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Abstract: This paper investigates the combustion characteristics and pollutant emission patterns of
the mixed combustion of lignite (L) and torrefied pine wood (TPW) under different blending ratios.
Isothermal combustion experiments were conducted in a fixed bed reaction system at 800 °C, and
pollutant emission concentrations were measured using a flue gas analyzer. Using scanning electron
microscopy (SEM) and BET (nitrogen adsorption) experiments, it was found that torrefied pine wood
(TPW) has a larger specific surface area and a more developed pore structure, which can facilitate
more complete combustion of the sample. The results of the non-isothermal thermogravimetric
analysis show that with the TPW blending ratio increase, the entire combustion process advances,
and the ignition temperature, maximum peak temperature, and burnout temperature all show a
decreasing trend. The kinetic equations of the combustion reaction process of mixed gas were
calculated by Flynn-Wall-Ozawa (FWO) and Kissinger—Akahira-Sunose (KAS) kinetic equations.
The results show that the blending of TPW reduces the activation energy of the combustion reaction
of the mixed fuel. When the TPW blending ratio is 80%, the activation energy values of the mixed
fuel are the lowest at 111.32 k] /mol and 104.87 k] /mol. The abundant alkali metal ions and porous
structure in TPW reduce the conversion rates of N and S elements in the fuel to NO and SO,, thus
reducing the pollutant emissions from the mixed fuel.

Keywords: co-combustion; combustion characteristic parameters; kinetic analysis; pollutant emission

1. Introduction

In recent years, the development of industries such as chemical engineering and elec-
tricity has led to a continuous increase in fossil fuel consumption, resulting in a rising
demand for coal [1]. As a non-renewable resource, the total amount of coal is gradually
decreasing. China’s reserves of brown coal, accounting for 40% of total coal reserves, are
relatively abundant. However, brown coal itself contains rich active oxygen-containing
functional groups, and its moisture content is very high, with a large proportion of ash
content, leading to poor combustion performance [2]. Biomass energy is considered the
fourth largest energy source, following coal, oil, and natural gas. China possesses abundant
biomass energy resources, equivalent to approximately 460 million tons of standard coal.
However, the current utilization capacity is less than 60 million tons, accounting for only
13% of the total reserves. Improper handling of biomass energy can pose significant threats
to the environment [3]. The low energy density, low calorific value, high moisture content,
and poor grindability of biomass limit its direct utilization as an energy source [4-6]. In
order to enhance the characteristics of raw biomass materials, pre-treatment by torrefying
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biomass at 200-300 °C is conducted to remove volatile components and moisture, thereby
increasing the fixed carbon content and calorific value. This process also improves its hy-
drophilicity and grindability to a certain extent [7,8]. Additionally, the more developed pore
structure in torrefied biomass facilitates heat transfer and the transport of oxidants [9,10].
The research findings indicate that torrefied biomass combustion exhibits good thermal
stability and high calorific value, reducing the risk of spontaneous combustion, and de-
creasing the emissions of pollutants such as SOx and NOx. Therefore, direct combustion
of biomass holds significant potential for the future [11,12]. The characteristics of biomass
fuel after torrefying are very similar to those of lignite [13,14]. Blending biomass with
lignite can improve the combustion performance of lignite and stabilize the combustion
process [15,16].

Some scholars [17-22] have conducted experiments on the co-combustion of biomass
and coal. The results show that blending biomass below 20% helps to enhance combustion
reactivity, and the emission of pollutants (SOx and NOy) decreases after co-combustion.
The main reason is that the blending of biomass reduces the ignition temperature of coal,
advancing the combustion process. A large number of alkali metal ions catalyze the com-
bustion process, and biomass volatiles containing a large number of free radicals (CH;,
NH;, H) promote the reduction reaction of NOx. Zhang et al. [23] conducted co-combustion
experiments using pretreated miscanthus and lignite. The study found that blending mis-
canthus reduced the ignition temperature and burnout temperature during combustion,
as well as the emission of pollutants while increasing the combustion rate. Guo et al. [18]
conducted co-combustion experiments using biomass pellets with bituminous coal and
lignite. The study found that the combustion process consisted of three stages: combus-
tion of volatile matter in biomass, combustion of biochar, and combustion of coal. The
blending of biomass primarily improved the third stage of combustion, and with an in-
creasing blending ratio, the maximum combustion rate and combustion index increased,
indicating that the addition of biomass improved the combustion performance of coal.
Xiao et al. [24] conducted co-combustion experiments using hemicellulose, cellulose, and
lignin with lignite separately. The research results indicate that free radicals in the volatile
fractions of hemicellulose and cellulose react with the free radicals in lignite, promoting the
decomposition of lignite. However, there are still certain knowledge gaps regarding the
co-combustion characteristics of torrefied biomass and lignite. Therefore, it is imperative to
fully understand the interactions between biomass char and coal-based fuels to enhance
the combustion performance of mixed fuels and reduce pollutant emissions.

The purpose of this study is to investigate the combustion characteristics of torrefied
pine wood (TPW) and lignite (L) during co-combustion, as well as the release characteristics
of NOy and SOy, to gain deeper insights into the interaction between torrefied biomass and
lignite during co-combustion. The findings of this research can provide theoretical data
for the separate combustion of biochar as well as its co-combustion with lignite, which is
of significant importance for the clean and efficient utilization of agricultural solid waste
and coal.

2. Experimental
2.1. Sample Preparation

The biomass material selected for this study was pine wood. The preparation process
of torrefied pine wood (TPW) involved heating at 280 °C under a simulated flue gas
atmosphere (6% O; + 10% CO; + 10% HpO + 74% Ar) for 30 min. The coal sample used was
lignite (L) sourced from Inner Mongolia Autonomous Region. Prior to experimentation,
both TPW and L samples were dried at 60 °C for 24 h to ensure thorough dehydration.
Subsequently, they underwent a series of pretreatments, including grinding and sieving
to prepare samples with particle sizes ranging between 90 and 125 um. TPW and L were
mixed in mass ratios of 0/1,2/8,4/6,6/4,8/2,and 1/0 to form blended samples, denoted
as 0% TPW, 20% TPW, 40% TPW, 60% TPW, 80% TPW, and 100% TPW, respectively.
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2.2. TG Analysis

Using a thermogravimetric analyzer (SDT Q600, TA Instruments, New Castle, DE,
USA), the thermal decomposition behaviors of TPW and L were investigated. A sample
of 10 mg was placed in an alumina crucible for mass loss testing. Under atmospheric air
conditions, the sample was heated at a rate of 10 °C/min within a temperature range of 30
to 800 °C, with a gas flow rate of 100 mL/min. According to the national standard (GB/T
33304-2016), the ignition and burnout temperatures (T; and T},) were determined using the
tangent method [25]. T, was the temperature corresponding to the maximum mass loss
rate, and the comprehensive combustion index (S) was calculated as follows:

DTGmax X DTGmean

S =
T, x T?

)

where DTGmax denotes the maximum mass loss rate of the sample; and DTGean denotes
the mean mass loss rate of the sample.

2.3. Fixed-Bed Combustion Experiment System and Conditions

To investigate the emission characteristics of pollutants, experiments were conducted
on the co-combustion of TPW and L using a fixed bed reaction system, as shown in Figure 1.
The fixed bed reaction system consists of a gas supply system, a horizontal reaction system,
and a gas analysis system. High-purity air was used as the experimental gas, controlled by
a mass flow controller to maintain a constant flow rate of 1.5 L/min. In each experiment,
approximately 0.3 £ 0.005 g of sample was first placed into a quartz boat and placed in
the low-temperature zone outside the furnace. The reactor was then heated at a rate of
20 °C/min to the specified reaction temperature, with the experimental gas sweeping for
300 s. Subsequently, the quartz boat containing the sample was quickly transferred into
the constant temperature reaction zone. The concentrations of NO and SO, in the flue gas
were monitored in real time using a flue gas analyzer (MCA 14 m, Hebi, China), with data
recorded at a frequency of 10 s. The combustion reaction was considered finished when
CO; emissions undetected by the flue gas analyzer were observed.
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Figure 1. Fixed bed reaction system.

After the combustion reactions of L and TPW, the total amount of NO and SO,
in the flue gas was calculated to determine the conversion rate of fuel nitrogen to NO
and SO,. Integrating the NO and SO, emission curves during the combustion process
yielded the total generation of NO and SO, in the flue gas. By combining this result with
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Equations (2) and (3), the conversion rate of NO and SO, during the combustion process of
the samples under different reaction conditions is determined.

1000My X g2z % Ji (Cno % 1076)dt
mx fN

(2)

1INO =

t
1000Ms % g2y X [ (Ci x 1076)dt
0

)

so, = mx fs

where N0 and #750p represent the values of the specific conversion ratios of the nitrogen
and sulfur-containing gaseous products, respectively (%); My and Mg are the molar mass
values of the nitrogen element and sulfur element, respectively (g/mol); Q is the volumetric
flow rate of the reaction gas (L/ min); Cno represents the volumetric fraction of NO in the
downstream gas (ppm); Csop represents the volumetric fraction of SO, in the downstream
gas (ppm); m is the mass of the sample (mg); f\y and fs are the percentage of nitrogen/sulfur
content in the sample, respectively.

2.4. Analy of Physical and Chemical Properties

The proximate analysis of the samples was conducted in accordance with the Chinese
National Standards GB/T 28731-2012 and GB/T 212-2008 [26]. The ash and volatile content
of the samples were measured using a muffle furnace, while the C, H, N, and S contents
in the samples were analyzed using an elemental analyzer (vario MACRO cube, Anhalt,
Germany). The high heating value (HHV) of the samples was determined using an oxygen
bomb calorimeter (SDC712 XRY-1A). The surface morphology of the samples was observed
using a scanning electron microscope (SEM). The specific surface area and pore structure of
the samples were measured using BET (nitrogen adsorption).

2.5. Kinetics Analysis

The chemical kinetics occurring during the combustion reaction process are referred to
as combustion reaction kinetics. Reaction kinetics is employed to assess chemical reaction
rates and their influencing factors and to rationalize experimental results with a reaction
mechanism. As the combustion reaction progresses, the combustion conversion rate of char
can be described by two functions. One is the temperature function, denoted as k(T), and
the other is the conversion function, denoted as f(X). Therefore, the conversion rate of the
combustion reaction can be calculated using Equation (4):

dX
— =k(T)f(X 4
= k(T)f(X) @
where t and T represent time and temperature, respectively. The conversion (X) of the
sample during the combustion process can be calculated by the following formula:

mo — My
my — Meo

X = (5)
where m represents the initial mass of the sample, m; represents the mass of the sample at
time t, and m represents the final mass of the sample.

The k(T) function, which reflects the relationship between temperature and reaction
rate, is described by the Arrhenius equation.

k(T) = Ae E/RT (6)

where A is the pre-exponential factor, E is the activation energy, and R is the general gas
constant (8.314 J/(mol/K)).



Molecules 2024, 29, 2728

50f 17

Since the temperature (T)can be determined by the heating rate (8) and time (t) of the
combustion reaction, Equation (4) can be rewritten as follows:

T = g ep RS0 7)

The function g(X) as the integral form of f(X) can be expressed, and Equation (7) can
be written as follows:

AE,
X) = -h
3% = SR b ®
where h(u) is the approximate solution, and u is defined as follows:
E
== )

The combustion processes of biomass and coal are highly complex and cannot be
represented by a single mechanism. In cases where the reaction mechanism functions
are uncertain, the iso-conversion method can accurately calculate the activation energy
of combustion reactions. The reaction rate in this calculation method depends solely on
the reaction temperature. Therefore, the kinetic parameters of the combustion reaction
are calculated using the Kissinger-Akahira-Sunose (KAS) and Flynn—-Wall-Ozawa (FWO)
models [26]. The calculation formula is as follows:

) B\ AE E
KAS.ln(T2>—ln[Rg<X)] ~RT (10)
AE E

The calculation of the two activation energies can be performed using linear plot
methods. In this study, 10 mg samples were chosen and subjected to TGA at different
heating rates of 10, 15, and 20 K/min to determine the kinetic parameters of each sample.

3. Results and Discussion
3.1. Physicochemical Characteristics of Samples

In order to evaluate the combustion performance, Table 1 presents the ultimate anal-
ysis, proximate analysis, and HHV of TPW and L. The C content and FC content in L
are 80.76% and 45.22%, respectively, both of which are higher than those in TPW. The
volatile content of L is similar to TPW, but the higher content of H and O elements in TPW
indicates that this sample is more prone to combustion [27]. Due to the lower C content
in TPW, its HHV is 23.16 M]/kg, but the HHV value of L is higher at 31.01 MJ/kg. The
lower HHYV suggests that less heat is released during the combustion process of the sample,
which is also a drawback of replacing traditional coal-fired power generation with bio-fuel
power generation.

Table 1. Ultimate analysis, proximate analysis, and high heating value results of the samples.

Ultimate Analysis (daf) (wt.%) Proximate Analysis (ar)(wt.%)
Samples - HHV(M]/kg)
C H (O N S FC Ash Volatile M.,
TPW 61.33 492 32.76 0.98 0.01 33.21 30.86 33.27 2.66 23.16
L 80.67 3.95 14.17 0.56 0.65 45.22 18.9 33.37 2.51 31.01

2 Determined by difference; daf. Dry-ash-free basis; ar. As receive basis.

The physical properties of the samples also affect their combustion performance [26].
The results of SEM analysis of the microstructure of the fuel are shown in Figure 2. The sur-
face of the TPW sample exhibits wrinkles, roughness, and obvious pores, which are caused
by the loss of volatiles after torrefaction treatment, a result confirmed by Zhao et al. [5]. L
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particles have a block-like structure with a smooth surface and no apparent pore structure,
showing some differences compared to TPW. To further illustrate the pore structure of
each fuel, nitrogen adsorption tests were conducted to characterize the specific surface
area, pore volume, and pore size distribution of the fuel, as shown in Table 2. The results
show that the specific surface area of TPW is 16.462 m? /g, much higher than that of L at
7.265 m?/g. The pore volume and pore size distribution of TPW are also higher than those
of L. Generally, the specific surface area and pore volume are the main factors affecting the
combustion performance of samples. A larger specific surface area increases the possibility
of interaction with oxygen and facilitates the transfer of heat during the combustion process,
thereby improving the combustion reaction rate [28].

Figure 2. The SEM image results of (a) TPW-(b) L.

Table 2. Pore parameters of the samples.

Sample Surface Areaggr (m?/g) Pore Volume (cm?/g) Pore Diametergjy (nm)
TPW 16.462 0.026 11.724
L 7.265 0.024 9.693

3.2. The Thermochemical Results of Individual Fuel

Thermogravimetric analysis is an effective method for studying the combustion char-
acteristics of fuels. Analysis of TG and DTG curves can determine the combustion char-
acteristic parameters of each solid sample [29]. The TG curves of TPW, L, and their blend
combustion at a heating rate of 10 °C/min are illustrated in Figure 3. As the combustion
temperature increases, the thermal decomposition of both fuels leads to an increase in
weight loss. The combustion process mainly consists of two stages: dehydration and char
combustion. This is different from raw pine wood, which typically undergoes a volatile
combustion stage. Due to low-temperature oxygen-deficient pretreatment, the volatile
fraction in biochar releases with lower activity, resulting in the overlap of volatile fraction
and char combustion stages. Additionally, the ash content in TPW is higher than that in
L, leading to more residue after combustion. Generally, the evolution range of the first
stage extends from 30 °C to 150 °C, attributed to the evaporation of moisture in the fuel,
while the second stage spans from 250 °C to 550 °C, representing the combustion of volatile
matter and fixed carbon.

TPW and L exhibit differences in combustion behavior. The first stage involves
dehydration, where all samples show very consistent weight change curves. However,
significant differences emerge in the second stage. The combustion range of TPW mainly
occurs between 250 and 500 °C, while L exhibits a delayed combustion phenomenon with
a range between 270 and 550 °C. TPW primarily consists of hemicellulose, cellulose, and
lignin, where lignin is relatively stable, and hemicellulose and cellulose mainly consist
of polysaccharides with low polymerization degrees, abundant oxygen-containing active
functional groups, and higher O/C atomic ratios (approximately 0.82 for hemicellulose and
0.83 for cellulose). This results in strong combustion reactivity, making them easy to ignite
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and burn out [27]. The organic components in L are relatively stable, mainly composed
of thermally stable polycyclic aromatic structures and long-chain macromolecules, with
higher thermal decomposition temperatures.
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Figure 3. TG (a)-DTG (b) curves of different samples.

During the stages of volatile release and char combustion, TPW and L exhibit distinct
combustion behaviors. The maximum peak of TPW is slightly lower than that of L, but the
corresponding temperature, Tr, is lower in TPW. This is primarily because this peak mainly
results from the combustion of volatile and fixed carbon. While the volatile content in TPW
is similar to L, the fixed carbon content is slightly lower in TPW. Hence, the peak is slightly
lower in TPW compared to L. However, TPW contains abundant oxygen-containing active
functional groups, and the catalytic effect of alkali metal ions such as Na and K promotes
the combustion reaction, leading to the lower Tp,.

3.3. Combustion Characteristics of Fuel Blends

To investigate the role of TPW in the co-combustion process, the combustion processes
of different proportion mixtures of fuels were studied. Figure 3 shows the combustion
reaction curve of the mixed samples at a heating rate of 10 °C/min. Figure 4 presents the
characteristic parameters of the combustion reactions of the six samples. The combustion
curve of the mixture falls between the combustion curves of TPW and L. As the proportion
of TPW in the mixture increases, the combustion curve of the mixed gas gradually shifts
toward the low-temperature zone. Due to the slightly higher ash content of TPW than L,
the residual substances after combustion gradually increase, indicating a close correlation
between the combustion of the mixed gas and that of individual samples [30].

All combustion curves exhibit double peaks, with the range of 30-100 °C representing
the dehydration stage and 250-550 °C representing the combustion stages of volatile matter
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and fixed carbon. As the mixing ratio of L increases, the DTG peak shifts toward the
high-temperature region. From Figure 4c, it can also be observed that the T, of TPW
combustion is 421.69 °C, while that of L combustion is higher at 483.33 °C. The Ty, of the
combustion for mixed samples falls between the two, indicating that the combustion of
mixed samples is influenced by both TPW and L. With the decrease in the biomass mixing
ratio, the peak value of the second stage of combustion shows a trend of initially decreasing
and then increasing. This is mainly due to the different temperature zones where the
main components of TPW and L undergo chemical reactions, resulting in a broader peak
width and a corresponding decrease in peak value for the combustion of mixed fuels. The
blending of TPW accelerates the combustion of volatile and fixed carbon in L, promoting
an early combustion process, which is consistent with previous research results [31].

(a)
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g 360.70
=
350 349.00 34710
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) ‘lll__
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Figure 4. Cont.
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Figure 4. Combustion characteristic parameters for each sample; (a—d) the ignition temperature,
burnout temperature, maximum weight loss temperature, and comprehensive combustion index of
each sample.

Figure 4 reveals that with the increase in TPW mixing ratio, the ignition temperature
and burnout temperature of the mixed fuel decrease sequentially, and the temperature cor-
responding to the maximum combustion rate also shows a corresponding trend. Compared
to pure L, when the TPW mixing ratio is 0.8, Ti decreases by 56.70, T}, decreases by 17.88,
and T, decreases by 250.72. The decrease in T; is mainly due to the lower T; of the fiber
components in TPW, which start burning and release heat at lower temperatures, raising
the temperature of the mixture and promoting the release and combustion of volatile matter
in L, thereby advancing the combustion process. Thus, the content of TPW plays a domi-
nant role in promoting the combustion process. However, lignite mainly consists of large
molecules and aromatic structures, possesses strong thermal stability, and contains only
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a small amount of alkali and alkaline earth metals (AAEMs) compared to TPW, resulting
in poorer combustion reactivity compared to TPW and leading to higher ignition and
burnout temperatures. This indicates that the addition of TPW can promote the combustion
performance of L and also illustrates the complexity of co-combustion reactions between
TPW and L. However, the changes in Tj, Ty, and T, are not linear, suggesting the possible
presence of synergistic effects in the combustion reaction process between TPW and L [26].
This is consistent with the research results of Wang and Xiao et al. [19,24].

To evaluate the entire combustion process, we calculated the comprehensive com-
bustion index. The results show that the comprehensive combustion index of both L and
mixed fuels is very close, ranging from 1.306 to 1.405. However, the S value for TPW
combustion alone is significantly higher, reaching 2.157. This is mainly due to the addition
of L, which increases the ignition temperature and burnout temperature. The trend of the
comprehensive combustion index is consistent with that of Tj, TPW, and Tp,. As the TPW
mixing ratio increases, the comprehensive combustion index gradually decreases, which is
consistent with previous research results [18,32].

3.4. Synergistic Effects of Co-Combustion Reaction

In this study, the blending of TPW significantly improved the combustion performance
of L, promoting earlier ignition and burnout, indicating a clear interaction between the
two fuels. To verify the interaction between TPW and L during the combustion process, a
synergistic factor (SF) was quantified using the peak temperature and burnout temperature
in the reaction zone, as well as the required time. When SF > 1.15, the mixture exhibited a
significant synergistic effect; when 0.8 < SF < 1.15, the synergistic effect was not significant,
and when SF < 0.8, it indicated a deterioration in the combustion performance of the
mixture. The formula for the synergistic effect parameter is as follows [33]:

SIblend
SF = 2 blend (12
Slcoal )

The synergistic index (SI) can be calculated using the following formula:

= x10° (13)
12 Ty Ton

The values of SF under various mixing ratios are shown in Figure 5. It can be observed
that the synergistic coefficient increases with the increase in the blending ratio. When the
biomass blending ratio is 0.2, the minimum SF is 1.07, indicating less apparent interaction.
This is mainly because the relatively small proportion of TPW lacks sufficient alkali metal
elements—such as K, Ca, and Mg—to catalyze the combustion process. However, as
the blending ratio increases, better interactions are demonstrated. When the biomass
blending ratio is 0.4, the SF increases to 1.19, reaching 1.22 at a blending ratio of 0.6. The
catalytic effect is most pronounced at the maximum TPW blending ratio, exhibiting the best
synergistic effect with SF reaching 1.27. Of course, the reason for the synergistic effect is not
only due to the catalysis of oxidation reactions by abundant AAEMs in biochar. The main
components of TPW are highly active semi-cellulose and cellulose, which readily undergo
exothermic oxidation reactions, compensating for the energy required for the oxidative
combustion of L during the combustion process, thus achieving the early combustion of
L. Moreover, TPW has a very low moisture content and abundant pore structure, which
accelerates the combination of oxidants with active sites on the particle surface. This
reduces the diffusion resistance required for oxidative molecule adsorption and desorption,
thereby improving the combustion performance of the mixed fuel [18,34].
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Figure 5. The SF of samples with different mixing ratios.

3.5. Kinetics Analysis

In order to analyze the kinetic performance of TPW and L co-combustion, the combustion
activation energies of six samples were calculated using the FWO and KAS methods at three
different heating rates (10, 15, and 20 °C/min). The activation energy results are summarized
in Figure 6. Both types of activation energy exhibit the same trend, where the activation
energy is the highest for L combustion alone and the lowest for TPW combustion alone,
decreasing sequentially with an increase in the TPW mixing ratio. Using the FWO method, the
average combustion activation energies for the six samples are 125.35 kJ/mol, 121.65 k] /mol,
119.85 kJ /mol, 115.25 kJ /mol, 111.32 kJ /mol, and 109.18 kJ /mol, respectively. In the calcula-
tion process using the KAS method, the average combustion activation energies for the six
samples are 115.83 kJ /mol, 113.82 kJ/mol, 110.13 k] /mol, 108.65 kJ /mol, 104.87 k] /mol, and
103.62 k] /mol, respectively. The calculated activation energy results indicate that blending
TPW with L favors the combustion of L, mainly due to the smaller O/C and H/C ratios in
L, which results in fewer C-H and C-O bonds and more C-C bonds. Breaking C-C bonds
requires more energy than breaking C-H and C-O bonds. The lower activation energy of
the samples indicates that they can reach the energy required for chemical reactions at lower
temperatures, consistent with the results mentioned earlier, namely, the addition of TPW shifts
the thermogravimetric curves of the mixed samples toward lower temperatures [34].
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Figure 6. Calculation of activation energies for different samples.
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3.6. NO Emission Character

Combustion experiments were conducted using a fixed bed reaction system to evaluate
the NO emissions during the combustion processes of TPW, L, and their mixtures. The
calculation of the conversion rate of N to NO in the fuel indicates the interaction between
TPW and L in co-combustion. Experimental results demonstrate that blending different
proportions significantly impacts the NO emissions of the mixed fuel.

The concentration variation curve of NO in the mixed fuel over time is depicted in
Figure 7a. Due to the higher reactivity and faster reaction rate of TPW, the NO emission
peak exhibits a single-peak pattern with TPW having the largest peak. In contrast, the
emission curves of NO for L and their blends exhibit a double-peak pattern. The first
peak is attributed to the combustion of volatiles generating NO, and its magnitude is
influenced by the blending ratio of TPW; higher blending ratios result in larger peaks.
The second peak is generated by the combustion of char, and although its magnitude
does not significantly change with a decreasing TPW blending ratio, the emission range
notably widens. This indicates that the blending of L prolongs and broadens the emission
of NO. However, these findings are consistent with previous research results [35]. When
L combusts alone, the widest peak is observed, and as the L blending ratio decreases, the
peak width gradually narrows. This indicates that the blending of TPW promotes the early
release of NO. Furthermore, the significant oxygen consumption during the early stages
of TPW combustion leads to a rapid transition of the combustion atmosphere to oxygen-
deficient conditions, generating new reducing volatile NHj3. This may undergo significant
gas-gas reactions with L during co-combustion, thereby promoting the reduction of NO.
On the other hand, the reducing atmosphere supports the formation of biochar, facilitating
the adsorption and heterogeneous reduction of NO generated during L combustion.

To better illustrate the interaction between TPW and L co-combustion on NO emis-
sions, the conversion rate of fuel N to NO during the combustion process was measured
at different blending ratios, as summarized in Figure 7b. The results indicate that the
conversion rate of N to NO during L combustion alone is the highest at 40.12%. As TPW
blending increases, the conversion rate gradually decreases, ranging from 31.25% to 17.76%
for mixed fuels, with the lowest conversion rate of 12.31% during TPW combustion alone.
The conversion rate of fuel nitrogen to NO mainly depends on the rates of NO generation
and decomposition, which are significantly correlated with the blending ratio. The main
factor affecting NO release is the reduction reaction of NO. The strength of this reduction
reaction directly affects the release of NO during the combustion process. The main nitro-
gen precursor in TPW is N-A, which research indicates generates a significant amount of
reducing NH3 during the volatile release stage [36]. In addition to the abundant AAEMs in
TPW, which catalyze the reduction of NH3 to NO, significantly reducing the conversion
of fuel nitrogen to NO, this is the main reason for the decreased NO conversion rate after
TPW blending. Secondly, the surface of TPW particles has abundant active sites that easily
combine with O, in the reaction atmosphere to generate many oxygen-containing precur-
sors, which further decompose into CO, CO,, and new active sites with stronger reactivity
as the reaction proceeds [37]. Among them, CO, does not participate in the reduction
of NO, while the reducible gaseous product CO and the new active sites both undergo
reduction reactions with NO, releasing fuel nitrogen in the form of Ny, thereby reducing
the conversion rate of NO in the mixed fuel [38,39]. Therefore, increasing the blending ratio
of TPW can reduce the conversion rate of fuel nitrogen to NO.
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Figure 7. NO emission pattern during combustion, (a) emission curve, (b) NO conversion rate.

3.7. SOy Emission Character

The influence of the blending ratio on the concentration and emission of SO, in mixed
fuels is illustrated in Figure 8a. Since the proportion of sulfur elements in TPW is very
low, the emission of SO, is almost zero when burned alone. For all other blending ratios
of mixed fuels, the SO, emission curve shows only one peak. As the blending ratio of
TPW increases, the peak gradually decreases. The peak value for L is 309.2 ppm, while at
a ratio of 80%, it decreases to 216.1 ppm, at a ratio of 60%, it decreases to 154.8 ppm, at
a ratio of 40%, it decreases to 93.6 ppm, and at a ratio of 20%, the conversion rate is 39.2.
The highest value for TPW is 1.6 ppm. The main reason for the decrease in value is the
decrease in the proportion of sulfur elements in the mixed fuel as the blending ratio of TPW
increases. All SO, emission peaks occur at approximately 50 s and are high and narrow,
which is attributed to the preheating decomposition of organic sulfur and some pyrite in
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the volatile fraction of the mixed fuel [40]. The release of SO, is mainly concentrated in
the first 200 s, and the emission curve from 200 s to the end of combustion is relatively
flat, with concentrations all below 50 ppm. This is mainly related to the decomposition of
sulfates in the fuel [41].
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Figure 8. SO, emission pattern during combustion, (a) emission curve, (b) SO, conversion rate.

To analyze the interaction of blended combustion on SO, emissions, the conversion
rate of S to SO, was calculated, and the results are shown in Figure 8b. The results indicate
that L has the highest conversion rate, reaching 91.04%. When TPW is at a ratio of 0.2, the
conversion rate is 59.83%, at a ratio of 0.4, it is 48.19%, at a ratio of 0.6, it is 38.6%, and at
a ratio of 0.8, it is 11.67%. The conversion rate for TPW burning alone is 1.15%. It can be
clearly seen that the blending of TPW significantly reduces the conversion rate of S to SO,,
indicating a significant interaction between TPW and L, with the strength of the interaction
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gradually increasing with the blending ratio of biomass. This may be due to the rapid
combustion of volatile components in TPW, which creates a localized oxygen-deficient
atmosphere on the fuel surface, limiting the combustion rate of carbon. This allows the
carbon to maintain a relatively intact pore structure in the early stages of combustion.
AAEMs attached to the carbon skeleton can promote the absorption of SO, fixing sulfur in
the form of sulfates and sulfides. Therefore, when the blending ratio of TPW is relatively
high, it exhibits good sulfur fixation effects [42].

4. Conclusions

This study investigates the co-combustion performances of TPW and L at different
blending ratios. The results indicate that blending TPW enhances the combustion perfor-
mance of the mixed fuel. Moreover, with an increase in the blending ratio of TPW, the
combustion performance improves further, with higher comprehensive combustion indices
and lower combustion activation energy. The results of the synergistic effect analysis show
that the synergistic effect index is the highest at a blending ratio of 80%. This is primarily
due to the enhanced porous structure facilitating the transfer of oxidizing molecules and
heat and the abundant AAEMs in TPW promoting redox reactions during combustion. At
the same time, the conversion rates of N and S pollutants released also decrease accordingly.
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