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ABSTRACT
Thermal pretreatment of biomass fuels, or torrefaction, enhances their energy

density, making torrefied biomass a viable sustainable alternative for coal. Because
torrefaction reduces the levels of volatile organic compounds, an expected added benefit
is reducing aerosol formation in combustion. Here, we compare the emission rates,
chemical composition, and light-absorption properties of aerosols emitted from the
combustion of pine, torrefied pine, and bituminous coal. Coal emissions were dominated
by sulfates, with modest organic content, while pine and torrefied-pine emissions were
dominated by organics. Organic-aerosol emissions from all fuels were light-absorbing
and categorized as brown carbon. Within the combustion temperature range investigated
(400 °C — 1000 °C), coal emission rates (11.35+.029 g/MJ) were highest at 800 °C, while
those of pine (25.1+4.02 g/MJ) and torrefied pine (5.6+0.8 g/MJ) were highest at 400 °C.
These results indicate that torrefaction significantly reduces aerosol emissions, making

torrefied biomass an attractive fuel for domestic and industrial use.
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CHAPTER 1
INTRODUCTION

Coal and biomass are the most widely used solid fuels throughout the
world (Anenberg et al., 2013). Globally, they account for over 200 exajoules (EJ) of
energy consumed annually (Association, 2020; Edmund Henrich, 2015) out of the 624 EJ
of total energy consumption (Edmund Henrich, 2015; Hannah Ritchie, 2020). Both fuels
are used in industrial and residential settings. Globally, 3 billion people use coal and
biomass for residential heating and cooking (Anenberg et al., 2013; Astakoti, 2019),
while coal is one of the most used widely used fuels for power production. It is worth
noting that emissions from residential heating are a very important yet understudied
contributor to climate change (Mingjie Xie, 2018; Ni, 2021).

Biomass is viewed as one of the viable renewable (carbon-neutral) alternatives to
coal, either by replacement or co-firing in power plants (Munir et al., 2009). The
European Union had planned to produce 20% of its electricity from renewable sources by
2020, and per the 2010 Renewable Energy Action Plans, biomass demand was expected
to be equivalent to 178 metric tons of oil by 2020, with a projected growth of
approximately 6.5% annually (L.W.M. Beurskens, 2011). In 2020, the European Union
adjusted its old climate plan and set a new target for 55% reduction in greenhouse gas
emissions by 2030, with biomass playing a major role in the 32% of energy derived from
renewable sources (Commission, 2020). Biomass currently makes up approximately 10%

of global annual consumption and is the primary source of domestic energy in developing



countries (de Koning et al., 1985; Edmund Henrich, 2015). Biomass is a sustainable fuel
that has a net zero-carbon footprint, due to the fact that it only releases the carbon that it
takes out of the atmosphere as it is grown (M.V. Gil, 2015; McKendry, 2002; van der
Stelt et al., 2011). Therefore, replacing coal with biomass in various combustion
applications leads to overall reduction in global CO; emissions (Demirbas, 2003). In
addition, biomass has less sulfur than coal, thereby reducing SO« emissions through co-
firing (Demirbas, 2003; Munir et al., 2010). Additionally, biomass is widely available
from multiple sources including agriculture (corn stalks, cotton, cotton bush, surplus
food), waste (vine and tree pruning, food waste, forest residue) and harvested trees
(Anenberg et al., 2013; Asli Toptas, 2015; Collins Ndibe, 2015; Fisher et al., 2012;
McKendry, 2002; Rijal et al., 2020; Zhang et al., 2000).

There are three major limitations associated with using biomass in place of or in
conjunction with coal. First, biomass has a significantly lower carbon content compared
to coal, thus a lower heating value (energy density). Second, the moisture content of
biomass can inhibit efficient combustion (Huangfu et al., 2014; Korus & Szlek, 2015;
Yuntenwi et al., 2008). Third, biomass in its raw form is difficult to transport, store, and
feed it into existing gasification systems (Mani et al., 2006; Shahab Sokhansanj, 2009).
To overcome these limitations and avoid high levels of PM emissions, biomass
undergoes a process called torrefaction (Shao et al., 2019). Torrefaction is a pyrolysis
process that is carried out without the presence of oxygen under atmospheric conditions.
It is a mild thermal treatment where the fuel is heated between 200°C and 300°C (Yue et
al., 2017). During this process, the fibrous structure and the tenacity of the biomass are

destroyed (van der Stelt et al., 2011) and oxygen and water are removed from the



biomass via carboxylation and dehydration processes (Fisher et al., 2012; Yue et al.,
2017), leaving the processed biomass to have a heating value similar to that of coal
(Manouchehrinejad & Mani, 2018; Phanphanich & Mani, 2011; van der Stelt et al., 2011;
Yue et al., 2017). Recently, torrefied biomass has been explored as an option to
complement or replace coal (Asli Toptas, 2015; Collins Ndibe, 2015; M.V. Gil, 2015;
Phanphanich & Mani, 2011).

While replacing coal usage with biomass leads to a reduction in greenhouse gas
emissions, it is not clear that biomass combustion provides improvements in reducing
particulate matter (or aerosol) emissions relative to coal. Carbonaceous aerosols,
including organic aerosols (OA) such as black carbon and brown carbon, are of special
interest due to their significant, though poorly constrained, effects on the climate (Myhre,
2013; T. C. Bond, 2013). OA is made up of highly complex molecules with diverse
chemical structures and optical properties. In addition to climate implications, OA can
have health implication in humans. Exposure to aerosols is associated with various
adverse health effects including inflammation, pulmonary disease, and genotoxic
responses (Apte et al., 2015; Chen et al., 2016; J. Kelz, 2010; Kim et al., 2019; Kim et al.,
2015; Sangcheol et al., 2021). Furthermore, aerosol emissions from both coal and
biomass combustion are light-absorbing (Islam et al., 2022; Tami C. Bond, 2004) and can
induce climate warming by absorbing solar radiation and heating up the atmosphere
(Rawad Saleh, 2015; T. C. Bond, 2013). Therefore, quantifying the emissions rates of
aerosols emitted from solid fuel combustion (both coal and biomass), and characterizing
their physicochemical properties is important for assessing their effect on air quality and

the climate system.



The combustion of both coal and biomass has been shown to produce high levels

of aerosol emissions, especially in low-efficiency domestic burning in developing
countries (Islam et al., 2022; Mingjie Xie, 2018; Simdes Amaral et al., 2016; Yazdani et
al., 2021), but also in industrial processes (Demirbas, 2003; Ma et al., 2016; Zhang et al.,
2008). For example, one study on coal combustion reported aerosol emission rates
ranging between 188 and 767 g/MJ (grams of emissions per mega-Joule energy
produced) for conditions typical for domestic burning compared to 5-8 g/MJ for
combustion conditions typical for industrial combustion (Zhang et al., 2008). Reports on
aerosol emission rates from biomass combustion are also highly variable. Shen et al.
(2014) found biomass emissions to range from 29 to 8§23 mg-PMz s/mega-Joule. Amaral
et al. (2016) presented values for agriculture biomass burning ranging from 147 to 758.8
mg-PMz s/mega-Joule, and forest biomass burning ranging from .104 to 1.262 g-
PM: s/mega-Joule. Particulate emissions for torrefied biomass have been found to be
more consistent but highly dependent on the torrefaction temperature and residence time.
For example, Shao et al. (2019) found ranges of particulate emissions for torrefied corn
stalks to be 107.7, 110.2, and 115.4 mg-PMi/mega-Joule (particles with an aerodynamic
diameter less than 1 micron) for torrefaction temperatures of 220, 260, and 300 °C
respectively, with a residence time of 30 minutes for each sample. Maxwell et al. (2020)
found PM1 emissions to range between 108 mg-PMi/mega-Joule for spruce torrefied at
260 °C for 30 minutes, and 222.7 mg-PMi/mega-Joule for willow torrefied at 250 °C for
90 minutes.

In addition to differences in fuel chemical make-up, an important reason in the

large variability in emission rates is the differences in combustion conditions across the



different studies. For example, even for the same fuel, the combustion process, thus
emissions rates, would be different for pulverized (powdered) (Collins Ndibe, 2015;
Wang, 2013; Zhang et al., 2000) than briquettes (Dai et al., 2019; Mitchell et al., 2016;
Zhang et al., 2000), and / or lumps (Mitchell et al., 2016). This makes it challenging to
assess the effect of fuel type on aerosol emission rates and physicochemical properties.
Of special interest but currently missing knowledge is the effect of the reduced content of
VOC:s in torrefied biomass compared to its untreated counterpart (Shao et al., 2019) on
aerosol emissions and physicochemical properties. In this study, we compare the
emission rates, chemical composition, and light-absorption properties of aerosols emitted
from the combustion of pine, torrefied pine, and bituminous coal. To investigate the
effect of fuel type on differences in aerosol emissions, we performed controlled-
combustion experiments that ensured consistent combustion conditions across fuels, thus
leaving fuel type as the only variable. The experiment were performed at a fixed air-to-
fuel ratio, and at temperatures ranging between 400 °C and 1000 °C to capture conditions
relevant for both domestic and industrial combustion. Online and offline characterization
of aerosol emissions were used to quantify differences in emission rates as well as

physicochemical properties across fuels and combustion temperatures.



CHAPTER 2

METHODS
Overview

We performed controlled-combustion experiments to compare the aerosol

emissions from 3 solid fuels: (1) pine, (2) torrefied pine, and (3) bituminous coal. Since
the major focus of this study is to investigate the effect of fuel type on emissions, the
experiments were designed to maintain the same combustion conditions across fuels. We
employed a suite of online and offline techniques to characterize the aerosol emissions. A
schematic of the experimental setup is shown in Figure 1, and detailed description of the
experimental design, validation, and execution is provided in the subsequent sections of

the this chapter.

2.1 Fuel preparation

One of the challenges associated with combustion experiments involving solid
fuels is the difficulty in maintaining steady and uniform combustion when performing the
experiments using chunks of fuel. This configuration creates large differences in
combustion temperature and air-to-fuel ratio (A/F), that lead to highly variable emissions
within experiments (i.e. temporally) and across experiments. In order to obtain uniform
and steady combustion experiments, we combusted fuel particles with sizes ranging
between 90 and 120 pm used in similar experiments by Chen et al. (2012), Gao and Wu

(2011), and Matsuoka et al. (2003). Utilizing this small fuel particle size ensures that the



fuel and air are well-mixed during the combustion process, thus ensuring uniform
combustion.

To that end, the fuels were processed in Dr. Sudhagar Mani’s laboratory at the
University of Georgia (UGA) Both biomass samples were received as pine chips from a
local saw mill operation (Phanphanich & Mani, 2011).

The torrefied pine was prepared at Dr. Main’s laboratory. The torrefaction process
took place in a batch torrefaction reactor that was placed in an externally heated electric
furnace. A nitrogen flow of 2 Liters per minute was introduced to the batch reactor as a
carrier gas to prevent oxidation. The sample was then heated 10 °C per minute under
atmospheric pressure to 275 °C for 20 minutes (Manouchehrinejad & Mani, 2018;
Phanphanich & Mani, 2011).

After torrefaction, the raw pine chips and the torrefied biomass chips were ground
using a heavy-duty knife mill (Retsch SM 2000, Germany). The resulting pulverized fuel
was then sifted using two sieves in series in order to isolate particles between 90 and 120

microns.

2.2 Combustion experiments

In order to obtain high-quality online measurements that can allow for
comparison across experiments, it is imperative for the emissions to be consistent over a
long-enough period of time. Our group has previously designed a steady-flow
combustion system that achieves highly stable emissions using liquid fuels (Atwi et al.,
2021; Cheng et al., 2021; Cheng et al., 2019; Saleh et al., 2018; Yu et al., 2021). The

design involved introducing the fuels in vapor form into a combustion chamber using a



controlled flow of air into a bubbler containing the fuel. The air flow, saturated with fuel
vapor, would then be introduced into the combustion chamber. To employ a similar
approach for the solid fuels, we needed a system that produces a steady flow of solid fuel
particles into the combustion chamber. To that end, we built a particle feeder system
based on the design of Molinder and Wiinikka (2015). The particle feeder system consists
of a vertically mounted glass hopper for the fuel particles attached to a syringe pump
pusher block (BrainTree Scientific Inc. Model BS-300). A '4” diameter stainless steel
tube leads from the center of the fuel hopper down into the combustion chamber. The
syringe pump pushes the fuel hopper up at a set speed, allowing the fuel particles to fall
down the stainless-steel tube and into the combustion chamber along with carrier air
introduced at the top of the fuel hopper. In this configuration, the pumping speed of the
syringe pump can be adjusted to determine mass flow rate of the fuel into the combustion
chamber. Two 12-volt vibration motors were attached to the fuel hopper to agitate the
fuel and prevent sticking on the walls of the hopper. Prior to the combustion experiments,
we obtained a calibration curve relating fuel mass flowrate to pumping speed of syringe
pump. This process involved setting the pumping speed to different values, collecting
fuel over a period of two minutes, and weighing the collected fuel.

The combustion chamber is a custom designed quartz-glass chamber and was
heated using a temperature-controlled heater (Thermcraft). The temperature inside the
combustion chamber was controlled using a proportional-integral-derivative (PID)
controller and a thermocouple (Omega Engineering Inc., Norwalk, CT, USA). The
combustion experiments were performed at 4 set temperatures: 400, 600, 800, and 1000

°C. These temperatures encompass ranges encountered in both domestic and industrial



settings (Fisher et al., 2012; Joo et al., 2018; Jun Li, 2013; L. Van De Steene, 1999; Q. Li
et al., 2016; Matsuoka et al., 2003; Mingjie Xie, 2018; Peng et al., 2022).

We maintained the carbon-based A/F to 25 for all experiments, which is within
the range of values reported in previous studies (Collins Ndibe, 2015; Li et al., 2019;
M.V. Gil, 2015; Wang, 2013). For torrefied biomass and coal, A/F of 25 was used, as
both fuels have similar carbon contents (Yue et al., 2017). The pine was maintained at
A/F of 18.5 due to its lower carbon content (Manouchehrinejad & Mani, 2018). The
carrier air flow was maintained at 1 liter per minute (LPM), controlled by a mass flow
controller (Dakota Instruments, USA), and the set A/F was obtained by setting the
pumping speed of the syringe pump based on the value found during calibration tests.

Though the particle feeder system described above allows performing the
combustion experiments at steady-flow conditions, there were fluctuations in the aerosols
emissions due to the fact that the particle flow was not perfectly continuous. To minimize
these fluctuations, the emissions were sent through a 55-gallon drum (see Figure 1) which
acted as a flow capacitor. Dilution air was added to the chamber to control emission

concentrations for the online measurements, described in Section 2.3.
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Figure 1:Block Diagram of Experimental Setup

2.3 Online measurements: Emission rates and light-absorption properties

We measured the aerosol size distributions at a 90-second resolution using a scanning
mobility particle sizer (SMPS, TSI). The SMPS consists of a Differential Mobility
Analyzer (DMA, TSI, Model 3081A00), an Advanced Aerosol Neutralizer (TSI, Model
3088), and a Condensation Particle Counter (CPC, TSI, Model 3772). The SMPS size
distributions were integrated to obtain the total aerosol mass concentration. For consistent
comparison across fuels, aerosol emission factors were calculated as milligram aerosol

per mega-joule energy produced as shown in Equation 1:
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EF:Caerosol'Af'HV'D/Ff

Equation 1: Emission Factor

Where, EF is the emission factor [mg/MJ], Caerosor 1s the aerosol mass concentration
obtained from SMPS measurements [pug/m?], Ay is the carrier air flow rate [1 lpm],
Fris the fuel mass flowrate [kg/min], HV is the fuel heating value (27.72 MJ/kg for coal,
18.46 for pine, and 22.86 for torrefied biomass (Phanphanich & Mani, 2011)), and D is
the dilution ratio.

The aerosol light-absorption coefficients were measured at a 1-second resolution
at 3 wavelengths that cover the visible spectrum (422 nm, 532 nm, and 782 nm) using a
multi-pass Photoacoustic Spectrophotometry (Multi PAS III, Geoffrey Smith’s group,
University of Georgia)(Fischer & Smith, 2018). Measurements at 532 nm and 422 nm
were used in the analysis described below.

We calculated the mass absorption cross-section (MAC [m?/g]) as:

MAC(A) = baps/Caerosol

Equation 2: Mass absorption cross-section

In this equation, b, is the absorption coefficient measured using the Multi-PAS 111, and
Caerosor 18 the aerosol mass concentration calculated by integrating the SMPS size
distribution of the particles using an average particle density of 1.2 g/cm? for organic
molecules (C. Li et al., 2016; Sumlin et al., 2018). MAC is a practical measure of how
efficient the particles are at absorbing light. For light-absorbing aerosol, MAC exhibits a
power-law dependence on wavelength in the visible spectrum (D.A. Lack, 2010; Haolin
Sun, 2007). This wavelength dependence is usually quantified using the absorption

Angstrom exponent (AAE), which is calculated as:
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MACqs,
log(arac,,,)

422
log(g33)

AAE =

Equation 3: Angstrom Exponent

Where MACs3, and MACa; are the MAC values at 532 nm and 422 nm, respectively.
AAE values close to 1 indicate that the particles are efficient at absorbing light at all
wavelengths, which is usually associated with black carbon (BC). AAE values larger than
1 indicate that the particles are more efficient at absorbing in the short-visible than the

long-visible wavelengths, which is characteristic of brown carbon (BrC) (Saleh, 2020).

2.4 Offline measurements: Chemical speciation

The aerosol emissions were collected on a quartz (PALL Life Sciences, 47 mm)
and polytetrafluoroethylene (PTFE) filter (SterliTech Corporation, 47 mm) for offline
analysis. We targeted a particle loading for approximately 300 ug on each filter. The
sampling time ranged from 1 to 4 hours depending on the aerosol concentration in each
experiment.

Filters were then placed in petri dishes and covered with aluminum foil in a
freezer until analysis took place. For analysis, the PTFE filters were used for filter ultra-
high-resolution electrospray ionization mass spectroscopy (ESI-MS). The mass spectra
for each sample was obtained using a Briiker SolariX XR 12T Fourier-transform ion
cyclotron resonance (FTICR) using both positive and negative ionization modes in order
to capture the maximum number of compounds. The ESI-MS sample was prepared by
placing half of the PTFE filter in a 10 ml methanol solution and extracting using

procedures described by Cheng et al. (2021). The sample was then analyzed by the
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Proteomics and Mass Spectrometry Facility at UGA. The output file was input in the
open-source software mMass (mmass.org). Background peaks present in a blank
methanol solution were excluded from the samples. Identified peaks were then analyzed
in Formularity (Toli¢ et al., 2017), a program that automatically assigns chemical
formulas based on user-specified parameters.

For the Quartz filters, a 1.5 cm? punch was taken from them for organic
carbon/elemental carbon (OC/EC) analysis using an OCEC Analyzer (Sunset
Laboratories, USA). The OCEC uses a combination of thermal and optical analysis to
quantify the amount of organic carbon (OC) and elemental carbon (EC) present in the
sample. The instrument was run using the NIOSH 870 protocol.

The remainder of the Quartz filter was analyzed for inorganic ions. lons of
interest were K*, CI', SO4*, NH4", NOs", and Na* (Dai et al., 2019; Yinxiao Zhang,
2018). We extracted each sample filter in 20 mL of ultra-pure water and sonicated for 10
minutes, and 8 mL of the solution was analyzed using ion chromatography (IC) analysis
using a Dionex Integrion High-Pressure Ion Chromatography Instrument (Thermo-
Fischer, USA) in Dr. Amanda Frossard’s laboratory at UGA.

A calibration curve for IC analysis was created from standards of each ion.
Standards were prepared in ultra-purified water and analyzed. Prior to running IC with
experimental samples, test samples of a solution of (NH4)2SO4, NaCl, KCl, and NH4NO;
was prepared and pipetted onto a blank Quartz filters. The solution was made up of 0.5
liters of ultra-pure water and 0.03 g of each solute. 1 mL of solution was pipetted onto a
blank Quartz filter. The filter was then extracted and analyzed using the same procedure

as above. As shown in Table 1, this accuracy of the analysis was better than 11%.
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Table 1:Results of test of accuracy of the extraction procedure for ion analysis

Ion Set concentration Retrieved concentration % Difference
Na' 0.49 0.5048 2.82%

Cr 1.35 1.2578 7%

K" 0.66 0.5844 11%

NH4" 0.62 0.6727 7.95%

SO 0.91 0.8348 8.2%

NOy 0.97 0.8934 7.58%

2.5 Validation of combustion system stability

As described in the Section 2.2, the design employed in this study allows for
steady flow combustion of solid fuels. However, as expected, the flow is not as steady as
with liquid or gaseous flow, which would lead to fluctuations in the emissions. A 55
gallon drum was employed in order to minimize emission fluctuations by acting as a
capacitor. The drum provides a residence time of 5-12 minutes depending on the amount
of dilution air used, which was dependent upon the emission concentration. This
configuration enabled us to maintain relatively stable aerosol emissions over a period
long enough to perform high-quality real-time measurements (Section 2.3) and collect
filter samples for offline analysis (Section 2.4). The stability of the system is illustrated in
Figure 2. Figure 2a shows a time series of the number distribution obtained from SMPS
measurements, confirming that both the size and number concentration remained

relatively stable over the course of the experiments (1 hour). The stability of the
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emissions is further illustrated in Figure 2b, which overlays the time series of the aerosol
mass concentrations (Caerosol Obtained from integrating the SMPS size distribution) and
the absorption coefficients at 532 nm (bavs,532), measured using the Multi-PAS II1.
Overall, Caerosol for this experiment was 787 + 20 (average + standard deviation [pg/m?]),

babs,532 was 19.5 + 4.52, and baps 422 was 116.15 £ 14.8.
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Figure 2: Time series of emissions from a coal combustion experiment that illustrates the stability of the combustion
system. (a) SMPS number distribution. (b) Aerosol mass concentrations (Caerosol) from SMPS measurements and
absorption coefficients at 532 nm (babsssz) and at 422 nm (babs422)
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CHAPTER 3
RESULTS
3.1. Aerosol emission factors

Figure 3 depicts the aerosol emission factors, calculated as described in Section
2.3 as a function of combustion temperature for pine, torrefied pine, and coal. Both pine
and torrefied pine exhibited an inverse relation between aerosol emissions and
combustion temperature. This trend indicates that the combustion efficiency of these
fuels increased with increasing temperature, thus reducing the emissions of partially
combusted/oxidized species, including aerosols. An important practical implication of
this finding is that utilizing these biomass fuels in industrial applications (where the
combustion temperatures are relatively high) is expected to produce relatively low
aerosol emissions. On the other hand, biomass-burning in domestic settings, where
starting and burnout temperatures are relatively low, leads to significant aerosol
emissions.

Importantly, the torrefied pine emissions are significantly lower than the pine
emissions at all temperatures. This finding suggests that the removal of VOCs in the
torrefaction process plays an important role in limiting aerosol formation in combustion.
Coal displayed a different trend, with emission factors peaking around 800°C. Previous
work by Joo et al. (2018) studied coal combustion at four temperatures and found the
highest levels of PM. s emissions occurred at 700 °C, similar to our results. This trend can

potentially be explained by differences in organic and inorganic aerosol formation in coal

16



combustion. Similar to the biomass fuels, the carbon content of the coal is expected to be
more efficiently combusted with increasing temperature, thus decreasing the emissions of
partially oxidized carbon (including in aerosol form) with increasing temperature.
However, coal has a relatively high sulfur content, which is also oxidized in the
combustion process to produce different form of sulfur-containing compounds, including
inorganic sulfates in aerosol form (this is further explored in Section 3.2). It is plausible
that the formation of sulfate aerosols becomes more efficient with increasing temperature

(up to ~800 °C), thus resulting in the observed trend.

|[CZPine MM Torrefied Pine [l Coal|

Emission Factor (ug/MJ)

m

400 600 800 1000
Combustion Temperature (°C)

Figure 3: Aerosol emission factors as a function of combustion temperature for pine, torrefied pine, and
coal. The value of each bar is the average of all SMPS measurements over the whole experiment and the

error bar represents one standard deviation. There were no measurable aerosol emissions at 1000 °C for
torrefied pine.
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Torrefied pine combustion produced significantly lower aerosol emission than
coal combustion at all combustion temperatures larger than 400 °C. These findings
indicates that torrefied biomass can be an attractive alternative to coal for energy
production and residential heating not only due to reducing greenhouse gas emissions,

but also aerosol pollution.

3.2. Chemical speciation

We collected filter samples, as described in Section 2.4, for offline chemical
speciation for the combustion temperature that produced the highest levels of aerosol
emissions for each fuel. This temperature was 400 °C for pine and torrefied pine, and 800
°C for coal (Figure 3).

Table 2 presents a summary of the fractions of organic carbon (OC), elemental
carbon (EC), and inorganic ions in the aerosol. The carbonaceous aerosol fraction was
almost entirely OC for both pine and torrefied pine, with very small contribution from
EC. This is expected because the low combustion temperature of 400 °C is not high
enough to produce EC (Chen & Bond, 2010; Saleh et al., 2018). On the other hand, coal
combustion at 800 °C produced a non-negligible amount of EC, with EC/OC = 0.22. For
all fuels, the inorganic portion of the emissions are most likely composed of molecules
such as metals (for coal), sulfates, nitrates, and ammonium (Dai et al., 2019; Yazdani et
al., 2021). Among the inorganic ions analyzed in this study, only sulfate (SO42) was
detected in significant proportion in coal emissions. While we did not perform chemical
analysis on the fuel samples in this research, bituminous coal is known to have high

sulfur content (up to 6%) (Vasireddy et al., 2011), and is therefore expected to produce
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high levels of SO472. In our experiments SO42 alone constituted 50.57% of the aerosol
mass, which is consistent with the relatively high SO42 levels observed in primary coal
emissions in previous studies (Dai et al., 2019; Joo et al., 2018; Yinxiao Zhang, 2018).
As shown in Table 2, inorganic ions did not have any significant contribution to aerosol

emissions from pine and torrefied pine combustion.

Table 2:Fractions of organic carbon (OC), elemental carbon (EC), and inorganic ions in the aerosol
emissions at combustion temperature that produced the highest levels of aerosol emissions for each fuel.

Pine (400 °C) Torrefied pine (400 °C) | Coal (800 °C)

08.84% £5.2% | 99.16% + 5.52% 38.6% £ 2.5%
oC

0.85% +0.39% | 0.83% £ 0.61% 8.49% + 1.0%
EC

0.31% +20.46% | 0.19% + 20.46% 52.9% + 20.46%
Total inorganic
ions

0.18% = 0.62% | 0.00% £ 0.62% 1.59% + 0.62%
Na*

0.13% +0.45% | 0.18% £ 0.45% 0.13% + 0.45%
Cr

0.00% = 0.78% | 0.00% £ 0.78% 0.33% + 0.78%
K+

0.00% = 17.65% | 0.00% £ 17.65% 0.00% + 17.65%
NHy4

, 0.00% = 0.35% | 0.00% £ 0.35% 50.7% + 0.35%

SO4~
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0.003% £ 0.61% | 0.014% + 0.61% 0.1% £ 0.61%
NOs*

The chemical composition of the organic aerosol fraction was further explored
using ESI-MS. The sample preparation and analysis procedure is described in Section
2.4. The numbers of distinct organic compounds identified by ESI-MS were 73 for pine
(at combustion temperature of 400 °C), 32 for torrefied pine (at combustion temperature
of 400 °C), and 68 for coal (at combustion temperature of 800 °C). The difference in the
amount of identified compounds is partly reflective of chemical diversity of the fuels.
The torrefaction process removes a fraction of the organic compounds present in the
biomass, thus the torrefied pine is less complex than the pine. Coal, on the other hand,
features a highly diverse mixture of complex organic compounds (Agency, 1993; Dai et
al., 2019; Yazdani et al., 2021).

Figure 4 shows Van Krevelen plots (O:C vs H:C) for all three fuels, which
provide a general description of the elemental composition of the organic aerosol
emissions. It is noteworthy that the average O:C values were 0.19 for pine, 0.14 for
torrefied pine, and 0.11 for coal. The relatively high O:C in pine emissions is reflective of
the prevalence of oxygenated organic compounds in the biomass fuel. A fraction of these
oxygenated compounds is removed in the torrefaction process (Chen et al., 2018; Fisher
et al., 2012; van der Stelt et al., 2011) which results in the lower O:C in the torrefied pine
emissions. Coal contains the least amount of oxygenated compounds among the 3 fuels

(Angelika Wigckol-Ryk, 2017; ITham, 2022) with aromatic hydrocarbons constituting a
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significant fraction of its organic content (Lin et al., 2020). Therefore, as expected, O:C

of coal emissions (0.11) was the lowest among the 3 fuels.

Figure 5 shows the relative abundance of different classes of organic compounds

identified by ESI-MS for aerosol emissions from the 3 fuels. Notably, CHO compounds

constitute the majority of pine emissions (72%) but only 50% of torrefied pine emissions,

which is in-line with the discussion above regarding the reduction in oxygenated

compounds by the torrefaction process. CHN compounds meanwhile, were not present in

the pine sample but made up 27% of the torrefied pine emissions.
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Figure 4: Van Krevelen plots obtained from ESI-MS analysis for aerosol emissions from the combustion of (a) pine
at 400 °C, (b) torrefied pine at 400 °C, and coal at 800 °C. Marker color indicates relative abundance of each
compound.



Coal emissions, on the other hand, contained no CHO compounds, but had 51%
CHONS, indicating high abundance of sulfur-containing organic compounds. In fact,
organic sulfur was found in over half the identified compounds for coal (total), which
reflects the high sulfur content of bituminous coal and is in-line with the high levels of

inorganic sulfates in coal emissions (Table 2).

(a) (b) (c)
% 12%

27%
13%

50%
7%

23%

51%

‘-CHO [CICHON [ CHN EECHONS [CICHOS [ ICHONP CIOther‘

Figure 5:Classes of organic compounds identified by ESI-MS in aerosol emissions from combustion of (a) pine,
(b) torrefied pine, and (c) coal

3.3. Light-absorption properties

The mass absorption cross-sections (MAC) and absorption Angstrém exponents
(AAE) of the carbonaceous fraction of the aerosol emissions from the 3 fuels are shown
in Table 3. The MAC and AAE values were calculated from individual SMPS and Multi-
PAS III data points (Section 2.4) and averaged over the whole experiment. For pine and
torrefied pine, the aerosol mass concentration obtained from integrating the SMPS size

distribution was assumed to be equal to the organic aerosol mass in the MAC calculations
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(see Section 2.4). This is justified because OC was the dominant species in the emissions
of these fuels (Table 2). However, a substantial fraction of coal emissions were inorganic,
mostly SO42. Therefore, the MAC calculations for coal emissions involved apportioning
the integrated SMPS mass concentration into carbonaceous and inorganic, and using the
carbonaceous aerosol mass in the calculations.

Aerosol emissions from all 3 fuels were light-absorbing. Based on their MAC and
AAE values, they are categorized as weakly absorbing brown carbon (W-BrC) following
the classification of Saleh (2020). It should be noted that the aerosol emissions likely
contained inorganic ions that were not targeted in our IC analysis. This could be
especially significant for coal, which has relatively high inorganic content compared to
the biomass fuels. Therefore, the carbonaceous fractions are likely overestimated and the
corresponding MAC values are underestimated, especially for coal. Nevertheless, the
light-absorption properties obtained here are in agreement with previous studies that
investigated biomass and coal emissions (Michael R. Olson, 2015; Mingjie Xie, 2018;
Park & Yu, 2016). Figure 6 shows the light absorption properties of each fuel plotted on
top of the brown carbon classes. The constraints of the classes are estimations and all

fuels display similar light absorption properties.
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Table 3:Mass absorption cross-sections at 422 nm and 532 nm and the corresponding absorption
Angstrom exponents (mean + standard deviation) of the carbonaceous aerosol emissions from the
combustion of the 3 fuels.

Fuel MAC42; [m%/g] | MACs3; [m%/g] AAE
Pine (400 °C) 0.63+0.11 0.072 £0.016 .92+ 0.23
Torrefied Pine (400 °C) 1.22+0.27 0.19+0.04 7.36+0.22
Coal (800 °C) 0.16 £0.01 0.063 +0.003 7.43 +£0.08
11
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Figure 6: MACS550 plotted against Angstrom exponent on top of brown carbon classes for the three
samples analyzed. All three fuels generated aerosols classified as W-BrC, weakly absorbing brown
carbon.
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CHAPTER 4
CONCLUSION
Conclusion

By performing controlled-combustion experiments using a fuel-particle feeding
system that approximates steady flow, we were able to perform a comparison of emission
factors and physiochemical properties of aerosols from three different fuels. This is the
first study to do a head-to-head comparison of biomass, torrefied biomass, and coal under
the same combustion conditions. By keeping conditions the same across all experiments,
we were able to isolate the effect each fuel type had on their respective emissions. The
results of this study show that aerosol emissions from torrefied pine were significantly
lower than from raw pine. This indicates that the torrefaction process, the major purpose
of which is to increase the energy density of biomass fuels, has the important added
benefit of reducing particulate pollution emissions.

By reducing the fraction of VOCs, including oxygenated compounds in the fuel,
our results also indicate that torrefaction leads to changing the chemical composition of
the aerosol emissions, specifically lowering the contribution of oxygenated organic
compounds. These differences in chemical composition have implications both to
atmospheric evolution and inhalation toxicity, which are important to investigate in future
studies.

While coal emissions were relatively low at low combustion temperatures, they

increased significantly at high temperature partly due to the large increase in sulfate
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emissions. At 800 °C, coal emission factors were 3 orders of magnitude higher than the
biomass emissions. The high sulfur content in coal was manifested both as both high
content of inorganic sulfate and organic sulfur in the aerosol emissions.

A carbon-neutral fuel with energy density similar to coal and, as found in this
study, low aerosol emissions, torrefied biomass is an excellent complement or
replacement to coal in industrial and energy production applications. For lower
temperatures typical for residential heating and utilization, torrefied biomass is also a

better alternative to raw, unprocessed biomass.

26



REFERENCES

Agency, E. P. (1993). Emission Factor Documentation For AP-42 Section 1.1.
Bituminous and Subbituminous Coal Combustion.

Anenberg, S. C., Balakrishnan, K., Jetter, J., Masera, O., Mehta, S., Moss, J., &
Ramanathan, V. (2013). Cleaner Cooking Solutions to Achieve Health, Climate,
and Economic Cobenefits. Environmental Science & Technology, 47(9), 3944-

3952. https://doi.org/10.1021/es304942¢

Angelika Wieckol-Ryk, A. S. s. (2017). Co-firing coal and biomass blends and their
influence on the post-combustion CO2 capture installation. £3S Web of

Conferences, 19. https://doi.org/10.1051/e3sconf/20171901008

Apte, J. S., Marshall, J. D., Cohen, A. J., & Brauer, M. (2015). Addressing Global
Mortality from Ambient PM2.5. Environmental Science & Technology, 49(13),

8057-8066. https://doi.org/10.1021/acs.est.5b01236

Asli Toptas, Y. Y., Gozde Duman, Jale Yanik. (2015). Combustion behavior of different
kinds of torrefied biomass and their blends with lignite. Bioresource Technology,
177,328-336.

https://www.sciencedirect.com/science/article/pii/S0960852414016745

Association, 1. E. (2020). World Coal Consumption. https://www.iea.org/data-and-

statistics/charts/world-coal-consumption-1978-2020

27



Astakoti, N. (2019). Study of Effects of Temperature and Residence Time on Calorific
Value of Torrefied Biomass. International Journal of Engineering and
Technology, 7(10).

https://www.researchgate.net/publication/332343028 STUDY_OF_EFFECTS O

F_TEMPERATURE_AND RESIDENCE TIME_ON_CALORIFIC_VALUE O

F_TORREFIED BIOMASS

Atwi, K., Mondal, A., Pant, J., Cheng, Z., El Hajj, O., [jeli, 1., Handa, H., & Saleh, R.
(2021). Physicochemical properties and cytotoxicity of brown carbon produced
under different combustion conditions. Atmospheric Environment, 244, 117881.

https://doi.org/https://doi.org/10.1016/j.atmosenv.2020.117881

Banerjee, S., & Mazumdar, S. (2012). Electrospray lonization Mass Spectrometry: A
Technique to Access the Information beyond the Molecular Weight of the
Analyte. International Journal of Analytical Chemistry, 2012, 282574.

https://doi.org/10.1155/2012/282574

Chen, D., Gao, A., Ma, Z., Fei, D., Chang, Y., & Shen, C. (2018). In-depth study of rice
husk torrefaction: Characterization of solid, liquid and gaseous products, oxygen

migration and energy yield. Bioresource Technology, 253, 148-153.

https://doi.org/https://doi.org/10.1016/j.biortech.2018.01.009

Chen, R., Hu, B,, Liu, Y., Xu, J., Yang, G., Xu, D., & Chen, C. (2016). Beyond PM2.5:
The role of ultrafine particles on adverse health effects of air pollution.
Biochimica et Biophysica Acta (BBA) - General Subjects, 1860(12), 2844-2855.

https://doi.org/https://doi.org/10.1016/i.bbagen.2016.03.019

28



Chen, W.-H., Du, S.-W., Tsai, C.-H., & Wang, Z.-Y. (2012). Torrefied biomasses in a
drop tube furnace to evaluate their utility in blast furnaces. Bioresource
Technology, 111,433-438.

https://doi.org/https://doi.org/10.1016/i.biortech.2012.01.163

Chen, Y., & Bond, T. C. (2010). Light absorption by organic carbon from wood

combustion. Atmos. Chem. Phys., 10(4), 1773-1787. https://doi.org/10.5194/acp-

10-1773-2010
Cheng, Z., Atwi, K., Hajj, O. E., [jeli, 1, Fischer, D. A., Smith, G., & Saleh, R. (2021).
Discrepancies between brown carbon light-absorption properties retrieved from

online and offline measurements. Aerosol Science and Technology, 55(1), 92-103.

https://doi.org/10.1080/02786826.2020.1820940

Cheng, Z., Atwi, K., Onyima, T., & Saleh, R. (2019). Investigating the dependence of
light-absorption properties of combustion carbonaceous aerosols on combustion
conditions. Aerosol Science and Technology, 53(4), 419-434.

https://doi.org/10.1080/02786826.2019.1566593

Chew, J. J., & Doshi, V. (2011). Recent advances in biomass pretreatment — Torrefaction
fundamentals and technology. Renewable and Sustainable Energy Reviews, 15(8),

4212-4222. https://doi.org/https://doi.org/10.1016/j.rser.2011.09.017

Collins Ndibe, J. M., Giinter Scheffknecht. (2015). Combustion, cofiring and emissions
characteristics of torrefied biomass in a drop tube reactor. Biomass and
Bioenergy, 79.

(https://www.sciencedirect.com/science/article/pii/S0961953415001877

29



Commission, E. (2020). Communication from the Commission to the European
Parliament, the Council, the European Economic and Social Committee and the
Committee of the Regions (Investing in a climate-neutral future for the benefit of
our people, Issue.

D.A. Lack, C. D. C. (2010). Impact of brown and clear carbon on light absorption
enhancement, single scatter albedo and absorption wavelength dependence of
black carbon. Atmospheric Chemistry and Physics, 10.

Dai, Q., Bi, X., Song, W., Li, T., Liu, B., Ding, J., Xu, J., Song, C., Yang, N., Schulze, B.
C., Zhang, Y., Feng, Y., & Hopke, P. K. (2019). Residential coal combustion as a
source of primary sulfate in Xi'an, China. Atmospheric Environment, 196, 66-76.

https://doi.org/https://doi.org/10.1016/j.atmosenv.2018.10.002

de Koning, H. W., Smith, K. R., & Last, J. M. (1985). Biomass fuel combustion and
health. Bulletin of the World Health Organization, 63(1), 11-26.

https://pubmed.ncbi.nlm.nih.gov/3872729

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2536350/

Demirbas, A. (2003). Sustainable cofiring of biomass with coal. Energy Conversion and

Management, 44(9), 1465-1479. https://doi.org/https://doi.org/10.1016/S0196-

8904(02)00144-9

Edmund Henrich, N. D., Eckhard Dinjus, Jorg Sauer. (2015). The Role of Biomass in a
Future World without Fossil Fuels. Chemie Ingenieur Technik, 87(12).

Fischer, D. A., & Smith, G. D. (2018). A portable, four-wavelength, single-cell
photoacoustic spectrometer for ambient aerosol absorption. Aerosol Science and

Technology, 52(4), 393-406. https://doi.org/10.1080/02786826.2017.1413231

30



Fisher, E. M., Dupont, C., Darvell, L. I., Commandr¢, J. M., Saddawi, A., Jones, J. M.,
Grateau, M., Nocquet, T., & Salvador, S. (2012). Combustion and gasification
characteristics of chars from raw and torrefied biomass. Bioresource Technology,

119, 157-165. https://doi.org/https://doi.org/10.1016/j.biortech.2012.05.109

Gao, X., & Wu, H. (2011). Combustion of Volatiles Produced in Situ from the Fast
Pyrolysis of Woody Biomass: Direct Evidence on Its Substantial Contribution to
Submicrometer Particle (PM1) Emission. Energy & Fuels, 25(9), 4172-4181.

https://doi.org/10.1021/ef2008216

Hannah Ritchie, M. R. (2020). Energy Production and Consumption. Our World in Data.

Retrieved 22 February 2022 from https://ourworldindata.org/energy-production-

consumption#citation

Haolin Sun, L. B., Tami C. Bond. (2007). Color of brown carbon: A model for ultraviolet
and visible light absorption by organic carbon aerosol. Geophysical Research
Letters, 34.

Huangfu, Y., Li, H., Chen, X., Xue, C., Chen, C., & Liu, G. (2014). Effects of moisture
content in fuel on thermal performance and emission of biomass semi-gasified
cookstove. Energy for Sustainable Development, 21, 60-65.

https://doi.org/https://doi.org/10.1016/i.esd.2014.05.007

ITham, Z. (2022). Chapter 3 - Biomass classification and characterization for conversion

to biofuels. In S. Yusup & N. A. Rashidi (Eds.), Value-Chain of Biofuels (pp. 69-

87). Elsevier. https://doi.org/https://doi.org/10.1016/B978-0-12-824388-6.00014-

2

31



Islam, M. M., Neyestani, S. E., Saleh, R., & Grieshop, A. P. (2022). Quantifying brown
carbon light absorption in real-world biofuel combustion emissions. Aerosol

Science and Technology, 1-22. https://doi.org/10.1080/02786826.2022.2051425

J. Kelz, T. B., I. Obernberger, P. Jalava, M.-R. Hirvonen. (2010). PM Emissions from
Old and Modern Biomass Combustion Systems and Their Health Effects.

Proceedings of the 18th European Biomass Conferene. https://www.best-

research.eu/files/publications/pdf/Brunner-2010-Lyon-PM-Healtheffects.pdf

Joo, H. S., Batmunkh, T., Borlaza, L. J. S., Park, M., Lee, K. Y., Lee, J. Y., Chang, Y.
W., & Park, K. (2018). Physicochemical properties and oxidative potential of fine

particles produced from coal combustion. Aerosol Science and Technology,

52(10), 1134-1144. https://doi.org/10.1080/02786826.2018.1501152

Jun Li, E. B., Weihong Yang, Leonardo Tognotti, Wlodzimierz Blasiak. (2013). Flame
characteristics of pulverized torrefied-biomass combusted with high-temperature
air. Combustion and Flame, 160(11), 2585-2594.

Kim, I., Lee, K., Lee, S., & Kim, S. D. (2019). Characteristics and health effects of
PM2.5 emissions from various sources in Gwangju, South Korea. Science of The
Total Environment, 696, 133890.

https://doi.org/https://doi.org/10.1016/j.scitotenv.2019.133890

Kim, K.-H., Kabir, E., & Kabir, S. (2015). A review on the human health impact of
airborne particulate matter. Environment International, 74, 136-143.

https://doi.org/https://doi.org/10.1016/j.envint.2014.10.005

32



Korus, A., & Szlek, A. (2015). The effect of biomass moisture content on the IGCC
efficiency. Biomass and Bioenergy, 80, 222-228.

https://doi.org/https://doi.org/10.1016/j.biombioe.2015.05.014

L. Van De Steene, S. S., G. Charnay. (1999). Controlling Powdered Fuel Combustion at
Low Temperature in a New Entrained Flow Reactor. Combustion Science and
Technology, 159(1), 255-279.

L.W.M. Beurskens, M. H. (2011). Renewable Energy Projections as Published in the
National Renewable Energy Action Plans of the European Member States.

Li, C.,Hu, Y., Chen, J., Ma, Z., Ye, X., Yang, X., Wang, L., Wang, X., & Mellouki, A.
(2016). Physiochemical properties of carbonaceous aerosol from agricultural
residue burning: Density, volatility, and hygroscopicity. Atmospheric
Environment, 140, 94-105.

https://doi.org/https://doi.org/10.1016/j.atmosenv.2016.05.052

Li, Q., Li, X., Jiang, J., Duan, L., Ge, S., Zhang, Q., Deng, J., Wang, S., & Hao, J. (2016).
Semi-coke briquettes: towards reducing emissions of primary PM2.5, particulate
carbon and carbon monoxide from household coal combustion in China. Scientific

Reports, 6(1), 19306. https://doi.org/10.1038/srep19306

Li, Z., Wang, Y., Lu, Y., & Biswas, P. (2019). Investigation of aerosol and gas emissions
from a coal-fired power plant under various operating conditions. Journal of the
Air & Waste Management Association, 69(1), 34-46.

https://doi.org/10.1080/10962247.2018.1503981

Lin, Y., Wang, S., Sha, Y., & Yang, K. (2020). Organic geochemical characteristics of

bark coal in Changguang area: evidence from aromatic hydrocarbons.

33



International Journal of Coal Science & Technology, 7(2), 288-298.

https://doi.org/10.1007/s40789-020-00333-0

M.V. Gil, R. G., C. Pevida, F. Rubiera. (2015). Grindability and combustion behavior of
coal and torrefied biomass blends. Bioresource Technology, 191, 205-212.

Ma, L., Li, M., Zhang, H., Li, L., Huang, Z., Gao, W., Chen, D., Fu, Z., Nian, H., Zou,
L., Gao, J., Chai, F., & Zhou, Z. (2016). Comparative analysis of chemical
composition and sources of aerosol particles in urban Beijing during clear, hazy,
and dusty days using single particle aerosol mass spectrometry. Journal of
Cleaner Production, 112, 1319-1329.

https://doi.org/https://doi.org/10.1016/j.jclepro.2015.04.054

Manouchehrinejad, M., & Mani, S. (2018). Torrefaction after pelletization (TAP):
Analysis of torrefied pellet quality and co-products. Biomass and Bioenergy, 118,

93-104. https://doi.org/https://doi.org/10.1016/j.biombioe.2018.08.015

Matsuoka, K., Ma, Z.-x., Akiho, H., Zhang, Z.-g., Tomita, A., Fletcher, T. H.,
Wojtowicz, M. A., & Niksa, S. (2003). High-Pressure Coal Pyrolysis in a Drop
Tube Furnace. Energy & Fuels, 17(4), 984-990.

https://doi.org/10.1021/ef020298+

Maxwell, D., Gudka, B. A., Jones, J. M., & Williams, A. (2020). Emissions from the
combustion of torrefied and raw biomass fuels in a domestic heating stove. Fuel
Processing Technology, 199, 106266.

https://doi.org/https://doi.org/10.1016/1.fuproc.2019.106266

34



McKendry, P. (2002). Energy production from biomass (part 1): overview of biomass.

Bioresource Technology, 83(1), 37-46.

https://doi.org/https://doi.org/10.1016/S0960-8524(01)00118-3

Michael R. Olson, M. V. G., Michael A. Robinson, Paul Van Rooy, Mark A.
Dietenberger, Michael Bergin, James Jay Schauer. (2015). Investigation of black
and brown carbon multiple-wavelength-dependent light absorption from biomass
and fossil fuel combustion source emissions. Journal of Geographical Research -

Atmospheres, 16. https://doi.org/https://doi.org/10.1002/2014JD022970

Mingjie Xie, G. S., Amara L. Holder, Michael D. Hays, James J. Jetter. (2018). Light
absorption of organic carbon emitted from burning wood, charcoal, and kerosene
in household cookstoves. Environmental Pollution, 240, 60-67.

Mitchell, E. J. S., Lea-Langton, A. R., Jones, J. M., Williams, A., Layden, P., & Johnson,
R. (2016). The impact of fuel properties on the emissions from the combustion of

biomass and other solid fuels in a fixed bed domestic stove. Fuel Processing

Technology, 142, 115-123.

https://doi.org/https://doi.org/10.1016/i.fuproc.2015.09.031

Molinder, R., & Wiinikka, H. (2015). Feeding small biomass particles at low rates.

Powder Technology, 269, 240-246.

https://doi.org/https://doi.org/10.1016/j.powtec.2014.09.010

Munir, S., Daood, S. S., Nimmo, W., Cunliffe, A. M., & Gibbs, B. M. (2009). Thermal
analysis and devolatilization kinetics of cotton stalk, sugar cane bagasse and shea
meal under nitrogen and air atmospheres. Bioresource Technology, 100(3), 1413-

1418. https://doi.org/https://doi.org/10.1016/i.biortech.2008.07.065

35



Munir, S., Nimmo, W., & Gibbs, B. M. (2010). Shea meal and cotton stalk as potential
fuels for co-combustion with coal. Bioresource Technology, 101(19), 7614-7623.

https://doi.org/https://doi.org/10.1016/i.biortech.2010.04.055

Myhre, G., D. Shindell, F.-M. Bréon, W. Collins, J. Fuglestvedt, J. Huang, D. Koch, J.-F.
Lamarque, D. Lee, B. Mendoza, T. Nakajima, A. Robock, G. Stephens, T.
Takemura and H. Zhang,. (2013). 2013: Anthropogenic and Natural Radiative
Forcing. In T. F. Stocker, D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J.
Boschung, A. Nauels, Y. Xia, V. Bex and P.M. Midgley (Ed.), Climate Change
2013: The Physical Science Basis. Contribution of Working Group I to the Fifth
Assessment Report of the Intergovernmental Panel on Climate Change.
Cambridge University Press.

Ni, H., Huang, R.-J., Pieber, S. M., Corbin, J. C.,Stefenelli, G., Pospisilova, V., Klein, F.,
Gysel-Beer, M., Yang, L., Baltensperger, U., Haddad, I. E., Slowik, J. G., Cao, J.,
Prévét, A. S., Dusek, U. . (2021). Brown Carbon in Primary and Aged Coal
Combustion Emission. Environmental Science and Technology, 55(9), 5701-

5710. https://pubs.acs.org/doi/10.1021/acs.est.0c08084

Nicholas J. Spada, N. P. H. (2018). Comparison of elemental and organic carbon
measurements between IMPROVE and CSN before and after method transitions.
Atmospheric Environment, 178, 173-180.

https://www.sciencedirect.com/science/article/pii/S1352231018300578

Park, S. S., & Yu, J. (2016). Chemical and light absorption properties of humic-like

substances from biomass burning emissions under controlled combustion

36



experiments. Atmospheric Environment, 136, 114-122.

https://doi.org/https://doi.org/10.1016/j.atmosenv.2016.04.022

Peng, H., Wang, Y., Wang, Y., Chen, Y., Li, D., & Xue, H. (2022). Characteristics of
emission and light-absorption of size-segregated carbonaceous aerosol emitted
from four types of coal combustion at different combustion temperatures.
Atmospheric Pollution Research, 13(1), 101265.

https://doi.org/https://doi.org/10.1016/j.apr.2021.101265

Phanphanich, M., & Mani, S. (2011). Impact of torrefaction on the grindability and fuel
characteristics of forest biomass. Bioresource Technology, 102(2), 1246-1253.

https://doi.org/https://doi.org/10.1016/j.biortech.2010.08.028

Rawad Saleh, M. M., Jinhyok Heo, Peter J. Adams, Neil M. Donahue, Allen L.
Robinson. (2015). Contribution of brown carbon and lensing to the direct
radiative effect of carbonaceous aerosols from biomass and biofuel burning
emissions. Journal of Geographical Research - Atmospheres, 120.

Rijal, B., Gautam, S. H., & LeBel, L. (2020). The impact of forest disturbances on
residual biomass supply: A long-term forest level analysis. Journal of Cleaner
Production, 248, 119278.

https://doi.org/https://doi.org/10.1016/j.jclepro.2019.119278

Saleh, R. (2020). From Measurements to Models: Toward Accurate Representation of
Brown Carbon in Climate Calculations. Current Pollution Reports, 6.

https://doi.org/10.1007/s40726-020-00139-3

37



Saleh, R., Cheng, Z., & Atwi, K. (2018). The Brown—Black Continuum of Light-
Absorbing Combustion Aerosols. Environmental Science & Technology Letters,

5(8), 508-513. https://doi.org/10.1021/acs.estlett.8b00305

Sangcheol, K., Juyeon, Y., Jieun, P., Inho, S., Dae-Gon, K., Kwonho, J., Ho, K., &
Seung-Muk, Y. (2021). Health effects of PM2.5 constituents and source
contributions in major metropolitan cities, South Korea. Environmental Science

and Pollution Research. https://doi.org/10.21203/rs.3.rs-996785/v1

Shao, J. a., Cheng, W., Zhu, Y., Yang, W., Fan, J., Liu, H., Yang, H., & Chen, H. (2019).
Effects of Combined Torrefaction and Pelletization on Particulate Matter
Emission from Biomass Pellet Combustion. Energy & Fuels, 33(9), 8777-8785.

https://doi.org/10.1021/acs.energyfuels.9b01920

Shen, G., Xue, M., Chen, Y., Yang, C., Li, W., Shen, H., Huang, Y., Zhang, Y., Chen, H.,
Zhu, Y., Wu, H., Ding, A., & Tao, S. (2014). Comparison of carbonaceous
particulate matter emission factors among different solid fuels burned in

residential stoves. Atmospheric Environment, 89, 337-345.

https://doi.org/https://doi.org/10.1016/j.atmosenv.2014.01.033

Simodes Amaral, S., Andrade de Carvalho, J., Martins Costa, M. A., & Pinheiro, C.
(2016). Particulate Matter Emission Factors for Biomass Combustion.

Atmosphere, 7(11), 141. https://www.mdpi.com/2073-4433/7/11/141

Sujeet Yadav, S. S. M. (2019). A complete review based on various aspects of pulverized
coal combustion

. International Journal of Energy Research, 43(8), 3134-3165.

38



Sumlin, B. J., Oxford, C. R., Seo, B., Pattison, R. R., Williams, B. J., & Chakrabarty, R.
K. (2018). Density and Homogeneous Internal Composition of Primary Brown
Carbon Aerosol. Environmental Science & Technology, 52(7), 3982-3989.

https://doi.org/10.1021/acs.est.8b00093

T. C.Bond, S. J. D., D. W. Fahey, P. M. Forster, T. Berntsen, B. J. DeAngelo, M. G.
Flanner, S. Ghan, B. Kércher, D. Koch, S. Kinne, Y. Kondo, P. K. Quinn, M. C.
Sarofim, M. G. Schultz, M. Schulz, C. Venkataraman, H. Zhang, S. Zhang, N.
Bellouin, S. K. Guttikunda, P. K. Hopke, M. Z. Jacobson, J. W. Kaiser, Z.
Klimont, U. Lohmann, J. P. Schwarz, D. Shindell, T. Storelvmo, S. G. Warren, C.
S. Zender (2013). Bounding the role of black carbon in the climate system: A
scientific assessment. Journal of Geographical Research - Atmospheres, 118.

T.E. Burch, R. B. C., W. Y. Chen. (1990). A practical pulverized coal feeder for bench-
scale combustion requiring low feed rates. Review of Scientific Instruments, 62.

https://aip.scitation.org/doi/10.1063/1.1142091

Tami C. Bond, D. G. S., Kristen F. Yarber, Sibyl M. Nelson, Jung-Hun Woo, Zbigniew
Klimont. (2004). A technology-based global inventory of black and organic
carbon emissions from combustion. Journal of Geophysical Research

Atmospheres, 109(D14). https://doi.org/ https://doi.org/10.1029/2003JD003697

Toli¢, N., Liu, Y., Liyu, A., Shen, Y., Tfaily, M. M., Kujawinski, E. B., Longnecker, K.,
Kuo, L.-J., Robinson, E. W., Pasa-Toli¢, L., & Hess, N. J. (2017). Formularity:
Software for Automated Formula Assignment of Natural and Other Organic
Matter from Ultrahigh-Resolution Mass Spectra. Analytical Chemistry, 89(23),

12659-12665. https://doi.org/10.1021/acs.analchem.7b03318

39



Torvela, T., Tissari, J., Sippula, O., Kaivosoja, T., Leskinen, J., Virén, A., Ldhde, A., &
Jokiniemi, J. (2014). Effect of wood combustion conditions on the morphology of

freshly emitted fine particles. Atmospheric Environment, 87, 65-76.

https://doi.org/https://doi.org/10.1016/j.atmosenv.2014.01.028

van der Stelt, M. J. C., Gerhauser, H., Kiel, J. H. A., & Ptasinski, K. J. (2011). Biomass
upgrading by torrefaction for the production of biofuels: A review. Biomass and
Bioenergy, 35(9), 3748-3762.

https://doi.org/https://doi.org/10.1016/i.biombioe.2011.06.023

Vasireddy, S., Morreale, B., Cugini, A., Song, C., & Spivey, J. J. (2011). Clean liquid
fuels from direct coal liquefaction: chemistry, catalysis, technological status and
challenges [10.1039/COEE00097C]. Energy & Environmental Science, 4(2), 311-

345. https://doi.org/10.1039/COEE00097C

Wang, X. W, B. J.; Wang, X.; Tang, Y.; Huang, Y.; Kong, L.; Yang, X.; Biswas, P. .
(2013). Characterization of Organic Aerosol Produced during Pulverized Coal
Combustion in a Drop Tube Furnace. Atmospheric Chemistry and Physics,
13(21).

Yazdani, A., Dudani, N., Takahama, S., Bertrand, A., Prévot, A. S. H., El Haddad, 1., &
Dillner, A. M. (2021). Characterization of primary and aged wood burning and
coal combustion organic aerosols in an environmental chamber and its
implications for atmospheric aerosols. Atmos. Chem. Phys., 21(13), 10273-10293.

https://doi.org/10.5194/acp-21-10273-2021

Yinxiao Zhang, Q. Y., Dao Huang, Shaofei Kong, Jian Zhang, Xinfeng Wang, Chunying

Lu, Zongbo Shi, Xiaoye Zhang, Yele Sun, Zifa Wang, Longyi Shao, Jihao Zhu,

40



Weijun Li. (2018). Direct Observations of Fine Primary Particles From
Residential Coal Burning: Insights Into Their Morphology, Composition, and
Hygroscopicity. Journal of Geographical Research - Atmospheres, 123(22),

12964-12979. https://doi.org/https://doi.org/10.1029/2018JD028988

Yu, Z., Cheng, Z., Magoon, G. R., Hajj, O. E., & Saleh, R. (2021). Characterization of
light-absorbing aerosols from a laboratory combustion source with two different
photoacoustic techniques. Aerosol Science and Technology, 55(4), 387-397.

https://doi.org/10.1080/02786826.2020.1849537

Yue, Y., Singh, H., Singh, B., & Mani, S. (2017). Torrefaction of sorghum biomass to
improve fuel properties. Bioresource Technology, 232, 372-379.

https://doi.org/https://doi.org/10.1016/j.biortech.2017.02.060

Yuntenwi, E. A. T., MacCarty, N., Still, D., & Ertel, J. (2008). Laboratory study of the
effects of moisture content on heat transfer and combustion efficiency of three
biomass cook stoves. Energy for Sustainable Development, 12(2), 66-77.

https://doi.org/https://doi.org/10.1016/S0973-0826(08)60430-5

Zhang, J., Smith, K. R., Ma, Y., Ye, S., Jiang, F., Qi, W., Liu, P., Khalil, M. A. K.,
Rasmussen, R. A., & Thorneloe, S. A. (2000). Greenhouse gases and other
airborne pollutants from household stoves in China: a database for emission
factors. Atmospheric Environment, 34(26), 4537-4549.

https://doi.org/https://doi.org/10.1016/S1352-2310(99)00450-1

Zhang, Y., Schauer, J. J., Zhang, Y., Zeng, L., Wei, Y., Liu, Y., & Shao, M. (2008).

Characteristics of Particulate Carbon Emissions from Real-World Chinese Coal

41



Combustion. Environmental Science & Technology, 42(14), 5068-5073.

https://doi.org/10.1021/es7022576

42



