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Abstract: The work determines the characteristics of the processes of thermal decomposition and
combustion when heating coal, cedar needles, and their mixtures with different fuel particle sizes.
Based on the results of thermal analysis, the following characteristics were determined: the temper-
ature at which the coke residue ignition occurs, the temperature at which the combustion process
is completed, and the combustion index. An analysis was carried out of the interaction between
the fuel mixture components on the characteristics of their combustion for compositions (50% coal
and 50% biomass) with a particle size of 100200 pm and 300400 um. The combustion kinetic
parameters of individual solid fuels and their mixtures containing 50% coal and 50% biomass are
compared. The activation energy for coal combustion was 60.3 k] mol~!, for biomass 24.6 k] mol !,
and for mixture 42.5 k] mol~!. The co-combustion of coal and biomass has a positive effect on the
main combustion characteristics of solid fuels. Fuels with particle sizes of 100-200, 200-300, and
300-400 um were studied at temperatures of 500-800 °C under heating conditions in a heated airflow.
Using a hardware-software complex for high-speed video recording of fast processes, the ignition
delay times were determined, the values of which for the considered fuels vary in the range from
0.01 to 0.20 s. Adding 50 wt% biomass with particle sizes of 100-200, 200-300, and 300400 pm to coal
reduces the ignition delay times of mixtures by 55, 41, and 27%, respectively. The results obtained
can become the basis for the conversion and design of modern power plants operating on solid fuel
mixtures to co-combust coal with biomass.

Keywords: coal; biomass; fuel mixture; co-combustion; thermogravimetric analysis; activation energy

1. Introduction

Thermal energy generation at coal-fired thermal power plants and boiler houses is
accompanied by the release of a large amount of carbon dioxide into the atmosphere,
which has a greenhouse effect. This has become a worldwide problem as coal is widely
used as the main energy fuel in different regions. A partial reduction in carbon dioxide
emissions can be achieved by switching to the combustion of fuel mixtures based on coal
and biomass for a short period of time during the development and implementation of
new low-carbon technologies for heat production [1,2]. Some scientific developments have
already passed practical testing. It was found that not only greenhouse gas emissions
into the atmosphere but also fine ash particles are reduced [3]. The use of biomass as an
additive to coal contributes to the improvement of energy, environmental, and economic
performance [4-6].
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One of the solutions to the problem of reducing the carbon footprint is associated
with the development and implementation of new low-carbon technologies for thermal
energy production by burning mixtures based on coal with renewable biomass. The use of
biomass as an additive to coal improves not only the energy and economic indicators of
heat generation but also helps to solve the problem of reducing greenhouse emissions since
biomass is classified as a carbon-neutral fuel. It is believed that when biomass is burned,
as much CO; is released as it is absorbed from the atmosphere during its formation [7-9].
Back in the early 2000s, Baxter L. [10] found that co-combustion of coal and biomass (grass
and wood waste) is a promising way to reduce greenhouse gas emissions, including carbon
dioxide. The main advantages of biomass as an energy fuel compared to solid fossil fuels
are as follows: Biomass is a waste from various industries; the biomass cost depends
only on the distance of transportation to the thermal power facility; less harmful gaseous
substances are formed when biomass is burned; biomass is a renewable energy source.
The disadvantages of biomass as an energy fuel include the following: high hydrophilic
ability, leading to rapid saturation of biomass fuel particles with moisture (for example,
during storage or transportation) and directly affecting particle adhesion; reduction in
calorific value and deterioration of combustion characteristics; variability of the geometric
shape of fine particles; high tendency to smolder and spontaneous combustion, affecting
the deterioration of combustion characteristics; relatively low reserves compared to solid
fossil fuels. An important disadvantage of using biomass as an energy supplement to
solid natural fuel is the need for its grinding. Nevertheless, considering all the above
disadvantages, biomass is one of the most promising energy resources for the production
of thermal energy [11,12].

The shift to burning solid fuel mixtures is hampered primarily by the lack of experi-
mental data and the large variability of power plants, which are radically different from
each other in combustion technology and the solid power fuels used. To obtain the nec-
essary data, the method of balance testing of existing boilers is used, but it is expensive
and time-consuming. A less expensive method is to use an experimental method on an
installation that simulates the operation of a boiler furnace. But in this case, the experi-
ment will be local in nature. The CFD modeling method (Computational Fluid Dynamics
Modeling) is also widely used when analyzing the upcoming reconstruction of a power
plant or shifting it to non-standard fuel [13,14]. This method has relatively high reliability
and has proven itself in terms of practical application. But to use it, a large amount of
initial data is required, obtained either during balance tests of the boiler or when using
experimental stands that simulate the operation of the boiler furnace [15,16]. The results of
thermal analysis (TGA) of fuels are well suited as additional characteristics of the above
methods, allowing one to expand the theoretical and experimental scientific base [17]. The
conditions and characteristics of the physical and chemical processes occurring within the
TGA differ from the conditions of solid fuel combustion in the boiler furnace. First of all,
the TGA method allows us to establish more information about the fuel itself, which is
important for conducting a comprehensive assessment of the possibility of converting a
power plant to the combustion of non-standard solid fuel. In contrast to the above methods,
the TGA method makes it possible to study thermal effects and mass changes during the
occurrence of physical and chemical processes under conditions of relatively slow fuel
heating and can determine both qualitative and quantitative changes [18].

Das et al. [19] studied the combustion characteristics of individual particles of solid
fuel mixtures based on coal and biomass and found that one of the key factors affecting the
combustion process of solid fuels is size, surface area, and fuel particle density. With an
increase in particle size, the intensity of their burnout decreases. Cong et al. [20] investigated
co-combustion and interaction between fuel particles of low-grade coal and biomass. They
concluded that an increase in the proportion of biomass in the mixture has a greater
effect on reducing the burn-up temperature than on the fuel particle ignition temperature.
Farajollahi et al. [21] made an economic assessment of the efficiency of biomass with
coal co-combustion and found that the use of biomass improves economic performance.
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However, due to the fibrous structure of biomass particles and their strength, the cost of fuel
preparation (grinding) may increase. One of the solutions to this problem can be the use of
large biomass particles (compared to coal), which will minimize the fuel preparation cost.
However, there is only limited information on the effect of particle size and composition of
solid fuel mixtures based on coal and biomass on combustion performance.

The purpose of the work is to study the effect of particle size and composition of solid
fuel mixtures based on coal and biomass on ignition and combustion characteristics, as
well as to establish the possibility of achieving a positive effect when coal is burned with
larger biomass particles (compared to coal particles). The results of the study can serve as a
theoretical basis for the development of measures for the conversion of coal-fired boilers to
the combustion of non-design fuel mixtures based on coal and biomass.

2. Experimental Investigation
2.1. Materials

The following solid fuels were selected for the study (Figure 1): Chernogorskiy coal
(Minusinsk coal basin, Russia) and woody biomass (wood processing factory, Russia) in
the form of cedar needles, which is a waste product of the wood industry. Chernogorskiy
coal is used as an energy fuel for heat generation. Cedar is a common type of softwood
from which building materials, sports equipment, and other goods are produced. In the
process of wood processing at industrial enterprises, a large amount of waste is generated
that must be disposed of, and one of the ways is to use it as an energy additive to solid
fossil fuels.

(a) (b)
Figure 1. Appearance of the solid fuels: (a) Chernogorskiy coal; (b) chopped cedar needles.

In this paper, the following solid fuels are considered: Chernogorskiy coal with a
particle size of 100-200 um (hereinafter C-1); Chernogorskiy coal with a particle size of
300400 pm (hereinafter C-2); cedar needles with a particle size of 100-200 um (hereinafter
B-1), and cedar needles with a particle size of 300-400 um (hereinafter B-2). Mixtures with
the same particle sizes (100-200 um and 300400 pum), consisting of 50% Chernogorskiy
coal and 50% cedar needles (hereinafter CB-1 and CB-2, respectively).

Grinding of solid fuels was carried out in a mill, Retsch DM200 (Retsch GmbH, Haan,
Germany). Using a screening machine from Retsch AS200 (Retsch GmbH, Haan, Germany),
fuels with a particle size of 100-200 and 300-400 pm were obtained using a set of sieves
according to ISO 3310-1:2000. Fuel mixtures CB-1 and CB-2 were obtained by mixing coal
and cedar needles.

Proximate and ultimate analysis of fuels was carried out in accordance with the
following standards: ISO 11722:1999; ISO 1171:2010; ISO 562:2010; ISO 1928:2009; and
ASTM D5373-14el. The combustion heat was determined using a calorimeter C6000 (IKA,
Staufen, Germany); carbon, hydrogen, and nitrogen content were determined using a Vario
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MACRO cube (Elementar Analysensysteme GmbH, Langenselbold, Germany); moisture
content was determined using an analyzer MA-150 (Sartorius, Guxhagen, Germany);
and the volatiles and ash content of fuel were determined using a muffle furnace Snol
7.2/1300 (AB Umega, Utena, Lithuania). Table 1 shows the results of the proximate and
ultimate analyses.

Table 1. Proximate and ultimate analysis of tested samples (air-dry basis).

Proximate Analysis

Ultimate Analysis

Fuels wa Ad Vdaf HHV Cdaf Hdaf Ndaf Sdaf Odaf
% M]J kg1 %

C 41 11.8 44.0 31.00 77.5 5.2 2.1 0.6 14.6

B 3.7 3.4 79.5 23.42 56.3 6.7 0.3 0.1 36.6

When adding biomass to coal, various tasks are pursued, such as the possibility of uti-
lizing biomass, reducing solid natural fuel consumption, and improving the environmental
performance of power plants. In this work, the main task of adding biomass to coal is to
improve the combustion characteristics of bituminous coal, since this coal is low-reactive.
As a rule, the main influence on the fuel ignition and combustion processes is provided by
the content of volatiles. There are 1.8 times fewer volatiles in coal than in biomass (Table 1).

The biomass content in the mixture can reach 50% when burning solid fuel mixtures
in boiler plants with stoker furnaces. A further increase in the mass fraction of biomass in
the mixture affects a significant reduction in the fuel calorific value. The coal calorific value
was 31.00 MJ kg~ !; that of biomass was 23.42 MJ kg~! (Table 1). Adding 50% biomass
to coal reduces the calorific value of the mixture by 14%; a further increase will lead to a
significant reduction in the mixture’s calorific value. Therefore, in this work, the maximum
mass concentration of biomass in a mixture of 50% was chosen.

2.2. Experimental Setup for Fuel Combustion

The characteristics of the ignition process of both individual fuels and mixtures were
studied in an experimental setup (Figure 2) according to a tested method [16].

i

Figure 2. Appearance of the experimental setup: 1—air fan; 2—air heater; 3—muffle fur-
nace with quartz tube; 4—air cooler; 5—exhaust ventilation; 6—heated air recirculation sys-
tem; 7—mechanism for introducing finely dispersed fuel particles into the heated airflow;
8—thermocouples; 9—multipoint recorder; 10—control panel; 11—power supply board; 12—exhaust
ventilation control unit.
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Air fan 1 ROBUST (LEISTER, Wuppertal, Germany) together with air heater 2 LEISTER
LE 5000 HT (LEISTER, Wuppertal, Germany) pumps heated air into a quartz tube. Mulffle
furnace 3 General Therm RT 1000.1100 SP (Nevaterm, Saint Petersburg, Russia) maintains
uniform temperature distribution along the quartz tube. The airflow temperature was
recorded by four thermocouples 8. The thermocouple readings located at the outlet pipe of
air heater 2 were used as feedback when regulating the temperature of the heated airflow.
The readings of the other three thermocouples were recorded by a multipoint recorder,
9 RMT-59 (Elemer, Moscow, Russia). The air cooler 4 is designed to reduce the temperature
of the airflow and remove flue gases from the atmosphere using exhaust ventilation 5. The
heated air recirculation system 6 serves to remove heat from the air cooler and increase the
efficiency of the experimental setup by supplying heated air to the air fan 1 inlet. The main
technical characteristics of the used equipment are presented in [16].

A series of 5-10 experiments were carried out for coal, biomass, and mixtures based on
these components at constant temperatures (T,;) of the heated airflow. Using an automated
mechanism 7, a fuel portion of about 5 mg was introduced into the airflow through a
ceramic channel. The processes occurring during the movement of finely dispersed solid
particles inside a quartz tube were recorded by a high-speed color video camera, the
Phantom V411 (Vision Research, New Jersey, USA), complete with a wide-angle lens, the
Distagon 1.4/35 ZFE.2 T* (Carl Zeiss, Gottingen, Germany). Automated processing of video
recordings to determine f; was performed using the standard software Phantom Camera
Control 3.0 (Vision Research, New Jersey, USA) according to a tested method [16]. The
systematic and random errors in determining t;, due to the video recording speed and the
scatter of experimental data, did not exceed 0.5% and 15%, respectively.

2.3. TG/DTG Apparatus and Methods

Determination of the main combustion characteristics and kinetic parameters of fu-
els was carried out using a thermal analyzer STA 449 F1 Jupiter (NETZSCH, Selb, Ger-
many). The experiments were carried out in an oxidizing medium with an airflow rate
of 50 mL/min, a heating rate of 10 °C/min, and a sample mass of 17 mg. Processing
of the results of thermogravimetry (TG) and differential thermogravimetry (DTG) was
performed using the software “NETZSCH. Proteus Thermal Analysis 5.1.0” supplied with
the equipment. All experiments were duplicated to assess the repeatability and consistency
of the results.

The gross combustion index S (min~2°C~3) is usually used to compare the main
combustion characteristics of different solid fuels. It is a quantitative indicator reflecting
the temperature at which the coke residue ignition occurs, the temperature at which the
combustion process is completed, and the average and maximum rate of mass loss [22-25].
An increase in the combustion index indicates better fuel combustion at lower temperatures.
The values T; and T}, were determined by the crossing technique [26-28]. The combustion
index was determined by the following Equation (1) [24,25]:

D TGmax -D TGmean

S:
T2.T,

, M

where DTGpax is the maximum mass loss rate, %/min; DTGmean is the average mass loss
rate in the temperature range from ignition to complete burnout of its carbon residue,
% /min; T; and Tj are the temperatures corresponding to the conditions under which the
coke residue ignition occurs and the combustion process ends, °C; S is the combustion
index, min—2°C3,

The analysis of the mixture component interaction during combustion was carried
out by comparing the profiles of the DTG curves obtained experimentally (DTGexp) and by
calculation (DT Gegt). Value DTGest was calculated using the following Equation (2) [29,30]:

DTGest = 0.5DTGy + 0.5DTG,, 2)
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where DTGy and DTG, are the mass loss rates for each mixture component (DTG;—coal;
DTGy—needles), %/min.

The coincidence of the curve profiles of DTGexp and DTGest indicates the additivity of
combustion. If the curve profiles do not coincide, then this indicates the interaction between
the mixture components, which is reflected in the change in combustion characteristics.

The combustion of coal, biomass, and their mixtures is usually considered a hetero-
geneous process to which the Arrhenius equation applies and can be described by the
following Equation (3):

o = k(T)f(w), ©
where a = (m; — m)/(m; — my) is the degree of substance conversion obtained from the TG
curve; m; and miy are the initial and final sample masses, respectively, kg; m is the sample
mass for each temperature T, kg.

From the Arrhenius equation, the reaction rate constant can be expressed as Equation (4):

k(T) = Aexp(?,ﬁ), (4)

where A is the pre-exponential factor, s~ L; R is the universal gas constant, J/(mol K); and E
is the activation energy, ] /mol.

For non-isothermal processes with a constant heating rate B (8 = dT/dt), the reaction
rate equation can be written as Equation (5):

& = gesv (g ) . ©)

In this work, the well-known Coats-Redfern method was used to determine the kinetic
parameters of combustion [31]. The hypothetical combustion model is based on the n-
th order reaction [32,33], therefore, f (&) = (1 — a)". Detailed Equations (6) and (7) are

as follows:
() (@0

”[‘M] _—(RET) +zn(‘;§) (1—2’{;);;1#1. )

The value (2RT/E) is less than 1, hence the equation 1 — % ~ 1. Thus, Equations (6)
and (7) proceed as Equations (8) and (9):

[ () ()

In [—M} = _<RET> +ln<1‘2§>;n £ 1. )

The activation energy is determined graphically from the slope of the straight line

1-n
obtained using the equations /n [—ln(;iz_“)] and In [— 1_(51_”‘;;2] vs. 1/T.
Kinetic parameters were calculated at reaction orders n = 0.5, 1.0, 1.5, and 2. The value

n that gave the highest correlation coefficient represents the kinetic mechanism of the stage.

3. Results and Discussion
3.1. Thermogravimetric Analysis

The combustion process of solid fuels can be conditionally divided into three stages:
at the first stage, moisture evaporates; at the second stage, the process of thermal decompo-
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sition takes place, accompanied by the release of volatiles, their ignition, and combustion;
at the third stage, ignition and combustion of the coke residue occur.

Figure 3 shows the TG and DTG curves during the heating of coal, needles, and their
mixtures. The TG curves for all fuels indicate temperatures corresponding to the main
stages of mass loss during the entire heating process. The initial stage of heating, corre-
sponding to the evaporation of moisture, for all fuels under study ends at a temperature of
130 °C (Figure 3a).

100 - 195 280-300

0 200 400 ~ 600 800
Temperature, °C

(a)

DTG, %/min
PO

1
(9]
1

1
(@)}

0 200 400 600 800
Temperature, °C

(b)

Figure 3. TG (a) and DTG (b) curves during heating of coal (C-1, C-2), biomass (B-1, B-2), and their
mixtures (CB-1, CB-2).

3.2. TGA of Individual Fuels

The first stage for coal is expressed by a small maximum of DTG in the temperature
range of 93-98 °C (Figure 3a, Table 2). When moisture evaporates, an endothermic pro-
cess occurs, accompanied by heat absorption. At the same time, the mass of the sample
decreased for C-1 and C-2 in the temperature range from 20 to 130 °C by 3% due to the
low moisture content in the fuel (Table 1). The mass of the sample does not change with
further heating of C-1 in the temperature range of 130-280 °C and C-2 in the temperature
range of 130-300 °C. Thermal decomposition of coal C-1 begins at a temperature of 280 °C,
and for coal C-2 with larger particles, at a higher temperature of 300 °C due to larger coal
particles. The second and third stages for coal are expressed by one DTG extremum in
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the temperature range of 280-733 °C for C-1 and 300-788 °C for C-2 (Figure 3b). Due to
the high carbon content in coal, which constitutes the bulk of coal in contrast to biomass,
for C-1 and C-2, the mass of the sample decreased (Figure 3a) by 88 and 82%, respectively.
The main decomposition of coal is accompanied by the combustion of volatiles and coke
residue, while an intense exothermic effect occurs. The maximum mass loss for C-1 is
2.81 %/min, and for C-2 it is 2.43 %/min. Mass loss during coal thermal decomposition
and volatile combustion was 6% for C-1 and 4% for C-2 (Figure 3a). The temperature at
which ignition of the coke residue occurs is 368 °C for C-1 and 390 °C for C-2 (Table 2), and
the combustion process is completed at temperatures of 733 °C and 788 °C, respectively.
The total mass loss during the combustion of the coke residue for C-1 was 82% and for C-2
it was 78% (Figure 3a). The combustion index for more dispersed coal particles C-1 was
1.14 x 1078 min=2°C~3; for larger particles C-2, it decreased to 0.78 x 10~8 min=2°C 3.

Table 2. Main characteristics of fuel heating.

Fuels

Characteristics C1 C2 Bl B2 CB-1 CB2
DTGumax1, %/min 0.69 0.49 0.77 0.84 0.60 0.50
Tprci, °C 93 98 92 102 87 82
DTGumax2, %/min - - 5.19 4.56 3.16 2.52
Tprce, °C - - 327 332 327 327
T;, °C 368 390 260 267 276 343
DTGumax3, %/min 2.81 2.43 2.79 1.91 3.24 3.20
Torgs, °C 512 488 462 472 462 547
Ty, °C 733 788 542 642 597 622
S x 1078, min—2°C~3 1.14 0.78 5.02 4,01 3.12 1.97

Note: DTGmaxi is the maximum mass loss rate in the temperature range corresponding to moisture evaporation,
% /min; Tprg is the temperature corresponding to DTGmax1, °C; DTGmax is the maximum mass loss rate in the
temperature range corresponding to the volatiles burnout, %/min; Tprgy is the temperature corresponding to
DTGmax2, °C; T is the temperature corresponding to the ignition of the coke residue, °C; DTGax3 is the maximum
mass loss rate in the temperature range corresponding to the burnout of the coke residue, %/min; Tprcs is the
temperature corresponding to DTGpmaxs, °C; and T} is the temperature corresponding to the completion of the fuel
combustion process, °C.

A comparison of coal transformation dynamics with different particle sizes shows
that in C-2, the second and third stages are shifted to higher temperatures compared to
C-1 (Figure 3). The maximum mass loss rate for C-2 is 16% less than for C-1, and the
combustion index is 46% lower. This indicates a deterioration in the combustion process of
larger particles.

For biomass, the first stage, corresponding to the moisture evaporation, is expressed
by the DTG maximum in the temperature range of 92-102 °C (Figure 3a, Table 2) and is
accompanied by heat absorption (endothermic effect). The mass loss during the evaporation
of moisture for B-1 and B-2 in the temperature range of 20-130 °C was 3% (Figure 3a).
This corresponds to the mass loss upon evaporation of coal moisture due to the identical
moisture content in fuels (Table 1). With further heating of B-1 in the temperature range of
130-180 °C and B-2 in the temperature range of 130-190 °C, the mass of the sample does not
change. The second stage for B-1 is expressed by a separate DTG extremum for B-1 in the
temperature range of 180-382 °C with a maximum mass loss rate of 5.19 %/min and for B-2
at temperatures of 190-400 °C with a maximum mass loss rate of 4.56 % /min (Figure 3b).
This stage is accompanied by the release of heat due to the combustion of volatiles and part
of the coke residue, expressed by an exothermic effect. The mass loss during the combustion
of volatiles and part of the coke residue was 53% for B-1 and 51% for B-2. The intensive mass
loss is due to the high content of volatiles (Table 1) in cellulose and hemicellulose biomass,
as well as the combustion of part of the coke residue consisting of lignin. The second DTG
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extremum for the third stage, which includes the combustion of the main part of the coke
residue, is observed in the temperature range 382-542 °C for B-1 with a maximum mass
loss rate of 2.7 % /min and 400-642 °C for B-2 with a maximum mass loss rate 1.9 % /min
(Figure 3b). Mass loss during coke residue combustion was 39% for B-1 and B-2. The
process of burning needles is completed at a temperature of 542 °C for B-1 and 642 °C for
B-2. For needle particles B-1, the combustion index was 5.02 x 108 min—2°C~3, and for
larger particles B-2, it was 4.01 x 1078 min—=2°C~3 (Table 2). In general, the combustion
index of biomass is several times higher than for coal due to the high content of flammable
volatiles in biomass.

A comparison of the heating process of cedar needles with different particle sizes
showed that for large B-2 particles, the main stages at which the combustion of volatiles
and coke residue occurs also shifted (as for coal) to higher temperatures compared to fine
B-1 particles. The maximum mass loss rate of B-2 was reduced by 14%, and the combustion
index was reduced by 25% compared to coal. The mass loss for both particle sizes did not
change during the combustion of the cedar needle coke residue, in contrast to coal, where
with an increase in particle size, the mass loss of C-2 decreased by 5% compared to C-1
(Figure 3a).

The characteristics of the coal combustion process are lower compared to those ob-
tained from studying the combustion characteristics of biomass (Table 2). This pattern was
also noted by Zhou et al. [34], who conducted a study of the co-combustion of coal and
pine sawdust.

When heating coal and biomass particles, distinct differences in the profiles of TG
and DTG curves are observed for particles of different sizes (Figure 3), especially in the
second and third combustion stages. An increase in particle size negatively affects the
combustion characteristics of coal and biomass, which may be attributed to the formation
of a significant temperature gradient in large particles. When burning coal with a larger
particle size, the mass loss rate decreases, as does a shift to higher temperatures in the
value of the maximum temperature corresponding to the maximum mass loss rate (Table 2).
These main characteristics influence the reduction of the coal combustion index. The
decrease in the combustion index is also affected by a decrease in the temperature at which
ignition of the coke residue occurs, the temperature of which increased with the increase in
coal particles. When comparing the combustion of biomass with different particle sizes,
similar processes occur as with coal.

3.3. TG/DTG of Fuel Mixtures

The prepared mixtures contained an equal amount of Chernogorskiy coal and cedar
needles. Fractions with a particle size of 100-200 um (CB-1) and 300-400 pm (CB-2) were
used. The first stage of heating is expressed by the DTG maximum in the temperature
range of 82-87 °C. When moisture evaporates, mixtures CB-1 and CB-2 lose mass by
3% (Figure 3a). The process of moisture evaporation, just like with individual fuels, is
accompanied by the absorption of heat (endothermic effect). Figure 3b illustrates the
mixture heating process, which is expressed by three DTG maxima corresponding to the
main stages (moisture evaporation, volatile combustion, and coke residue combustion). The
second stage of heating corresponds to the beginning of the small molecules decomposition
and is accompanied by the release of gaseous volatiles and their further combustion. The
second stage is in the temperature range of 195-367 °C for CB-1 and 195-382 °C for CB-2. At
the same time, the mass of mixtures CB-1 and CB-2 is reduced by 29 and 26%, respectively.
The reduction in the mass of mixtures in the second stage is less compared to B-1 and B-2
due to a decrease in the content of volatiles. The temperature at which ignition of the coke
residue occurs for CB-1 was 276 °C, and for CB-2 it was 343 °C. Mass loss during volatile
combustion for CB-1 and CB-2 was 29 and 25%, respectively (Figure 3a). The third stage is
carried out in the temperature range of 362-597 °C for CB-1 and 372-622 °C for CB-2 and is
accompanied by heat release due to the combustion of coke residue from coal and biomass
(exothermic effect). During the coke residue combustion, the mass loss for mixtures CB-1
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and CB-2 was 62 and 63%, respectively (Figure 3a). The combustion index for CB-1 was
3.12 x 10~® min~2°C~3; for CB-2, it was 1.97 x 1078 min~2°C 3.

Wang et al. [32] conducted a study on the co-combustion of coal and pine sawdust.
They found that the addition of highly reactive biomass to coal affects the reduction of the
following temperature parameters of the combustion process: the temperature at which
ignition of the coke residue occurs; the temperature at which the combustion process ends;
and the temperature corresponding to the maximum rate of mass loss. The maximum mass
loss rate during combustion of coke residue has decreased, thereby affecting the decrease
in the combustion index.

In our study, the addition of biomass to coal improved the combustion characteristics
of both dispersed fractions of the mixture. That is, the ignition temperature of coke residue
and the temperature at which the combustion process ends are reduced, and the maximum
mass loss rate increases compared to the coal combustion process. With an increasing
particle size of mixture, as for individual fuels, the combustion of volatiles and coke residue
occurs in the region of higher temperatures (Figure 3). With an increase in the particle
size of mixtures, a shift in the profiles of the TG and DTG curves to the region of higher
temperatures at the stages of combustion of volatiles and coke residue is also noticeable
(Figure 3), due to the same reasons as for individual fuels. The shift of the main combustion
stages to the region of higher temperatures affects the deterioration of the main combustion
characteristics of mixtures. The obtained result is explained by the positive interaction of
the studied fuel components with the combustion characteristics. That is, some types of
biomass, when burned together with coal, can have a positive effect on only part of the
combustion process characteristics.

3.4. Mutual Influence of Coal and Biomass Components on the Combustion Process

The experimental and calculated values for DTGexp and DTGest curves were compared
to analyze the possible mutual influence of coal and biomass components differing in chem-
ical and thermal composition on the combustion process. If the profiles of the DTGexp and
DTGest curves coincide, then the process of joint combustion of different fuels corresponds
to the additivity principle. The difference between the DTGexp and DTGest curves indicates
complex relationships or a synergistic effect during the combustion of the mixture.

Figure 4 shows a comparison of the experimental (DTGexp) and calculated (DTGest)
values of the mass loss rate during combustion of mixtures CB-1 and CB-2. The Roman
numeral II denotes the stage of volatile combustion, and the numeral III indicates the stage
of coke residue combustion. The red dotted line marks the temperature regions in which
there are discrepancies between the experimental profiles DTGexp and calculated DTGest.
This indicates the manifestation of the effects of the components mutual influence on the
rate of processes [35].

There is a higher experimental value of the DTGexp mass loss rate compared to the
theoretical DTGest (by 10%) for the CB-1 mixture at stage II of the volatile combustion in the
temperature range of 195-367 °C. There is also some decrease in temperature corresponding
to the experimental mass loss rate compared to the calculated one. This indicates the mutual
influence of coal and cedar needle volatiles, leading to an improvement in joint combustion.

The experimental mass loss rate DTGexp at stage Il in the temperature range 195-382 °C
almost coincides with the calculated DTGegt for the CB-2 mixture. At the same time, the
temperature corresponding to the maximum mass loss rate of DTGexp decreased by 3%
compared to DTGeg:. This indicates a positive interaction of the fuel mixture components,
which increases the mixture’s reactivity.

The main interactions of the components with each other in both mixtures occur at
stage III during the coke residue combustion (Figure 4b). The maximum mass loss rate
during the coke residue combustion of the CB-1 mixture, obtained in the experiment, is
18% higher than with the calculated values. In this case, the temperature corresponding to
the maximum mass loss rate also shifts to lower temperatures by 6%. In the CB-2 mixture
at the experimental values during the combustion of the coke residue, the maximum mass
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loss rate reached 3.2 %/min at a temperature of 547 °C. At the calculated values, this
peak is absent, which indicates a positive interaction of the mixture components with each
other, improving the mixture reactivity. The component interaction in both mixtures had a
positive effect on the temperature at which the combustion process is completed, reducing
it for CB-1 and CB-2 by 24 and 28%, respectively.
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Figure 4. Comparison of experimental and calculated values of mass loss during mixture heating:
(a) CB-1; (b) CB-2.

Gil et al. [36] analyzed the interaction between the components of coal and pine saw-
dust during their joint combustion and noted their additive relationship and the absence of
synergistic effects affecting the characteristics of their combustion. Our study established
that during the combustion of volatiles and coke residue in both mixtures, which differ
from each other in fuel particle size, the principle of additivity is not implemented. A
positive effect of the fuel mixture component interaction on improving the characteristics
of combustion and fuel mixture reactivity was established. This is due to the high content
of volatiles in biomass. They consist of various gaseous components, some of which burn
at lower temperatures, and some of the gaseous components burn at higher temperatures.
At the same time, the intensity of coal particle heating increases, thereby creating positive
conditions under which ignition of the coal coke residue occurs. The obtained result is ex-
plained primarily by the influence of the elemental composition of fuel mixture components
on the manifestation of synergistic effects between them during the combustion process.
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3.5. Kinetic Parameters of the Combustion Process

Figure 5 shows a graphical interpretation of the Coats-Redfern equation for all fuels
that gave the best linear results. Most of the obtained correlation coefficients (R?) were
above 0.99 (Table 3), which indicates the reliability of the calculated profiles. The kinetic
curves of B-1 and CB-1 fuels have an inflection that characterizes the change in the fuel
combustion mechanism in the studied temperature range. This is confirmed by the change
in the reaction order from 0.5 for the initial stage to 1 for the late combustion stage. Perhaps
the change in the mechanism is due to the combustion of cellulose. Figure 5 shows the
linearization of the Coates-Redfern method for individual fuels and one mixture, since
the kinetic parameters do not depend on the size of the fuel particles. The data (Table 3)
confirms this.

15 4

14 -
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11 A

10 A

n [-1-(1-0)!/(1-n) T

8 T T T T T T 1
0.0008 0.001 0.0012 0.0014 0.0016 0.0018 0.002 0.0022

/T, K

Figure 5. Linear fitting at pre-peak in release and combustion kinetics of volatile matters for coal,
biomass, and mixtures.

Table 3. Kinetic characteristics of combustion of individual fuels and their mixtures.

Fuel Particle Size, um Temperature Range, °C E, k] mol-1 n R?
C-1 100-200 277-738 60.3 0.5  0.9984
202-352 36.8 0.5 0.9930
B-1 100-200
357-547 24.6 1.0  0.9906
217-342 50.7 0.5  0.9947
CB-1 100-200
347-592 425 05 0.9942

The coal combustion takes place in one stage, with the reaction mechanism »n = 0.5.
Table 3 presents the main results of the kinetic analysis.

The results (Table 3) show that the most suitable model of the combustion stage of fuels
is the 0.5-order reaction. The activation energy for coal was 60.3 k] /mol; for biomass at the
third stage, it was 24.6 k] /mol; and for the fuel mixture at the third stage, it was 42.5 k] /mol.
It can be assumed that coal dominates the oxidation of semi-coke at the third stage.

The activation energy of coal has a higher value compared to biomass. This indicates
that the reactivity of coal during combustion is lower than that of biomass. The addition
of biomass to coal affects the decrease in activation energy, which indicates an increase
in reactivity during the combustion process compared to coal. Vhathvarothai et al. [37]
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obtained the same effect of reducing the activation energy value during the co-combustion
of woody biomass and bituminous coal.

3.6. Characteristics of Fuel Ignition in a Heated Airflow

When conducting experimental studies, finely dispersed particles of coal (chernogorskiy
coal) and biomass (cedar needles) of various dispersions were used as the initial fuel com-
ponents (Table 4).

Table 4. Fuel composition.

Fuel Component Concentration, wt%

Coal Biomass
Fuel
Particle Size Particle Size Particle Size Particle Size
100-200 pm 100-200 pm 200-300 pm 300—400 pm
C-1 100 - - -
B-1 - 100 - -
CB-1 50 50 - -
CB-3 50 - 50 -
CB-4 50 - - 50

Figures 6—10 show typical videograms of high-speed video recording of the ignition
and combustion processes of coal and biomass particles, as well as their mixtures. The
videograms show the dynamics of the combustion process of finely dispersed fuel particles
in a heated airflow at Ta = 700 °C with a step At = 0.01 ¢ from the moment of fuel igni-
tion. The resulting videograms show differences in the distances traveled by combustible
particles from the beginning of their heating to the ignition moment and the intensity of
combustion under identical initial conditions. The results demonstrate (Figure 6) that coal
not only ignites longer than other compositions (larger ignition delay times td), but also has
the lowest burnout efficiency. This is clearly visible in Figure 6. The main part of the bright
dots (flammable coal particles) is located on the right side of the figure. Cedar needles,
on the contrary, are characterized by the shortest ignition delay times (Figure 7). Figure 7
clearly shows that all the points are on the left side of the figure. When biomass with a par-
ticle size of 100-200 pm is added to coal, in the video frames of their combustion (Figure 8),
all points are located in the left and middle parts of the figure, which characterizes shorter
ignition delay times of the fuel mixture. With an increase in the size of biomass particles
to 200-300 um in the frames of the videogram of their combustion (Figure 9), the points
are located in the middle part of the figure, which illustrates the increase in ignition delay
times. An increase in the size of biomass particles to 300-400 pum leads to a shift of points
to the right side of the figure (Figure 10). This indicates that the ignition and combustion
characteristics of biomass particles are approaching those of coal.

Figure 11 shows the dependence of the ignition delay times of coal and biomass
particles, as well as their mixtures, on the oxidizer temperature in the range of 500-800 °C
when finely dispersed fuel particles move in a heated airflow at a speed of V;, =5 m/s.
Approximation curves are drawn through points characterizing the average values of t;
established in a series of 5-10 experiments under identical initial conditions. The higher
the temperature in the muffle furnace (T,), the lower the value of t;, since at relatively high
ambient temperatures (T;—800 °C), the processes of heating, moisture evaporation, and
volatile release in fuel particles are most active. At relatively low heating temperatures
(T2 =500 °C), these processes are less intense.
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Figure 6. Videograms of ignition and combustion of coal particles (composition C-1) during their
movement in a heated airflow at T, = 700 °C (At =0.01 s): (a) t; =0.099s; (b) t =t; + At; (c) t = t4 + 2AL;
(d) £ =ty + 3At.

(a)

(b)

(c)

(d)
Figure 7. Videograms of ignition and combustion of cedar needle particles (composition B-1) during
their movement in a heated airflow at T, = 700 °C (At = 0.01 s): (a) £; = 0.017 s; (b) t = t; + At;
()t =ty +2At; (d) £ = t; + 3AL.
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Figure 8. Videograms of ignition and combustion of coal and cedar needle mixture (composition CB-
1) during their movement in a heated airflow at T, = 700 °C (At =0.01 s): (a) f; =0.047 s; (b) t = t; + At;
(c) =ty + 2At; (d) t = t4 + 3At.

(a)

(b)
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(d)

Figure 9. Videograms of ignition and combustion of coal and cedar needle mixture (composition CB-
3) during their movement in a heated airflow at T, = 700 °C (At =0.01 s): (a) £; =0.059s; (b) t = t; + At;
(o) t=ty+2At; (d) t =t; + 3At.
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Figure 10. Videograms of ignition and combustion of coal and cedar needle mixture (composition CB-
4) during their movement in a heated airflow at T, = 700 °C (At = 0.01 s): (a) t; =0.076 s; (b) t = t; + At;
(€) t =ty +2At; (d) t =ty + AL
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Figure 11. Ignition delay times of coal, biomass particles, and their mixtures vs. heated airflow

temperature.

The smallest values of t; are typical for biomass (composition B-1). This result is
explained by the lowest moisture content and the highest content of volatiles in its composi-
tion (Table 1). After the introduction of fine coal particles into the heated airflow, almost all
of the supplied heat from an external source is spent on the endothermic processes of phase
transformation (moisture evaporation) and thermal decomposition, accompanied by heat
absorption. In addition, coal has a fairly dense structure, mainly with closed pores relative
to the external gaseous medium [38]. Therefore, coal (composition C-1), in contrast to
biomass, requires more energy (and, accordingly, time at T, = const) to start heterogeneous
combustion. The maximum difference between the ignition delay times of compositions
C-1and B-1is 0.13 s at T, = 600 °C. When biomass particles (100-200 um) are added to
coal (100-200 um), ignition delay times (when T, changes from 600 to 800 °C) are reduced
by 50-55% compared to coal in the initial state (composition C-1). It should be noted that
the smaller the biomass particle size in the fuel mixture, the shorter the ignition delay
times. Larger particles (300-400 um) require more time for their heating and, as a result,
the onset of combustion, compared to smaller particles (100-200 and 200-300 um). With a
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decrease in the size of biomass particles (from 300—400 to 100-200 pm) in the fuel mixture,
the ignition delay times are reduced by up to 2 times compared to the composition CB-4
(Table 4). Thus, the use of biomass particles (of different sizes) as an additive to widespread
coal helps to reduce ignition delay times and increase the completeness of fuel burnup. The
Supplementary Materials include Figure S1, which shows the dependence of the ignition
delay time of coal, biomass, and their mixtures on the size of fuel particles.

The obtained result is consistent with the studies conducted by Rybak et al. [39]. In this
work, it was noted that biomass ignites at a lower temperature since the content of volatiles
in its composition is higher (compared to coal). The ignition delay times of biomass are
lower compared to coal throughout the entire range of temperatures studied. In addition,
ignition times decrease as the temperature of the furnace increases.

4. Conclusions

As a result of experimental studies, the characteristics of thermal decomposition and
combustion processes were determined for Chernogorskiy coal, cedar needles, and their
mixtures (coal 50% + biomass 50%) with different fuel particle sizes. Based on the thermal
analysis, the temperature at which ignition of the coke residue occurs (with particle sizes
of 100-200 and 300-400 pm for coal 368 and 390 °C, respectively, for biomass 260 and
267 °C), the temperature at which the combustion process is completed (with particle sizes
of 100-200 and 300—400 pm for coal 733 and 788 °C, respectively, for biomass 542 and
642 °C), and the combustion index (with particle sizes of 100-200 and 300—400 um for
coal 1.14 x 1078 and 0.78 x 108 min~2°C~3, respectively, for biomass 5.02 x 1078 and
4,01 x 1078 min=2°C~3) are established.

The addition of 50% biomass to coal is the most promising for practical use, along
with widespread solid natural fuels in different variations of its grate firing. The addition
of 50 wt% biomass to coal made it possible to reduce the temperature at which ignition
of the coke residue occurs with a particle size of 100-200 um by 33%, with a particle size
of 300400 um by 14%, and to reduce the temperature at which the combustion process
is completed by 23 and 27%, respectively; the combustion index increased by 2.7 and
2.5 times, respectively. The activation energy of the mixture decreased by 16% compared
to coal. An analysis of the mixture components interaction against each other showed the
absence of the additivity principle, and the interaction had a positive effect on the main
combustion characteristics (there was an increase in the maximum mass loss during coke
residue combustion and a decrease in the temperature at which the combustion process
is completed). Co-combustion of coal and biomass particles of different sizes (100-200,
200-300, 300—400 pum) in a heated airflow at 500-800 °C made it possible to reduce the
ignition delay times by 21-55%.

The practical use of fuel mixtures with the addition of biomass helps to improve the
energy characteristics of fuels, which is confirmed by the results obtained. Co-combustion
of coal and biomass is a promising solution to environmental and energy problems, as well
as the problem of the depletion of non-renewable energy resources. Cedar needles can be
considered an additional resource when solving the problem of finding affordable energy
raw materials. The results of the study provide a theoretical basis for the development
of measures to convert power plants operating on solid fuels to co-combustion of coal
and biomass.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/app131911060/s1, Figure S1: Ignition delay times of coal, biomass
particles and their mixtures vs. particle sizes at an air flow with temperature of 700 °C.
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