EFs for the target pollutants were significantly different (p < 0.05) among the
fuels, except for EFg,pag (p = 0.346). The highest values were found for the
burning of wood, and the lowest for the coal briquette. The EF,gppan of the coal
briquette was more than an order of magnitude lower than those of the coal cake
and wood. The difference in MCE may be one reason for different EFs among the
three fuels. The measured MCE for the wood (92 &= 3 %) and the coal cake
(86 &+ 10 %) combustions were significantly lower (p = 1.3 x 107> and
1.0 x 1074, respectively) than that of the coal briquette combustion (94 & 4 %).

Coal cake is often thought as a very dirty fuel causing high emissions of various
air pollutants due to low burning efficiency. EFpyni, EFoc, EFgc, EFagppan, EFs0-
PAH. and EFonpaH fOr the coal cake were 9.9, 3.6, 9.2, 14, 3.3, and 1.8 times the
associated EF values for the coal briquette, respectively. In addition to the dif-
ference in MCE, ash content of the coal cake (87 %) was much higher than that of
the coal briquette (47 %). It was well established that ash content can affect the
fuel pyrolysis process and prevent the oxidation reaction of compounds during the
combustion (Raveendran et al. 1995; Kazanc et al. 2011). Also, an increase in ash
content can also reduce the heating values of coal (Wang et al. 2011). Therefore,
high ash content may lead to higher emissions. In addition, incombustible ash
content can remain in the exhaust smoke resulting in higher particle emissions
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(Bond et al. 2004). High emissions of other pollutants such as SO, and NOx from
coal cake combustion in comparison with coal briquette combustion were also
reported (Ge et al. 2004). Stove design, fuel addition interval and fire management
practice can surely affect the measured emissions as well. Unfortunately, it is very
difficult to quantify these factors in practice.

Wood fuel is extensively used in rural China and many other developing
countries. In this study, the EFs for the wood were found to be higher or equivalent
to those for the coal cake. This is particularly true for OC and EC. EFoc and EFgc
for the wood burning were 6.4 and 40 times of those for the coal cake, and 22 and
306 times of those for the coal briquette. Higher emissions for wood can be partly
explained by relatively low combustion efficiency and high volatile matter content.
Although overall average MCE for the wood was close to that for the briquette, the
difference was statistically significant, most likely because EFs measured in this
study are filter based, rather than real time data. Future studies focusing on the real
time emissions are needed for a full understanding.

It was shown for all the three fuels that EFgro and EFs1q were comparable to
their parent PAHs of FLO and ANT (within 0-1 order of magnitude difference),
and EFg,aq and EF,paps were about 2-5 orders of magnitude lower than EFs of
their corresponding parent PAHs. Although the total emissions of pPAHs varied
dramatically among the three fuels, the composition profiles were similar in
general. For all three fuels tested, the parent PAHs were dominated by low and
median molecular weight compounds especially NAP, ACY, PHE, and PHE. The
only noted differences were the relatively high fractions of CPP, BaP, and PAHs
with molecular weight larger than 302 from the wood and coal cake combustions.
For instance, of the total 28 PAHs, mass percentages of CPP, BaP, and DalP were
5.3, 1.6, and 0.26 % in the coal cake emission, and 8.1, 2.3, and 0.21 % for the
wood combustion, but only 0.48, 0.50, and 0.041 % in the emission from the coal
briquette combustion. It is revealed that the coal cake and wood combustion cause
not only higher emissions, but also larger fractions of highly toxic PAHs. Exposure
to these highly toxic PAHs, in either indoor or outdoor environments, is believed
to be associated with high risks of many diseases, including lung cancer. The
composition profiles of PAH derivatives for all individual tests again were similar
although EFs varied significantly. Generally, 9FO and BZO were two oxy-PAHs
with higher emissions, and 9N-ANT and 9N-PHE were the two highest emitted
nitrated PAHs.

The field measured emissions of various pollutants from the wood and coal
combustions were higher than (or at least different from) those reported in stove
combustions conducted in a laboratory under controlled conditions, which sug-
gested that the latter used in inventory development may underestimate pollutant
emissions obviously. In laboratory studies, new stoves purchased directly from
market are often used, while in field many old stoves are used and the combustion
efficiency goes down as the stoves wear out and the flue gets chocked. Another
reason for the difference between laboratory and field tests is the way of refuel. In a
laboratory, the refueling process is unintentionally normalized by the researchers,
who are trained to reproduce the experimental results, while in the reality, however,



7.2 Residential Coal and Wood Combustion in Rural Shanxi 175

fuels are often introduced randomly. Therefore, more realistic EFs, with high
variations, can only be obtained in a field survey, while laboratory tests are useful for
understanding the emission processes and influencing factors and conditions.

7.3 Summary

Itis generally accepted that EFs measured in the field are closer to the reality and are
the best data source for developing emission inventories. However, it is usually
difficult to collect enough data to generate representative statistics due to extremely
high variations and relatively high costs and labor intensity. In the present study,
field measurement on residential solid fuel combustion was conducted in randomly
selected households in rural Shanxi and Jiangsu Provinces. Much high emissions of
CPM and PAHs were found from the combustion of a specific coal cake made by the
residents in home in rural Shanxi. EFs of PM, EC and OC were 5.87 £+ 3.77,
0.037 £ 0.021 and 0.477 £ 0.140 g/kg, respectively, and EFs of parent PAHs and
oxygenated PAHs were 178 & 43 and 7.09 £ 3.35 mg/kg, respectively. For fire-
wood burned in an movable simple iron stove, the EFs were 8.32 &+ 0.27 g/kg,
1.24 £+ 0.48 g/kg, 2.91 £+ 1.01 g/kg, 208 £ 62 mg/kg and 8.96 £ 1.59 mg/kg for
PM, EC, OC, parent and oxygenated PAHs, respectively. In the field measurement in
indoor crop residue burning measured in rural Jiangsu household, the pollutant
emissions were generally higher for the burning in an old stove in comparison with
those for crop residue burned in the newly built stove, indicating the analysis of
pollutant emission historical change should take different EFs into consideration.

It should be noted that this study mainly focused on specific fuel/stove com-
binations in rural Shanxi, and included rather limited sample collections due to
high labor intensity, cost, and technical difficulty. Therefore, the results of this
study cannot be generalized. Instead, the results provide us valuable data and help
further understanding of the difference between field and laboratory tests. It is also
realized that EFs reported in the literature often vary in orders of magnitude, so the
difference within one order of magnitude between the field tests and laboratory
measurements found in the current study is relatively small. It is reasonable to
expect that variation in the field-measured EFs should be much higher than that
that measured in laboratory tests. More campaigns with relatively large sample
sizes are strongly recommended before emissions can be fully understood.
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Chapter 8
Biomass Pellet

The inefficient combustions of traditional solid fuels contribute high emissions of a
variety of pollutants. These emissions not only cause severe indoor air pollution
and premature death of rural residents, but also contribute to regional and even
global air pollution and climate forcing. Replacing traditional fuels with cleaner
and more affordable fuels is a challenge in most developing countries. Among the
various options, biomass pellets, especially those made of crop residues, have
great potential because a large volume of crop residues is available in rural areas.
The use of biomass pellets has been heavily promoted over the last several years
because they are beneficial both from an environmental and social-economic
standpoint. In China, promotion of biomass pellets has been included in the
National Medium- and Long-Term Strategy Plan for Renewable Energy Devel-
opment and the target goal is 50 million tons of annual consumption by 2020.
However, due to limited experimental data on emission performance of biomass
pellet burning, it is difficult to assess the real benefits and outcome of these cleaner
alternatives in comparison with traditional solid fuels. In our study, two biomass
pellets made from corn straw and pine wood, respectively, were burned in a
modern pellet burner. By comparing the emissions from pellet burning and raw
fuel combustion in a traditional cooking stove, the potential reduction in the total
emissions of these pollutants from residential sector was discussed.

8.1 Combustion Temperature and MCE

Two commercial biomass pellets made of pine wood and corn straw, respectively,
and a pellet burner were purchased from a local market in rural Beijing. These
pellets and the burner are currently the most popular in the market. For compar-
ison, raw biomass fuels were also collected and burned. Detailed information
about the fuel property and the pellet burner can be found in the Method section.
Relatively high ash content would affect the formation and emission of PM and its
size distribution from the pellet burning. Although there is no direct evidence on
the cause of such high ash content, additives like magnesium and calcium

G. Shen, Emission Factors of Carbonaceous Particulate Matter and Polycyclic 177
Aromatic Hydrocarbons from Residential Solid Fuel Combustions, Springer Theses,
DOI: 10.1007/978-3-642-39762-2_8, © Springer-Verlag Berlin Heidelberg 2014
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carbonates, aluminum hydroxide, kaolin and so on used in the pellet manufacture
can not be ruled out (Wang et al. 2011; Yao et al. 2010; Yuan et al. 2009a, b). In
many Europe countries, there are strict standards on the pellet property and use of
additives (Fiedler 2004; Garcia-Maraver et al. 2011). The limitation of additives in
some regulations is 2.0 %, and in some other regulations, though no limitation
value, the type of additive was required. Unfortunately, chemical compositions of
the pellets or ash were not measured in this study. Future studies are recommended
to address the reason causing such high ash content and the subsequent impacts on
combustion and emissions.

During the pellet combustion, the kitchen room air was much less smoky in
comparison to the room air when the raw materials were combusted in the tra-
ditional stove. The chamber temperatures in the pellet burner without the sec-
ondary air supply were slightly higher (mode I, 650-900 and 500-800 °C for pine
wood and corn straw pellets, respectively) than those with secondary air supply
(mode II, 550-750 and 400-700 °C for pine wood and corn straw pellets,
respectively). However, both of these modes had higher temperatures than the
traditional cooking stove during the combustions of raw pine wood (350-650 °C)
and corn straw (300-500 °C). MCE for pine wood pellet burning in mode I and II
were 99.4 £ 0.2 and 99.8 + 0.0 %, respectively, and for corn straw pellet burning
were 97.4 £ 1.9 and 98.5 & 0.8 %, respectively.

8.2 Carbonaceous Particulate Matter

8.2.1 Emission Factor

The measured EFco, EFoc, EFgc, and EFpy for the two types of biomass pellets
(pine wood and corn straw) in the two different combustion modes (with and
without secondary side air admission) are listed in Table 8.1 as means and stan-
dard derivations. The EFs varied obviously, even among the triplicate combustion
experiments for the same fuel in the same combustion mode, indicating high
variability in the emission. For example, the coefficients of variation for EFgc,
EFgc, and EFpy, for pine wood pellets were 78, 84, and 27 % in mode I (without
secondary side air admission) and 84, 82, and 42 % in mode II (with secondary
side air admission), respectively. In general, EFs for corn straw pellets were higher
than those for pine wood pellets (p < 0.05).

In mode II, increased excess air cooled the combustion temperature and sub-
sequent lower the combustion efficiency (Boman et al. 2011; Johansson et al.
2004). EFoc and EFpy for pine wood pellet combustion in mode II were signif-
icantly higher than those in mode I (p < 0.05). EFgc for the pine wood pellets and
EFoc, EFgc, and EFpy; for corn straw pellets were not significantly different
between the two modes (p > 0.05), though the average EFs measured in mode II
were higher than those in mode I. Similarities in EFs of PCDD/F, PCBs, and HCB
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for firewood and pellet combustions between full and reduced air supplies have
been previously reported (Hedman et al. 2006).

In total PM emitted from corn straw pellet burning, total carbon mass con-
tributed 14 % on average, and the ratio of OC/TC was 0.40 £ 0.20. In emissions
from pine wood pellet burning, OC/TC and total carbon mass percent in PM were
0.61 £ 0.29 and 8.2 %, respectively. There was no significant difference in these
ratios between the two combustion modes (p > 0.05). It was reported that in
emissions from Miscanthus and Triticale pellet burning, the OC/TC ratio was
0.52 £ 0.26, very similar to our results here (Schimidl et al. 2011).

There are some reports on pollutant emissions from pellet burning in the lit-
erature although still limited compared the study on traditional solid fuels and
most of the studies are in developed countries or regions (Bglling et al. 2009;
Houch and Eagle 2006; Nussbaumer et al. 2008). EF-o and EFpy; for pellets
reported in the literature varied dramatically among various fuel types and burning
conditions (Boman et al. 2011; Chen et al. 2010; Johansson et al. 2004; Schimidl
et al. 2011; Biéfver et al. 2011; Lamberg et al. 2011). For example, for Triticale
pellets, Miscanthus pellets, and wood pellets burned in a 40 kW burner, EFpy
were 114, 14.7, and 21.9 mg/MJ (average for start-up, full load, and part load
phases), respectively (Schimidl et al. 2011). Johansson et al. (2004) reported EF o
and EFpy, in the range of 30-1100 and 12-65 mg/MJ for wood pellets burned in
two pellet burners under different burning conditions (3—22 kW). In a stove with
output energy of 3—5 kW (very close to 2.6 kW in our study), EFco and EFpy; for
wood pellets were measured at 57-270 and 19-58 mg/MJ (Bifver et al. 2011).
Boman et al. (2011) summarized the published EFs for pellets in the literature and
reported that EFco and EFpy were 58-2600 and 11-600 mg/MJ in the field
measurements, and 24-2000 and 2—-150 mg/MJ in the laboratory studies, respec-
tively. By thoroughly reviewing reported values in the literature, it was summa-
rized that average EFpy; for wood pellets in residential wood combustion were
1.91 and 3.99 g/kg in U.S. EPA certified (1988 New Source Performance Stan-
dards for woodstoves) and exempt modes, respectively (EPA 2001). In a survey
for pellet heaters used in the MANE-VU region (11 states and the District of
Columbia), mean EFp); was estimated at 1.53 g/kg based on measurements in old,
modern, EPA-certified, and EPA-exempt models and pellet heating systems
(Houch and Eagle 2006).Generally, EFpy; for wood pellets burned under high
efficiencies was about 10-50 mg/M1J (Bglling et al. 2009; Nussbaumer et al. 2008).
Our results for EFcqg were 136-505 mg/MJ for pine wood pellets and
414-3838 mg/MJ for corn straw pellets. EFpy; were 17.6—-176 and 65.5-332 mg/
MJ for these two pellets, respectively. Average EFpy; for pine wood pellets was
71.0 £ 54.0 mg/MJ (1.17 £ 0.89 g/kg). Generally, the results fell within the
reported range in the literature.

Measured EFoc and EFgc for biomass pellets were rather limited. In a 25 kW
burner, EFgc and EFgc for wood pellets were reported at 0.1 £ 0.17 and
0.9 £ 2.1 mg/MJ (Lamberg et al. 2011). In an inventory on carbonaceous PM
emission in Europe, 0.83 mg/MJ was adopted for both EFgc and EFgc for biomass
burned in an automatic feed pellet boiler (<50 MWh) under uncontrolled condition
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Fig. 8.1 Size distributions of PM from pine wood (a) and corn straw (b) pellet burning. Biomass
pellets were burned in two combustion modes without (mode I) and with (mode II) secondary side
air supply. Results shown are means and standard deviation in triplicate measurements. Reprinted
from Shen et al. (2012) with permission of American Chemical Society

(Kupiainen and Klimont 2007). These values were lower than the EFoc
(5.74 £ 7.17, 0.335-4.60 mg/MJ) and EFgc (2.02 + 1.57, 0.223-18.5 mg/MJ) for
pine wood pellets measured in our study (results from both two modes). The
difference could be due to the different pellet burners and fuel types.

8.2.2 Size Distribution

PM size distributions were similar between the two combustion modes (Fig. 8.1).
PM, 4 was the most abundant, contributing 31.6 &+ 9.0 and 20.3 £ 1.9 % of the
total from corn straw and pine wood pellet combustions, respectively. PM; ; and
PM, ; contributed 54.5 £ 5.9 and 63.4 £ 7.1 % of the total PM;, for pine wood
pellets and 70.5 £ 6.1 and 79.9 &£ 4.5 % of the total PM, for corn straw pellets,
respectively. Calculated MMDs of PM for corn straw pellets were 0.62 + 0.24
(0.29-0.92) and 1.2 &+ 0.2 (1.0-1.5) pm for pine wood pellets.

The prevalence of fine PM in pellet burning emission has been reported in the
literature. In general, PM, o contributed approximately 90 % of the total PM
emitted in pellet burning (Jokiniemi et al. 2008; Bifver et al. 2011; Lamberg et al.
2011). For example, by using a Dekati Low-Pressure Impactor (DLPI), Johansson
et al. (2004) found that size distributions of particles from two pellet burners were
similar with a peak size of 130 nm. Béfver et al. (2011) reported a high mass
fraction of PM; ; and PM, 5 of 81-94 and 84-96 %, respectively, in particles from
wood pellet burning in several pellet stoves of 3-5 kW output power. In com-
parison, pellet burning in our study produced more coarse particles. The difference
is likely due to the distinct pellets (fuel property, e.g. moisture and ash content)
and burners used (combustion condition, e.g. air supply and combustion temper-
ature) (Boman et al. 2011; Johansson et al. 2004; Jokiniemi et al. 2008). It was
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found that pellet burning can also produce relative large amounts of coarse PM
under given conditions. For example, as high as 15 % PM, g_1o was found in PM
emissions from wood pellet burning in a 5-6 kW stove. And in the startup phase in
a 2 kW burner under intermittent operation, PM; 5 only made up 70 % of the total
(Boman et al. 2011).

8.3 Polycyclic Aromatic Hydrocarbons
8.3.1 Emission Factors

EFpay for pine wood and corn straw pellet combustions were 0.329 + 0.261 and
0.711 £ 0.325 mg/MJ (5.41 £ 4.30 and 9.87 + 4.51 mg/kg) in mode I, and
0.718 £ 0.369 and 1.32 + 0.76 mg/MJ (11.8 £ 6.1 and 18.3 £ 10.6 mg/kg) in
mode II, respectively (Table 8.2). There was no statistical difference between
these two types of pellets (p > 0.05). The sixteen U.S. EPA priority pollutant
PAHs contributed more than 90 % of the total PAHs measured. No statistical
difference was identified between the two combustion modes (p > 0.05), although
the measured mean EFs in mode II were always higher than those in mode I.

There were several reports on PAH emissions from wood pellet combustion
(Boman et al. 2011; EPA 2001; Houch and Eagle 2006; Johansson et al. 2004). For
instance, EFs of 16 PAHs and BaP for pellet heaters in the MANE-VU region
were estimated at 350 and 3.34 mg/kg, respectively (Houch and Eagle 2006). For
wood pellets burned in residential burners operated under 3-22 kW, EFs of 27
particle-bound PAHs ranged from 0.06 to 8.5 mg/MJ (Johansson et al. 2004). In
another study, the total EFs of 40 PAHs in both gaseous and particulate phases
were only 0.002-0.34 mg/MJ (Boman et al. 2011). Our results (EFs of 28 PAHs
were 0.0942-1.16 mg/MJ, with 0.0091-0.660 mg/MJ for PM-bound PAHs) also
varied widely with no significant difference with the reported values.

8.3.2 Composition Profile

Although total EFs varied largely, the normalized composition profiles for two
pellets in two burning modes were similar in general (Fig. 8.2). Low and median
molecular weight PAHs dominated the total PAHs emitted. NAP and PHE were
the most abundant, contributing 29.8 + 11.3 and 28.4 &+ 7.0 % of the total on
average in the emission from pine wood pellet burning, and 47.4 £ 12.4 and
14.2 £ 5.5 % in the emission from corn straw pellet burning. The calculated
isomer ratios for two pellets are provided in Table 8.3. There were no significant
differences in these ratios between the pine wood and corn straw pellets or between
combustion mode I and II (p > 0.05).
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Fig. 8.2 Composition profiles of PAHs from the burning of corn straw and pine wood pellets.

Data shown are means and standard deviations from all burning experiments. Reprinted from
Shen et al. (2012) with permission of American Chemical Society

8.4 Fuel Comparison
8.4.1 Emission Factor

For the purpose of comparison, a relative difference (RD) was calculated as:

_ EFpellet - EFraw
EFraw ’

RD

where EF.ji¢ and EF,,,, are EFs of a given pollutant for biomass pellets (measured
EFs in mode I and mode II collectively applied) and the corresponding raw fuel,
respectively.

The calculated RD values for CO, OC, EC, and PM were —55 (—71 to —31, as
inter-quartile range from Monte Carlo simulation), —90 (—91 to —88), —68 (—77
to —54), and —49 % (—63 to —30 %) for corn straw, and —89 (—91 to —88), —93
(=96 to —86), —97 (—98 to —56), and —43 % (—60 to —18 %) for pine wood,
respectively. The reduction was statistically significant (p < 0.05).

For PAHs, unlike EFco, EFgc, EFgc, and EFpy;, EFpap for the pellets appeared
to be higher than for the raw fuels, though the differences were not significant due
to high variability (p > 0.05). RDs for PAHs were 64 % (5672 %) for corn straw
and 6 % (—16-33 %) for pine wood, respectively. It was reported in the literature,
for some biomass pellets, EFs for PAHs and also other organics, were not sig-
nificantly lower than, and sometimes slightly higher than, EFs for raw fuels
(Hedman et al. 2006; Johansson et al. 2004). For example, unexpected high
emissions of PCDD/Fs and PCBs were observed during combustion of wood
(intermittent) and straw (continuous) pellets (Hedman et al. 2006). Relatively low
moisture and high combustion temperatures are likely responsible for the slightly
high EFpay of the pellet burning compared to that for raw fuels.
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8.4.2 PM Size Distribution

The RDs for OC and EC were much lower than those for PM, suggesting that the
compressing process can reduce the emissions of OC and EC more effectively than
PM. As a result, TC/PM ratios for pine wood (8 %) and corn straw (14 %) pellets
were significantly lower than those for raw pine wood log (97 %) and corn straw
(28 %). Relatively low organic fractions, but high inorganic fractions, in PM from
pellet combustions have been reported in the literature (Bifver et al. 2011; Boman
et al. 2011).

The size distributions of PM for raw fuel and pellet were compared in Fig. 8.3.
Higher percents of coarse PM were in the smoke emitted from pellet burning in
comparison with those for raw fuels. The mass percents of fine PM2.1 were
63.4 £ 7.1 and 79.9 + 4.5 % of the total PM mass in emissions from the pellet
burning, which were significantly lower than those of 80.4 and 87.9 % for raw fuels.
The size distribution of PM can be affected by many factors including fuel moisture,
ash content, combustion temperature, excess air, and combustion efficiency (Chang
et al. 2004; Lighty et al. 2000; Maguhn et al. 2003). Moreover, the impacts of these
factors were complicated and sometimes interacted with one anther.

8.4.3 PAH Composition Profile

Figure 8.4 compares the normalized composition profiles between biomass pellet
and raw fuels. It appears that the profiles were similar without significant differ-
ence. The calculated isomer ratios (Table 8.3) were also comparable similar
between the pelletized and raw fuels. Also, PAH/PM ratios for the pellets were
comparable to those for raw fuels (0.12 + 0.02 % for pine wood and
0.07 £ 0.03 % for corn straw) (p > 0.05).

8.4.4 Emission Reduction

The potential reduction in total emissions of CO, OC, EC, PM, and PAHs were
also estimated based on the differences in the calculated EFs between the pellets
and raw fuels, reported thermal efficiencies of cooking stoves and modern
burners, and emission inventories in the literature. Median Rgy (both results of
corn straw and pine wood used collectively) of CO, OC, EC, PM, and PAHs were
0.22 (0.13-0.36, as inter-quartile range), 0.090 (0.057-0.14), 0.10 (0.067-0.15),
0.54 (0.48-0.61), and 1.3 (1.0-1.6), respectively. It was reported that the thermal
efficiency of burning pellets in the modern burners was approximately 2.3 times
that of raw fuels burned in the so-called improved cooking stoves and 4.5 times
that of traditional cooking stoves (Chen et al. 2005).
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Fig. 8.3 Size distributions of PM emitted form the pellet and raw fuel burning. a Corn straw,
b Pine wood. Reprinted from Shen et al. (2012) with permission of American Chemical Society
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Fig. 8.4 Comparison of composition profiles of PAHs in emissions between biomass pellet and
raw fuels. Reprinted from Shen et al. (2012) with permission of American Chemical Society

Taking the relatively low EFs (except for the slightly high EFpsps) and high
thermal efficiency of pellet burning in the modern burner into consideration, the
replacement of raw fuels with biomass pellets can reduce the emissions of most air
pollutants significantly. As a rough estimation, the emission reductions of CO, OC,
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EC, PM, and PAHs would be 90 (84-94), 96 (94-98), 96 (93-97), 76 (71-80), and
43 % (26-56 %), respectively, by replacing the improved cooking stoves with
pellet stoves. The reduction could be as high as 95 (92-97), 98 (97-99), 98
(96-99), 88 (85-90), and 71 % (6277 %) if the traditional cooking stoves were
replaced with pellet stoves. Currently, residential biomass burning contributed
approximately 39.4, 2.29, 0.59, 3.87, and 0.065 Tg of total emissions of CO, OC,
EC, PM, and PAHs in China, respectively (Lei et al. 2011; Streets et al. 2006;
Zhang et al. 2008). If only 20 % of the traditional cooking stoves can be replaced
with pellet stoves, the total emission reductions in CO, OC, EC, PM. and PAHs
would be 7366 (6262-8642), 446 (382-521), 115 (98-134), 675 (577-791), and
8.94 (7.27-10.8) Gg.

It is realized that this is a very rough estimate based on the result of a single
experiment. The quantitative percents based on this study were not representative.
More studies, especially field studies, are recommended for reducing the uncer-
tainty in this prediction. Even with the uncertainties in this estimation, the envi-
ronmental benefit could be significant. The quantitative reduction is strongly
associated with factors including emission factor, stove thermal efficiency and the
replacement ratio.

8.5 Summary

In this section, we reported emissions of CO, PM, OC, EC and PAHs from the
burning of two biomass pellets burned in modern pellet burner. The results were
compared with that for raw biomass fuels burned in a traditional cooking stove,
and the potential reductions in these pollutant emissions were discussed. On
average, the measured EFco, EFoc, EFgc, and EFpy; for straw pellet were
21.1 &£ 16.2, 0.121 £ 0.158, 0.156 4+ 0.121 and 2.62 £ 1.20 g/kg, respectively,
and for wood pellet were 4.38 £+ 2.25, 0.095 £ 0.118, 0.033 &+ 0.026 and
1.17 £ 0.89 g/kg, respectively. EFpay; for these two pellets were 14.1 4+ 8.9 and
8.33 £ 5.94 mg/kg, respectively. In the burning with secondary air supply, more
excess air may reduce the combustion temperature, lead to lower burning effi-
ciency and subsequent higher pollutant emissions.

In comparison with raw biomass fuels, the emission factors of CO and CPM
were significantly lower for biomass pellet, however, the PAH emissions were
statistically insignificant different. The compress process reduce the OC and EC
emissions more effectively compared to the reduction in PM, which results in a
low carbonaceous carbon fraction in PM emitted from the pellet burning. The
normalized PAH composition profiles were similar in emissions between biomass
pellet and raw fuels. Taking both EFs and the stove thermal efficiency into con-
sideration, significant reductions in the total emissions of these pollutants from
residential sector are expected by replacing raw fuels combusted in traditional/
improved stoves with biomass pellet fuels in modern burners. As a rough esti-
mation, The reduction in emissions of CO, OC, EC, PM, and PAHs from
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residential sector would be 90, 96, 96, 76, and 43 %, respectively, by replacing the
improved cooking stoves with pellet stoves, and could be as high as 95, 98, 98, 88,
and 71 % if the traditional cooking stoves were replaced. If only 20 % of the
traditional cooking stoves can be replaced with pellet stoves, the total emission
reductions in CO, OC, EC, PM. and PAHs would be 7366 (6262-8642), 446
(382-521), 115 (98-134), 675 (577-791), and 8.94 (7.27-10.8) Gg. The reduction
and benefit is significant and obviously, even though the quantitative results are
not representative due to limited data now. More studies in future are recom-
mended before the reduction can be quantified. Also, factors affecting the emis-
sions, including fuel property, stove type, and combustion condition, should be
further investigated.
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Chapter 9
Conclusion and Limitation

EF is an important input for the development of emission inventory and sub-
sequent analysis of pollutant impacts on air quality and human health. The EFs of
incomplete pollutants from residential solid fuel combustion highly depend on the
fuel properties and burning conditions. In the present study, we measured EFs of
CPM and PAHs from the combustions of coals, crop residues and wood materials.
A number of first-hand data are obtained. The study suggested that because of
oxygen deficient atmosphere formed in the small stove chamber, the pollutant
emissions in the cooking stove were generally higher than those measured in
laboratory chamber. The influences of fuel property and burning conditions were
discussed. The study also found that the use of retene as a biomarker for conifer
wood might be questionable since other fuels, particularly coal, can produce retene
as well. In the present study, emission characterization of PM and PAHs for
biomass pellets burned in a modern pellet burner were for the first time investi-
gated and compared with those for raw uncompressed fuels burned in a typical
brick stove.

9.1 Emission Factor

EFs of PM, OC and EC for crop residues were 8.19 £ 4.27 (3.41-16.8),
1.38 £ 0.70 (0.493-2.64) and 1.45 + 0.62 (0.354-2.34) g/kg, respectively. They
were 3.74 £+ 0.80 (3.10-4.63), 0.81 + 0.64 (0.21-1.48) and 1.53 £ 1.01
(0.48-2.49) g/kg, respectively for the brushwood, significantly higher than those of
2.04 + 1.38 (0.71-6.23), 0.80 £ 0.85 (0.11-3.81) and 0.50 £ 0.36 (0.06-1.19) g/
kg, respectively for the fuel wood log. EFs for coal had a large range from
0.065-10.8, 0.007-1.00 and 0.006-0.825 g/kg, respectively.

EFs of total 16 PAHs for crop residue ranged from 23.6 to 142 mg/kg, with a
mean and standard derivation of 62.1 + 34.6 mg/kg. For firewood material, EFs of
28 PAHs were 86.7 &+ 67.6 (27.1-160 as range) and 12.7 + 7.0 (3.2-32.7) mg/kg,
respectively, and of which 90 % of the total mass was 16 priority PAHs. For coal,
PAHs EFs ranged from 6.25 to 253 mg/kg. The EFs of oxygenated PAHs were

G. Shen, Emission Factors of Carbonaceous Particulate Matter and Polycyclic 193
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generally in the same order of magnitude of that of parent PAHs, while EFs of
nitro-PAHs were about 2-3 orders of magnitude lower. EFs of 4 oxygenated PAHs
for crop residue, fuel wood, brushwood and coal were 4.5 & 2.0, 1.19 £ 1.87,
5.56 £ 4.32 and 0.049—40 mg/kg, respectively.

9.2 Emission Characterization

The total mass percent of carbonaceous carbon in PM from firewood burning was
61 %, significantly higher than that of 38 £ 10 % for emissions from crop residue
burning. The carbon mass percent in PM emitted from coal combustion was about
32 £ 19 %. The size distribution of PM indicated that for three types of solid
fuels, PM emitted from the fuel burning was fine. The mass percents of PM, 5 were
77.5, 81.0 and 79.4 % of total PM mass. The PM size distributions in emissions
from crop residue burning among different crop straw types were similar. Sig-
nificant difference in PM size distribution was found in emissions between the
brushwood and fuel wood log with much finer PM in the later. The most abundant
particle size fraction in emissions from brushwood and fuel wood log combustions
were 0.7-2.1 and <0.4 pm, respectively.

PAH composition profiles and several commonly used isomer ratios in emis-
sions from these three fuel types were comparable in general. Slight difference was
observed in the mass percentage of high molecular weight PAHs. The mass per-
cent of high molecular weight PAHs (MW > 228) in the emission from coal
combustion was higher than that for the crop residue and firewood. Because of
relatively high toxic of these high molecular weight compounds, the larger frac-
tions in coal emissions indicated that the burning of coal would result in more
toxic health outcome in comparison with biomass fuel.

The gas-particle partitioning of freshly emitted PAHs and the derivatives was
mainly controlled by the absorption rather than adsorption. The size distributions
of particle-bound organics were similar to the size distribution of PM, with high
abundance in fine particle. Because of high vaporization rate, low molecular
weight PAHs are mainly emitted in the gaseous phase while high molecular weight
ones are largely associated with co-emitted PM, especially fine PM. In comparison
with parent PAHs, the derivatives had more tendencies to be present in particulate
phase, particularly fine particles due to the compound polarity property.

Retene is often used as a marker for softwood combustion and for PAHs source
apportionment. The EF of retene varied significantly among the fuels due to the
differences in fuel properties and combustion conditions. EFrgr for pine
(0.34 £ 0.08 mg/kg) and larch (0.29 £ 0.22 mg/kg) were significantly higher
than those of other wood types, including fir and cypress (0.081 £ 0.058 mg/kg).
However, EFggt for crop residues varied from 0.048 £ 0.008 to 0.37 + 0.14 mg/
kg and were not significantly lower than those for softwood (0.074 + 0.026 to
0.34 £ 0.08 mg/kg). The EFggr for coal were very high and ranged from
2.2 £ 1.5 (anthracite briquette) to 187 £ 113 mg/kg (raw bituminous chunk).



9.2 Emission Characterization 195

EFgrgT Was positively correlated with EFs of co-emitted particulate matter (EFpy)
and phenanthrene (EFpyg) for crop residue and coal, but not for wood. The study
suggested that retene is not a unique PAH marker for softwood combustion and
that coal combustion, in particular, should be taken into account when retene is
used for PAH source apportionment.

9.3 Influencing Factor

Pollutant emission was generally low in high efficient burning. The fuel com-
bustion efficiency can be affected by a number of factors like fuel moisture and air
supply amounts. In the residential solid fuel combustion, the air supply is usually
limited in the cooking stove with relatively smaller chamber, and hence oxygen
deficient atmosphere resulted in incomplete fuel combustion and higher emissions
of incomplete pollutants. In indoor crop residue burning, the study found that fuel
moisture and MCE were two most significant factors affecting pollutant emissions.
These two factors can explain 83 and 60 % of the variations in EFcpy; and EFpays,
respectively. In wood combustion, pollutant emission factors decreased with the
increase of combustion efficiency, but the correlation between measured EFs and
wood moisture was statistically insignificant. This might be due to a variety of
factors affecting the pollutant emission, and these factors often interacted with
each other leading to statistically insignificant dependence of EFs on a single
factor. In coal combustion, as expected anthracite has lower emissions of
incomplete pollutants than bituminous coal, and the emissions from the burning of
honeycomb briquette were lower than that the raw coal chunk. The pollutant
emission from coal combustion can be affected by coal volatile matter content,
heating value and also the form.

9.4 Biomass Pellet

In the present study, two types of biomass pellet were burned and investigated for
the emission characterization for the first time. A modern pellet burner purchased
from the local market was used. The EFs of PM, OC and EC for corn straw pellet
were 2.62 £+ 1.20, 0.121 £ 0.158 and 0.156 + 0.121 g/kg, respectively, and for
the pellet made from pine wood were 1.17 £ 0.89, 0.095 £ 0.118 and
0.033 4 0.026 g/kg, respectively. EFs of total PAHs for these two pellets were
14.1 £ 8.9 and 8.33 £ 5.94 mg/kg, respectively. The increase of air supply during
the pellet burning cooled the combustion temperature and hence produced high
pollutant emissions under decreased burning efficiencies. In comparison with the
raw uncompressed biomass fuel, the EFs of PM, OC and EC were significantly
lower for biomass pellet, but PAH EFs were not significantly different between the
compressed and uncompressed fuels. Taking the emission factor (pollutant emitted
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from per fuel mass) and stove thermal efficiency (fuel used for cooking per task)
into consideration, the reduction of pollutant emission after the deployment of
biomass pellet was significant. However, the large deployment of biomass pellet
required more detailed further study since there are very limited data on either
monitored air quality or environment impacts of biomass pellets in China.

9.5 Field Measurement

It is widely accepted that the simulated fuel combustion differed from that in real
field, and later might be more preferable in the development of emission inventory
and pollution control strategy. In the study, we conducted two field measurement
campaigns. This without any doubt is insufficient. It is just a trial field study. Field
measured EFs had much larger variations in comparison with that measured in
simulated study, but the characterization such as carbon ratio, PAHs composition
profiles and isomer ratios were similar.

In field study, some specific fuel/stove combinations can be tested which can be
hardly considered in simulation study. In the present study, we found that in rural
Shanxi, coal cake was widely used and the pollutant emissions for coal cake were
as high as 5.87 &£ 3.77, 0.037 £ 0.021, 0.477 £ 0.140 g/kg, 178 = 43 and
7.09 £ 3.35 mg/kg for PM, EC, OC, PAHs and oPAHs, respectively. For wood
burned in a movable open stove, the EFs of PM, EC, OC, PAHs and oPAHs could
be high as 8.32 4+ 0.27, 1.24 + 048, 291 £ 1.01 g/kg, 208 + 62 and
8.96 £ 1.59 mg/kg, respectively. In the field study in rural Jiangsu, it was found
that the pollutant emissions varied significantly for the same fuel burned in two
stoves with same design but different usage. The EFpy, for crop residue burned in
an old stove was about 2.5 times of that for that burned in a new stove.

9.6 Limitation and Future Study

In the present study, emission factors of CPM and PAHs were measured for crop
residue, wood and coal burned in residential stoves in a built kitchen and in field.
However, as mentioned above, the sample size in the study was still very small,
particularly under the consideration of relatively larger variation in EFs and high
spatial change of fuel/stove combinations in rural China. It is expected that in
future more studies, especially field measurements can be conducted to get more
reliable data.

In term of influencing factors, the study quantitatively analyzed the impacts of
fuel properties such as elemental contents, moisture and volatile matter content on
pollutant emission. It should be noted the results were under the given circum-
stance. The results can not be generalized simply. And some other factors like air
supply amount, fire management behaviors and fuel feeding rate were not
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investigated. In the future study, different fuel/stove combinations and the oper-
ation behaviors of rural residents should be discussed.

The present study found the emissions from the brushwood burning were higher
than those from the fuel wood log combustion. But it is realized that in most
emission inventory, the difference was not accounted which may result in con-
siderable underestimation of most pollutants. Meanwhile, the differences between
the anthracite and bituminous, between the raw chunk and briquette are significant.
It is fortunately to find that such differences had been taken into account in many
inventory studies. However, because of limited basic measurement data available,
such analysis is usually associated with relatively high uncertainties. With more
confirmed results in future, it is expected that the deployment of coal briquette may
reduce the pollutant emission significantly, and benefit the air quality and human
health. Policy analysis and cost benefit analysis should be conducted. Similarity,
the study on biomass pellet indicated that the pollutant emissions from the biomass
pellet burning decreased obviously in comparison with the raw biomass fuels.
Because of a small sample size in the present study, it is difficult to reach a sound
conclusion now. The real benefits of the new cleaner fuels, including biomass
pellets and others like biogas and natural gas, required more measurements.
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