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Abstract: This paper presents the results of analytical studies of the combustion process of semi-coke,
cedar sawdust, and their mixtures using the TGA method at three different heating rates with the
determination of the main characteristics of heating: the presence of synergetic interaction between
the components of the mixture affecting the maximum rate of combustion and kinetic parameters.
Calculations of activation energy and pre-exponential multiplier of the Arrhenius equation by the
Friedman and Ozawa-Flynn-Wall priori methods for initial combustibles and their mixtures have
been carried out. Semi-coke was obtained by thermal treatment of brown coal at 700-900 °C to
remove volatile substances, which makes it more environmentally friendly than the original coal.
Semi-coke has a higher heat of combustion than biomass, and biomass has a higher reactivity than
semi-coke. The combustion process of biomass occurs in a lower temperature range, and adding
biomass to semi-coke shifts the combustion process to a lower temperature range than such for
biomass. Adding at least 50% of biomass to semi-coke increases the combustion index by at least
1.1 times. Regardless of the heating rate of mixtures, synergetic interaction between the mixture’s
components increases the maximum combustion rate of coke residue by 20%.

Keywords: semi-coke; biomass; cedar sawdust; co-combustion; synergistic effects; TGA; kinetic analysis

1. Introduction

The consumption of solid fossil fuels for heat and electricity generation in the world
reaches 40% compared to other energy fuels [1,2]. Reducing coal consumption and improv-
ing environmental performance is currently an urgent scientific and practical task. One of
the available ways to realize this task is the addition of biomass to coal, which allows for
the reduction of coal consumption, reduced harmful emissions (sulfur oxides and nitrogen
oxides), reduced CO, emissions, reduced emissions of fine ash particles, and does not
require large-scale reconstruction of equipment [3-5].

Considering the issue of a feasibility study of the transition to coal co-combustion
(semi-coke produced from coal), it can be noted that biomass is considered waste from any
production, for example, in the wood processing industry, and is conditionally free fuel due
to the fact that the enterprise needs to utilize its waste at its own expense. In this case, the
cost of biomass will depend only on the distance of its delivery to the heat power facilities,
so biomass will be cheaper than coal, which will improve the technical and economic
performance of the boiler house. In addition, it is proved that the cost of reconstruction
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of a coal-fired boiler house will be lower than the cost required for the construction of a
new biomass-fired boiler house [6]. If payments for harmful emissions and CO, emissions
are taken into account for the technical and economic indicators of the boiler house, these
payments will be reduced when switching to the combustion of biomass-based mixtures
due to the fact that biomass is a carbon-neutral fuel and less harmful emissions, such as
sulphur oxides and nitrogen oxides, are emitted during combustion [7].

Semi-coke produced in the process of the thermal treatment of coal by gasification or
pyrolysis is obtained as waste or as a product. In the case of synthesis gas production for
the chemical industry, semi-coke is waste with low calorific value [8] and is stored in special
landfills. Such waste is sometimes used to produce thermal energy, but there are a number
of problems associated with its combustion in power plants. Most of the problems with the
combustion of semi-coke are related to the low content of volatile substances, which reduces
the maneuverability of power plants due to the high ignition and burnout temperature of
semi-coke. Semi-coke, produced as high-calorie furnace fuel for the metallurgical industry,
is not used as energy fuel for boilers. The reason for this is that the process of heat energy
production becomes more expensive as the cost of energy fuel increases due to the process
of thermal treatment before its combustion in boilers. Therefore, semi-coke obtained as
waste is expediently burned in a mixture with highly reactive coals or biomass [9], and
semi-coke obtained for the metallurgical industry [10] and having a high calorific value is
expediently partially burned together with free biomass waste.

In the process of investigating the co-combustion of semi-coke and different types of
biomass (corn stalk, rice stalk, and pine wood), it was found that the addition of biomass
has an effect on reducing the ignition and burnout temperature of the mixture [11]. Liu
H.-P. et al. [12] investigated the co-combustion of waste from the thermal treatment of oil
shale and torrefied corn stalks and found that the change in activation energy was affected
by increasing the proportion of biomass in the mixture. During the combustion of a mixture
based on coal and char, the presence of synergetic effects affecting the ignition temperature
due to an increase in volatile substances in the mixture was found, as well as an increase in
the average combustion temperature of fuel particles, which affects the improvement in
combustion efficiency of the mixture [13]. Qin H. et al. [14], in the study of co-combustion of
semi-coke and biomass using thermo-gravimetric analysis, found that biomass burns more
efficiently than semi-coke and that the heating rate (too low or too high) affects the reaction
time, which adversely affects combustion, and they also noted the presence of synergistic
effects. When combusting semi-coke and hard coal together, the proportion of semi-coke in
the mixture should not exceed 45%. The addition of semi-coke to coal leads to a decrease in
the combustion index of the mixture and an increase in the activation energy [15]. The NO
content of co-combustion of semi-coke and hard coal decreases as the proportion of coal in
the mixture increases [16,17]. Zhao R. et al. [18] investigated the co-combustion of lignite
and semi-coke and found that increasing the proportion of lignite in the mixture affects the
reduction in CO and CO,, while NO emissions increase and semi-coke has a suppressive
effect on nitrogen and sulfur oxide emissions.

The purpose of this study is to comprehensively investigate the combustion of indus-
trial semi-coke produced for the metallurgical industry and forest biomass, taking into
account flue gas analysis and synergistic effects. For the first time, the influence of heating
rate on the interaction of mixture components with each other was analyzed, taking into
account the main combustion characteristics. The results of the study can be applied in the
design of power plants and in CFD modeling of furnace devices and processes.

2. Materials and Methods
2.1. Materials and Sample Preparation

The following fuels and their mixtures (by mass) were selected as objects of research:

No. 1—semi-coke obtained from brown coal by gasification under conditions of
oxidizer deficiency at a temperature of 700-900 °C, Russia.

No. 2—cedar sawdust, biomass waste obtained at a woodworking enterprise, Russia;
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No. 3—a mixture based on semi-coke 75% + cedar sawdust 25%;

No. 4—a mixture based on semi-coke 50% + cedar sawdust 50%;

No. 5—a mixture based on semi-coke 25% + cedar sawdust 75%.

Visualization of the fuels is presented in Figure 1. Semi-coke is produced for use
as an energy fuel in aluminum production or as sorbents in other industries. Semi-coke
is not used as an energy fuel for heat generation due to its minimal content of volatile
substances, which makes it less reactive, so it is advisable to burn it with highly reactive
fuel, for example, biomass.

Fuels

(a)

Figure 1. Type of fuels under study: (a)—semi-coke; (b)—cedar sawdust.

Cedar is used to produce furniture, sports equipment, and construction material; after
its processing, it leaves a large amount of wood waste (sawdust), which must be disposed
of in special landfills, as storage in the open air can lead to fire and, in the process of long
storage, decomposing sawdust can harm the environment.

The fuels were studied after they reached the air-dry state. Coal and sawdust were
separately ground in a Retsch DM200 (Haan, Germany), and then the dispersion of fuel
particles 53-200 um was obtained using a Retsch AS200 (Haan, Germany).

The calorimeter C6000 (IKA, Staufen, Germany) was used to determine the combustion
heat; a Vario MACRO cube device (Elementar Analysensysteme GmbH, Langenselbold,
Germany) was used to determine the content of carbon, hydrogen, and nitrogen; a humidity
analyzer MA-150 (Sartorius, Gottingen, Germany) was used to determine the humidity; a
mulffle furnace Snol was used to determine the yield of volatile substances and ash content
7.2/1300 (AB “Umega”, Utena, Lithuania). Technical and elemental analyses were carried
out according to the following standards: ISO 11722:1999, Solid mineral fuels—Bituminous
coal—Determination of moisture in a sample for general analysis by drying in nitrogen;
I1SO 1171:2010, Solid mineral fuels—Determination of ash; ISO 562: 2010, Bituminous
coal and coke—Determination of volatile matter; ISO 1928: 2009, Solid mineral fuels—
Determination of gross calorific value by the bomb calorimetric method and calculation of
net calorific value; ASTM D5373-14¢1, Standard Test Methods for Determination of Carbon,
Hydrogen and Nitrogen in Analysis Samples of Coal and Carbon in Analysis Samples of
Coal and Coke, ASTM International, West Conshohocken, PA, 2014 [19-23]. The results
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of technical and elemental analyses of semi-coke (No. 1) and cedar sawdust (No. 2) are
summarized in Table 1.

Table 1. Proximate and ultimate analysis of tested samples.

No. Proximate Analysis/% Ultimate Analysis/%
MC2 Ad Vcdaf HHV Cdaf Hdaf Ndaf Sdaf Odaf
Y% Y% Y% M]/kg % Y% % % %
1 0.8 9.1 8.4 32.1 91.2 2.4 2.2 0.2 4.0
2 6.4 0.2 80.2 19.2 51.3 5.4 0.3 - 43.0

daf

Notes: *—analytical state; d_g dry state; “*—a dry, ash-free state.

The combustion of fuels was investigated using a synchronous thermal analyzer SDT
Q600 (TA Instruments Inc., New Castle, DE, USA). The experiments were carried out in
airflow with a flow rate of 50 mL/min at heating rates of 10, 20, and 30 °C min~!; the
weight of the sample was 5-6 mg. Universal Analysis 2000 software (Software v5.5.24,
TA Instruments Inc., New Castle, DE, USA) was used to process the results of thermo-
gravimetry (TG) and differential thermo-gravimetry (DTG). The experiments were repeated
at least 2 times to achieve repeatability.

2.2. Combustion Characteristics

The TG results were used to determine the main combustion characteristics, including
the fuel combustion index (S) [24-26], which was determined according to Formula (1).
This quantitative characteristic is used in analyzing the combustibility of different fuels and
takes into account the temperature at which ignition occurs, mass loss rates, and burnout
temperature. A high value of the combustion index indicates that the fuel ignites at
lower temperatures and has a higher combustion rate, which in turn affects the conditions
for completing the combustion process at lower temperatures. When calculating the
combustion index, the temperature at which carbon ignites (T;) and the temperature at
which the combustion process is completed (T},) were used [27-30]. The temperatures at
which the fuel ignition occurs and the combustion process is completed were determined
using the curve crossing method.

The combustion index is calculated using the following formula:

S = RDTGZ'Rmeanl (1)
TP Ty

where Rprc_maximum rate of fuel mass loss, % min~!; Ryean—average rate of fuel

mass loss from ignition to complete burnout of its carbon residue, % min~1; T; and

Tp—temperatures corresponding to ignition and carbon burnout, °C; S—combustion index,
in—2 003

min Cc—.

2.3. Estimation Methods of Synergy

To analyze the influence of components in the combustion of a mixture, experimental
(exp) and calculated (est) data were compared. The calculated data were obtained using
Formula (2) [18,31,32]:

DTGegt = xlDTGl + xzDTGz, (2)

where DTGy and DTG,—values of maximum rate of mass loss for each fuel (DTG;—semi-
coke; DTG,—sawdust), % min~!; x; and x,—values of fuel content in the mixture, their
sum should be equal to one.

2.4. Kinetic Analysis

Kinetic analysis was performed on TGA data using NETZSCH Thermokinetics soft-
ware (NETZSCH-Geraetebau GmbH, Selb, Germany). The values of such kinetic parame-
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ters as activation energy (E,) and pre-exponential multiplier (A) were determined using
Friedman and Ozawa—-Flynn—-Wall (OFW) models.

These models are based on the kinetic equation derived from the law of acting masses,
which defines the reaction rate d«/dt as the product of the rate constant (k) and the
concentration of the starting substance to a degree equal to the reaction order (f («)). In
turn, the rate constant is a function of temperature, described by the Arrhenius Equation (3):

k=A-exp (—Ea/RT), (3)

where R is the gas constant, and T is the temperature. Thus, the basic kinetic equation of
the heterogeneous process is described in expression 4 as follows:

duo
= KT) fl), @

where « is the degree of transformation of the substance.

The Friedman and Ozawa—-Flynn-Wall models refer to isoconversion methods of ki-
netic analysis, which assumes that each point of the experimental TGA curve corresponds
to a certain value of the degree of conversion (x), proportional to the degree of transfor-
mation of the substance during the chemical reaction. The calculation of x is carried out
according to Expression (5):

m(ts) — m(t;)
m(ts) —m (tf) '
where xi is the degree of conversion at time #;, m(t;) is the signal at the initial time s, m(t;)
is the signal at time t;, and m(f}) is the signal at the final time t.

Friedman [33] proposed to use the logarithm of the rate of change of conversion dy /d;
as a function of the corresponding temperature, represented in Expression (6):

)

i =

dx Ea
In— =InA-—+1 ;
Ny, AT RTINS ©)
Considering that f (x) is constant for a given xi, the dependence in coordinates
Indy/di =f (1/T) is described by a straight line with slope m = —E,/R.
The pre-exponential multiplier is evaluated assuming that f (x) = (1 — x;), which is true
for the first-order reaction, in which case A is calculated from Expression (7):

dx Ea
A=In— — +1In(1 —x; 7
A =gy, T rr T ) @
Independently of each other, Ozawa [34] and Flynn and Wall [35] developed a method
for determining the activation energy from data from a series of dynamic measurements
with different heating rates (). If the heating rate is constant in time = dr/d;, expres-
sion (4) is transformed into Expression (8):

du 1
= D@, ®

Taking into account (3), this expression, when integrating, takes the form of Expression (9):

o T
du A Ea
[ =5 [or(a)r=c ©

where G, is the integral conversion function, which is constant at a constant value of xi.
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After logarithmizing (9), the equation is represented by Expression (10):
A-E
In Gy :lnTa —InB+Inps, (10)

where p, = w -7 eXpii_z)dz, z = Ea/RT. Using Doyle’s approximation [36], it is ob-
tained that In p, = —5.3305 — 1.052-z and substituting this value into (10) gives Expression (11):

T
e A-/exp(—i?)dT = Gy, (11)
To

(@) B

Considering that G, is constant for a given x;, the dependence in coordinatesIn 8 = f (1/T)
is described by a straight line with slope m = —1.052-E,/R.

When averaged over all heating rates, equation (10) leads to the determination of
the values of the pre-exponential multiplier assuming a first-order reaction when G, in
Expression (12):

InA=1In(—In(1-x;))— In% +InB—1Inp, (12)

2.5. SEM

Scanning electron microscopy (SEM) was performed on a TM-4000 microscope (HI-
TACHI High-Technologies Corporation, Chiba, Japan) to analyze the surface texture of
particles of solid fuels (semicoke and sawdust). The main characteristics of the microscope:
magnification from x10 to x 100,000 times; depth of field 0.5 mm; accelerating voltage
from 5 kV to 15 kV; maximum sample size up to 80 mm in diameter and up to 50 mm
in height; minimum displacement step is 65 nm. The TM-4000 microscope is equipped
with a microanalysis system for Hitachi TM4000Plus benchtop microscope (HITACHI
High-Technologies Corporation, Chiba, Japan): silicon-drift detector with a working area
of 30 mm2; guaranteed energy resolution: 137 eV (Mn Ka); electron source is a pre-centered
tungsten cathode. The main functionality of the TM-4000 microscope is to obtain and pro-
cess magnified images of the sample surface in backscattered electrons (BSE) and secondary
electrons (SE).

Figure 2 shows SEM images showing the surface area of semi-coke and biomass fuel
particles. Generally, the specific surface area of the coal particle is small compared to
biomass because the presence of pores, cracks, and channels in the fuel particles increases
the specific surface area. In its structure, the biomass particle (Figure 2b,d) consists of a
large number of different pores and crack channels through which, in the life process, fluid
flows from the roots to the upper edge, nourishing the whole tree. High specific surface
area primarily affects the ignition and combustion process of the fuel particle because,
through the channels, pores, and cracks, the oxidizer (air) penetrates faster into the particle
and reacts with carbon.

Unlike biomass, the surface of coal particles, especially bituminous coal and anthracite,
may have no pores, cracks, or channels at all, while brown coal sometimes has small cracks.
This, in turn, is one of the factors affecting the reactivity of the fuel, so the reactivity of coal
is lower than that of biomass, but other factors must be taken into account.

Gasification of coal in the reactor at a temperature of 700-900 °C resulted in highly
porous carbonizate differing from the original coal with a low content of volatile substances,
high ash content, and high heat of combustion, which makes it particularly attractive for
use as an energy fuel. When gaseous volatile substances escape from the depth of the
particle during thermal treatment of coal, the surface of the semi-coke particle is ruptured,
forming a large number of pores, cracks, and channels (Figure 2a,c).
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Semi-coke

(@) (b)

(© (d)

Figure 2. SEM images: (a)—semi-coke 100x; (b)—semi-coke 500x; (c)—cedar sawdust 100x;
(d)—cedar sawdust 200 x.

2.6. Ash Analysis

The elemental composition of ash residue was analyzed as follows. The fuel with a
mass of 2 g in a porcelain pot was placed in a muffle furnace, Heraeus K114 (Thermo Fisher
Scientific Inc., Waltham, MA, USA), preheated to a temperature of 1000 °C. The holding
time at this temperature was 1 h. The values of basic oxides included in the ashes of fuels
No.1 and 2 are presented in Table 2.

Since semi-coke was obtained from brown coal, the chemical composition of the
mineral part of ash is mainly represented by silicon oxide 46.1% and aluminum oxide 10%
as well as iron oxide 13.7% and calcium oxide 23% (see Table 2). High content of these
elements can intensify at high temperatures the process of slagging of heating surfaces on
the basis of ferruginous deposits in the boiler furnace; therefore, this coal grade belongs to
high slagging. In wood biomass, according to Table 2, high content of calcium oxide and
potassium oxide in the ash is noted; these elements can also intensify the contamination of
heating surfaces on the basis of active alkalis, which is characteristic of wood biomass. It
is noted that the high SiO, content of 10.5% is not characteristic of woody biomass and is
most likely obtained in the form of fine sand during its storage or transportation. Detailed
studies on the propensity of this type of coal and pine sawdust are presented in [37].
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Table 2. Ash analysis of samples.
Oxides, % No.1—Semi-Coke No.2—Cedar Sawdust

SiO, 50.5 10.5

AlL,O3 10.0 1.3

Fe, O3 13.7 1.1

CaO 23.0 55.1

MgO 45 4.0

TiO, 0.1 0.1

Na,O 0.2 0.6

K,O 0.3 19.2

SO;3 6.0 2.3

P,0s5 0.04 3.1

ZnO 0.05 0.9

Cl 0.01 0.3

MnO 0.05 1.5

The heating process of individual fuels and fuel mixtures is shown below. Heating of
fuels can be divided into three main stages: at the first stage of heating, there is evaporation
of moisture; the second stage corresponds to the beginning of thermal decomposition,
which develops into ignition and combustion of volatile substances contained in fuels;
at the third stage, there is ignition and combustion of coke residue to the temperature
corresponding to the completion of the combustion process of the carbon part of fuel
particles, after which only unburnable ash residue remains. Only the second and third
heating stages of fuels can be referred to as the combustion process in thermo-gravimetric
analysis; the first heating stage usually takes place in the temperature range from the initial
heating temperature to 110-130 °C, and the mass reduction in fuels is minimal due to the
fact that the analytical moisture content is minimal (see Table 1). In real conditions, the
working moisture content of semi-coke and biomass can be many times higher since the
specific surface area formed by a large number of pores, cracks, and channels in both fuels
is quite high, which will negatively affect the delivery and storage of these fuels in the open
air, presenting an opportunity to increase the moisture content due to precipitation.

3. Results

This section presents the temperature ranges and time intervals of the second and
third stages of combustion of fuels/fuel mixtures and the main combustion characteristics
of individual fuels/fuel mixtures.

3.1. Individual Combustion

The onset of thermal decomposition of semi-coke at a heating rate of 10 °C min~
occurs in the temperature range of 295-405 °C accompanied by the release of volatile
substances (Figure 3a,b).

The ignition of coke residue occurs at 405 °C. The third stage of heating takes place
in the temperature range of 406-653 °C and is characterized by the combustion of coke
residue (Table 3), expressed by one large exothermic peak (see Figure 3b) with a maximum
mass loss rate equal to 15.5% min~! at a temperature of 436 °C. The combustion of semi-

coke is completed at a temperature of 653. The combustion index of semi-coke was
6.5 min"2 °C 3.

1
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Figure 3. Combustion profiles of semi-coke (No. 1) and cedar sawdust (No. 2): (a)—TG curves at
heating rate 10 °C min—!; (b)—DTG curves at heating rate 10 °C min—!; (¢)—TG curves at heating
rate 20 °C min~!; (d)—DTG curves at heating rate 20 °C min~!; (e)—TG curves at heating rate 30 °C
min~1; () —DTG curves at heating rate 30 °C min—L.

When the heating rate is increased two and three times, the temperature range of
the second heating stage shifts to higher temperatures up to 440 °C (see Figure 3c—f). In
turn, this leads to an increase in the ignition temperature of coke residue up to 335-440 °C.
Burning of coke residue, which occurs at the third stage of heating, shifts to the region of
higher temperatures with increasing heating rate, and the process time decreases more
than twice. The burnout temperature of semi-coke increases as the heating temperature
increases. Increasing the ignition and burnout temperature did not affect the decrease in
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the combustion index; on the contrary, increasing the heating rate more than doubled the
combustion index due to an increase in the maximum mass loss rate (Table 4).

Table 3. Temperature ranges of the main combustion stages of individual fuels and fuel mixtures.

Temperature Temperature
Samples HR, °C min—1 Interval Stage Stage II, min Interval Stage Stage III, min Burning, min
IL °C III, °C
10 295-405 9.5 406-653 26.5 36.0
No. 1 20 310435 5.1 436672 13.1 18.2
30 290440 4.2 441-690 9.2 13.4
10 201-299 9.4 300461 16.7 26.1
No. 2 20 202-311 5.2 312469 8.2 13.4
30 202-318 3.8 319458 4.7 8.5
10 240-349 212 350-644 30.0 51.2
No. 3 20 230401 8.0 402-669 14.0 22.0
30 240406 5.1 407-689 9.9 15.0
10 233-301 6.6 302-669 372 43.8
No. 4 20 220-313 4.6 314-665 17.7 223
30 229-318 2.9 319-675 12.0 14.9
10 216-301 8.0 302-625 33.1 41.1
No. 5 20 204-311 5.4 312456 7.4 12.8
30 206-316 3.5 317-489 5.9 94
Table 4. Combustion performance of mixed fuel under different mixing ratios.
o i Rpre, o o o S x 107,
Samples HR, °C min—1 % rﬂr‘f_l T;, °C Tprg, °C Ty, °C in? °C3
10 295-405 9.5 406-653 26.5 36.0
No. 1 20 310435 5.1 436-672 13.1 18.2
30 290440 42 441-690 9.2 13.4
10 201-299 9.4 300461 16.7 26.1
No. 2 20 202-311 5.2 312469 8.2 13.4
30 202-318 3.8 319458 4.7 8.5
10 240-349 212 350-644 30.0 51.2
No. 3 20 230401 8.0 402-669 14.0 22.0
30 240406 5.1 407-689 9.9 15.0
10 233-301 6.6 302-669 372 43.8
No. 4 20 220-313 4.6 314-665 17.7 223
30 229-318 2.9 319-675 12.0 14.9
10 216-301 8.0 302-625 33.1 41.1
No. 5 20 204-311 5.4 312456 7.4 12.8
30 206-316 3.5 317489 5.9 94

Combustion of biomass volatiles at a heating rate of 10 °C/min occurs in the tem-
perature range of 201-299 °C. Ignition of the coke residue takes place at a temperature of
299 °C. Burning of the coke residue takes place in the temperature range of 300461 °C.
The maximum mass loss rate was 23.5%/min. The burnout temperature was 461 °C. In
general, it can be noted that the combustion of semi-coke and biomass takes place in differ-
ent temperature ranges. The key factor here is the content of volatile substances, which is
many times higher in biomass than in semi-coke (see Table 1). The combustion index of
biomass is three times higher than that of semi-coke (Table 4).
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3.2. Co-Combustion Characteristics of Blends

The heating process of the mixtures at different heating rates is represented by the
profiles of the TG and DTG curves in Figure 4.

T No. 3 : _
| 0 »s ] HRI10 No. 3
] —No.4 T - —No. 4
] —No. 5 g 15 - —No. 5
4 o\o 5 8
1 HR10 O -

T T T T T | I B m— Q '5 I 1 I I T T T T
0 200 400 600 800 0 200 400 600 800

Temperature, °C Temperature, °C
(a) (b)

] No. 3 T No. 3
] © 25 1 HR20 °
] —No. 4 - ] ——No. 4
1 —No.5 £ 15 - —No.5
- O\O 5 -
1 HR20 2

T T T T T T T T " Q '5 T T T T T T T ]
0 200 400 600 800 0 200 400 600 800

Temperature, °C Temperature, °C
(c) (d)

1 No.3 35 1 HR30 No. 3
] —No. 4 - 25 T —No.4
] —No. 5 g 1 —No. 5
i ° 15 T
| O 5 A
] HR30 E i

T T T T T T T T 1 D '5 5 T 4 T : T T T 1
0 200 400 600 800 0 200 400 600 800

Temperature, °C
(e)

Temperature, °C
®)

Figure 4. Thermal curves of processes occurring during the heating of solid fuel mixtures: (a)—TG
curves at heating rate 10 °C min~!; (b)—DTG curves at heating rate 10 °C min~!; (¢)—TG curves at
heating rate 20 °C min~!; (d)—DTG curves at heating rate 20 °C min~!; (e)—TG curves at heating
rate 30 °C min—!; (f)—DTG curves at heating rate 30 °C min— 1.

The combustion process of mixtures No. 3-5 is expressed by two DTG maxima
corresponding to the combustion of volatile substances of biomass and semi-coke residue.
At the content of 25% of the biomass in the mixture (No. 3), the first maximum DTG is
located in the temperature range of 240-349 °C and is characteristic of the combustion of
volatile substances of biomass and part of the coke residue; the duration of the second
stage was 21.2-5.1 min, depending on the heating rate (Table 3). The second maximum of
DTG located in the temperature range of 350-644 °C is characteristic of the combustion
of semi-coke residue and biomass; the duration of the third stage was 30.0-9.9 min. The
total combustion time of mixture No. 3 was 51.2-15.0 min. The temperature at which the
coke residue ignition occurred was 349406 °C depending on the heating rate (Table 4), the
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burnout temperature was 644-689 °C, and the combustion index was 2.5-18.3 min~2 °C ~3.
The decrease in combustion index compared to semi-coke at heating rates of 10 and 20 °C
min~ 1 is explained by the fact that the maximum rate of mass loss (Rptg) decreases, which
is an indicator of fuel reactivity; the higher the Rprg value, the more reactive, and thus
better burning, the fuel.

Increasing the share of biomass in the mixture up to 50% (No. 4) affects the decrease in
the duration of the second stage of combustion by 6.6-2.9 min at different heating rates and
shifts the temperature range of the second stage to lower temperatures of 233-301 °C. The
duration of the third stage increased and amounted to 37.2-12.0 min. The total combustion
time of the No. 4 mixture was 43.8-14.9 min (Table 3). The ignition temperature decreased
and amounted to 301-318 °C due to an increase in the volatile content of the mixture.
The burnout temperature was 669-675 °C. The combustion index at different rates was
7.2-16.6 min—2 °C~3 (Table 4).

In the mixture containing 75% of biomass (No. 5), the duration of the second stage
(combustion of cellulose and hemicellulose contained in biomass) located in the tem-
perature range of 216-301 °C was 8.0-3.5 min. The third stage took place in the tem-
perature range of 302-625 °C with a duration of 33.1-5.9 min at different heating rates.
The total combustion time of mixture No. 5 was 41.1-9.4 min, which was shorter than
that of mixtures No. 3 and 4 (Table 3). The ignition temperature was 301-316 °C, and the
burnout temperature was 625-489 °C. The combustion index of mixture No. 5 increased to
12.3-53.7 min~2 °C~3 due to an increase in the maximum rate of mass loss.

The addition of biomass to semi-coke had a positive effect on the reduction in ignition
and burnout temperature. The addition of more than 25% biomass influences the increase
in the combustion index of semi-coke due to the increase in volatile matter content in the
mixture, in turn influencing its ignition at lower temperatures compared to semi-coke.

3.3. Interaction between Blend Components—Synergistic Effects

In this section, only the second and third stages of heating fuel mixtures at three heat-
ing rates will be considered. The analysis of the interaction of the mixture of component
particles on each other is presented in Figure 5 in the form of DTG curve profiles. Com-
parisons of DTGexp (values obtained during the experiment) and DTGest (values obtained
by calculation) curve profiles show the presence of additive combustion or the presence
of synergetic effects expressed in the change of the maximum combustion rate at two
combustion stages: Stage II corresponds to the temperature region of biomass volatile
combustion; Stage III corresponds to the temperature region of coke residue combustion
of mixture components. The results of DTGexp and DTGest at different heating rates and
stages are presented in Table 5.

Table 5. DTGexp and DTGest results at different heating rates and stages.

Stage 11 Stage III
Blends
DTGexp, % min~1 DTGest, % min—1 DTGexp, % min—1 DTGest, % min—1

No. 3 45 6.4 15.1 12.4
Heating rate 10 °C min~! No. 4 8.8 12.1 21.7 94

No. 5 14.3 17.7 24.1 6.4

No. 3 94 11.6 21.5 225
Heating rate 20 °C min~! No. 4 16.8 22.0 23.7 24.0

No. 5 28.1 325 27.2 254

No. 3 11.8 13.6 223 20.2
Heating rate 30 °C min~! No. 4 23.4 25.7 21.5 22.4

No. 5 37.7 37.8 24.6 24.8
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Figure 5. Comparison of DTG curve profiles obtained by experimental (DTGexp) and calculated
(DTGest) methods: (a)—mixture No. 3 at HR 10; (b)—mixture No. 4 at HR 10; (c)—mixture No. 5 at
HR 10; (d)—mixture No. 3 at HR 20; (e)—mixture No. 4 at HR 20; (f)—mixture No. 5 at HR 20;
(g)—mixture No. 3 at HR 30; (h)—mixture No. 4 at HR 30; (i)—mixture No. 5 at HR 30.

In mixture No. 3 (Figure 5a), the synergetic effect is manifested at Stage II and
has a negative effect on the combustion process of volatile substances at a heating rate
of 10 °C min~!, reducing the maximum combustion rate by 1.9% min~!; unburned
volatile substances finish combustion at Stage IIl having a positive synergetic effect on the
combustion of biomass coke residue and semi-coke. This is evidenced by an increase in the
maximum combustion rate by 2.7% min~! (Table 5). Increasing the heating rate of mixture
No. 3 up to 20 °C min~! (Figure 5d) leads to the strengthening of the negative synergistic
effect expressed by the decrease in the maximum combustion rate in the experiment for
combustion of volatile substances by 2.2% min~! for combustion of biomass coke residue
and semi-coke by 1% min~!. At a combustion rate of 30 °C min~! (Figure 5g) at Stage II,
the synergistic effect reduces the maximum combustion rate of volatile substances by 1.8%
min~! while enhancing the synergistic interaction of the mixture components between
themselves expressed in the increase in the maximum combustion rate of Stage III by
2.1% min~! (Table 5).

Analyzing the interaction of the components of mixture No. 4 between each other, it
was found that, as well as in mixture No. 3, there is no additive combustion at both stages,
and there is a synergetic interaction of mixture components between each other. At Stage II,
there is a decrease in the maximum burning rate of volatiles by 3.3% min~! (Figure 5b); at
Stage IlI, the synergistic interaction increases the maximum burning rate of coke residue by
2.3 times (Table 5). By doubling the heating rate, the maximum volatile combustion rate
decreases by 5.2% min~! and runs in the same temperature range as the calculated values.
At Stage III (Figure 5e), the experimental and calculated values do not differ significantly,
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only by 0.3% min~! (Table 5), but the temperature interval in the experiment shifted to
lower temperatures, thus affecting the reduction in the burn-up temperature. When the
heating rate was increased to 30 °C min~! (Figure 5h), there was a slight decrease in the
maximum burning rate of volatiles by only 2.3% min~!, the profiles of DTGexp and DTGest
curves coincide up to the peak, indicating the presence of additive combustion of volatiles.
In coke residue combustion, the synergistic effects had a negative effect, reducing the
maximum heating rate by 0.9% min~! (Table 5).

In mixture No. 5 (Figure 5c), synergistic interactions between particle components
were negatively affected during volatile combustion, reducing the maximum combustion
rate by 3.4% min~!. In Stage III, the synergistic effects increased the maximum burning rate
of the coke residue by 3.8 times, while the combustion region moved to lower temperatures
compared to the calculated values, which also had a positive effect on the combustion
process. Increasing the heating rate up to 20 °C min~! (Figure 5f), in Stage II, there was
a decrease in DTGexp by 4.4% min~!, and in Stage III, as a consequence of synergetic
interactions of mixture components, the maximum heating rate increased by 1.8 and shifted
to lower temperatures, which favorably affected the combustion of mixture No. 5. At a
heating rate of 30 °C min~! (Figure 5i), Stage Il demonstrates additive combustion (i.e., the
profiles of curves DTGexp and DTGest completely coincided). At Stage III, the maximum
DTGexp and DTGest values differ by only 0.2% min !, but the curve profiles did not coincide,
indicating no additive combustion of biomass coke residue and semi-coke.

The analysis of the interaction between the particles of the mixture components has
shown that the heating rate does not affect the synergetic effects. At increasing speed,
synergetic effects in the combustion process of mixtures can be both positive and negative,
affecting the change in the maximum combustion rate. It was found that in all the stud-
ied mixtures presented in Figure 4 on Stage II at combustion of volatile substances, the
maximum burning speed is higher at calculated values; at experiment, it is lower.

3.4. Kinetic Analysis
3.4.1. Kinetic Analysis of Individual Fuels

The data of kinetic analysis of combustion of semi-coke and cedar sawdust show
the complex nature of this process. Friedman isoconversion curves for the combustion
process of sample No. 1 show two closely located peaks (Figure 6a), which characterize the
presence of at least two stages occurring at degrees of conversion o« = 0-0.7 and o« = 0.7-1,
corresponding to Stage II and Stage III. However, the stages of thermal decomposition and
combustion of coke residue are poorly separated and practically merge at high heating rates.

log do/dt
== HR 10 E

== HR 10

11

13 L5 17 000 kT | 13 17 (-

(a) (b)

Figure 6. Friedman method isoconversion curves for combustion of semi-coke (sample No. 1) (a) and
cedar sawdust (sample No. 2) (b). Black line—lines connecting points with the same degree of
transformation (&) on isoconversion curves with different heating rates.
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In the combustion of cedar sawdust, clearly separated stages of thermal decomposition
and combustion of coke residue are observed according to TG data. The Friedman model
isoconversion curves confirm the thermograms, distinguishing the first stage at « = 0-0.6
and the second at « = 0.6-1 (Figure 6b).

The implicit separation of stages in semi-coke combustion does not show any differ-
ence in E, values for thermal decomposition and ignition stages. Data on the values of
activation energy and pre-exponential multipliers calculated by Friedman and Ozawa—
Flynn-Wall models using NETZSCH Thermokinetics software for semi-coke combustion
are presented in (Figure 7a and 7b), respectively.
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Figure 7. Dependence of E, (red line) and A values on « (blue line) for semi-coke combustion:
(a)—Friedman model, (b)—OFW model and for cedar sawdust combustion, (c)—Friedman model,
(d)—OFW model.

The values of activation energy and pre-exponential multiplier for the combustion
reaction of cedar sawdust calculated by Friedman and Ozawa-Flynn-Wall models are
shown in (Figure 7c,d).

The averaged values of E; of the combustion process of initial combustibles are
presented in Table 6.

Table 6. Values of E, and A for different stages of combustion of initial combustibles.

Friedman Model OFW Model Friedman Model OFW Model
E,, kJ/mol E,, kJ/mol E,, kJ/mol E,, kJ/mol
Stage II n/a n/a 140.1 155.1
Stage III n/a n/a 1135 120.9
average 63.6 76.5 n/a n/a
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The obtained data of activation energy for the semi-coke combustion process insignif-
icantly differ from those for the combustion of Kansko-Achinsk brown coal [38], which
is the source of raw material for the analyzed sample No. 1. During the combustion of
Borodino coal, Stages II and III also proceed almost simultaneously, with the average value
of E; = 38.4 kJ/mol. It should be noted that the obtained average values of the activation
energy of combustion of semi-coke are higher than for the original coal, which may be due
to the low content of volatile components compared to the original material.

The activation energy values for cedar sawdust combustion significantly exceed similar
data for semi-coke combustion, which is an interesting fact since literature data more often
indicate the opposite.

Stage III for cellulosic substances usually has a lower value of activation energy
compared to E, of Stage II, associated with a greater heat release at Stage II, which facilitates
the combustion process. The calculated data of activation energy on combustion of sample
No. 2 confirm this fact; there is a decrease in activation energy during the transition from
thermal decomposition to the process of ignition of coke residue, which is confirmed by
both calculation methods having a close value.

Relatively high values of the activation energy of Stage II cause a high fraction of
the degree of transformation attributable to this stage in the individual fuels combustion
process: 0.7 and 0.6 for sample No. 1 and sample No. 2, respectively.

3.4.2. Kinetic Analysis of Co-Combustion

Isoconversion curves of the Friedman model for combustion of the studied mixtures
are shown in Figure 8.
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Figure 8. Isoconversion curves of the Friedman model for the combustion process of mixtures:
(a)—No. 3, (b)—No. 4, (c)—No. 5. Black line—lines connecting points with the same degree of
transformation (&) on isoconversion curves with different heating rates.
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As the Friedman model isoconversion curves calculated with the NETZSCH Thermoki-
netics software show, the mechanism of the combustion process of mixtures is more com-
plicated than for the combustion of initial combustibles: semi-coke and cedar sawdust. In
samples No. 3 and No. 4 with high SC content, the profiles of isoconversion curves are
similar to each other; from them, it is possible to distinguish three stages occurring at the
following degrees of conversion: for sample No. 3, x = 0-0.3; o« = 0.3-0.7; o« = 0.7-1 and
for composition No. 4, & = 0-0.4; x = 0.4-0.7; « = 0.7-1. For composition No. 5, three
consecutive stages can also be distinguished: « = 0-0.5; x = 0.5-0.7; and « = 0.7-1.

For the combustion process of all three mixtures, the first stage corresponds to the ther-
mal decomposition of Stage II biomass—sample No. 2, proceeding at a lower temperature
for all heating rates than the combustion of semi-coke—sample No. 1.

Stages II and III for samples No. 3 and No. 4 are similar to the profile of the isoconver-
sion curve for combustion of pure semi-coke. These stages also occur at close temperatures
and are poorly separated; however, increasing the heating rate does not cause these peaks
to merge since the second stage in the isoconversion curves corresponds to the combination
of Stage III combustion of cedar sawdust coke residue and Stage II thermal decomposition
of semi-coke, which should facilitate the thermal decomposition of sample No. 1 and allow
it to complete at a lower temperature. The third stage, occurring at o« = 0.7-1, corresponds
to the combustion of the coke residue of sample No. 1 and, for mixture No. 3, has a higher
intensity compared to mixture No. 4 due to the larger amount of semi-coke present in
the sample.

The profile of the isoconversion curve of sample No. 5 is identical to the similar
curve for the combustion of cedar sawdust; the difference is Stage 2 for sample No. 5.
This stage occurs in a small range of the degree of conversion « = 0.5-0.7, has a small
intensity, smooths out with increasing heating rate, and corresponds to the process of
thermal decomposition of semi-coke, occurring with a lower E, than biomass combustion
and present in sample No. 5 in a smaller amount than biomass. The third stage for mixture
No. 5 combines the stages of the combustion of coke residues and biomass and semi-coke.

It is possible to note an increase in the fraction of the substance participating in the first
stage of the combustion process from a = 0.3 to « = 0.5 with increasing biomass fraction in
the mixtures, which is explained by the large contribution to the thermal decomposition
reaction of sample No. 2 with the highest E, value.

The values of activation energy and pre-exponential multiplier calculated by NET-
ZSCH Thermokinetics software using Friedman and Ozawa-Flynn-Wall models for the
combustion reaction of mixtures are shown in (Figure 9).
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Figure 9. Cont.
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Figure 9. Dependence of E, (red line) and A values on « (blue line): sample No. 3. (a)—Friedman
model, (b)—OFW model; sample No. 4 (c)—Friedman model, (d)—OFW model; sample No. 5
(e)—Friedman model, (f)—OFW model.

The averaged values of activation energy for different stages of combustion of the
mixtures are presented in Table 7.

Table 7. Values of Ea for different stages of combustion of mixtures.

Sample Transformation Degree Friedman Model OFW Model
P & E,, kJ/mol E,, kJ/mol
o =0-0.3 141.7 157.0
No. 3 o =0.3-0.7 58.8 107.8
o =0.7-1 87.1 77.9
a=0-04 176.1 159.0
No. 4 o =0.4-0.7 67.4 179.4
a=0.7-1 120.0 114.0
o =0-0.5 166.6 165.0
No. 5 « =0.5-0.7 164.5 143.2

«=07-1 104.5 158.9
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The activation energy of the first stage of combustion of sample No. 3, corresponding
to the thermal decomposition of cedar sawdust, has the same value as for the pure initial
combustible sample No. 2 for both calculation methods; also, there is a consistency of data
on the values of E;, for the third stage relating to the combustion of coke residue of sample
No. 1 (Table 6). It follows that these stages are individual stages of the combustion process
of samples No. 1 and No. 2 and do not interact with each other when co-combusted at
composition semi-coke 75% + cedar sawdust 25%.

The calculated E, values for the second stage combining simultaneous combustion
of biomass coke residue and thermal decomposition of semi-coke show different values
obtained by different methods, but in both cases, there is a tendency to decrease E, during
the combustion of coke residue of sample No. 2 due to the presence of a large amount of
semi-coke in the system, the activation energy of thermal decomposition of which is much
lower than for Stage III of the cedar sawdust combustion process.

During combustion of sample No. 4, containing the same amount of semi-coke and
cedar sawdust, the calculated values of E, for the degrees of transformation « = 0-0.4 are
similar in value to the data for samples No. 3 and No. 2, which indicate Stage II thermal
decomposition of mixture No. 2, occurring at this stage of combustion and the lack of
influence of semi-coke on this process. For the subsequent stages of combustion of sample
No. 4, the Friedman model describes the combustion process similarly to sample No. 3:
the second stage has a reduced value of E, due to the combined occurrence of Stage III of
sample No. 2 and Stage II of sample No. 1; an increase in the activation energy for the
degree of transformation o = 0.7-1, related to the burnout of the coke residue of sample
No. 1, but with a higher value than for pure sample No. 1, indicating the influence of
biomass additives on this process. It should be noted that these stages proceed with a
higher E, value than mixture No. 3 due to the larger amount of biomass having higher
activation energy values. The OFW method shows close results to the Friedman model for
stages 1 and 3, but the calculated E, values for the second stage do not show a decrease in
activation energy relative to the first stage, although the energy curve profile (Figure 9d) has
a well-defined minimum at « ~ 0.5, which corresponds to a similar relationship calculated
by the Friedman method. The high values of E, in the OFW method are compensated by
higher values of the pre-exponential multiplier, differing by a factor of 10 compared to the
Friedman method.

For sample No. 5, the large amount of biomass present in the mixture and burning
with a high E, value allows describing the energetics of the process with values close to the
E, values of the combustion of pure sample No. 2. The very narrow range of the degree
of transformation of the second stage, related to the thermal decomposition of sample No.
1 at & = 0.5-0.7 does not allow us to calculate a significant decrease in activation energy
for this stage; however, at the degree of transformation « = 0.6, the Friedman method
and the OFW method show minimum and very close values of E, equal to 95.0 and
96.7 k] /mol, respectively.

The kinetic analysis determined that the activation energy values for the combustion
process of the initial substances are very different. Sample No. 2 burns with a higher
value of activation energy than sample No. 1. The combustion of the mixtures of initial
fuels for compositions No. 3 and No. 4 are more described by the combustion energy of
the initial semi-coke and sample No. 5 by the combustion energy of cedar sawdust. For
all mixtures, Stage II combustion of cedar sawdust has a significantly separated stage by
temperature and cannot participate in the synergy of the combustion process of mixtures.
As the amount of biomass in the mixtures increases, there is a successive overlap of Stage
III combustion of the coke residue of sample No. 2 and Stage II thermal decomposition of
fuel No. 1 in samples No. 3 and No. 4 and Stage III thermal decomposition of both No.
1 and No. 2 in sample No. 5. A noticeable decrease in E, occurs with the symbiosis of
Stage III combustion of sample No. 2 and Stage II of sample No. 1 in samples No. 3 and
No. 4, but the low presence of volatile components in sample No. 3 does not reveal a clear
synergistic effect for this composition.
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4. Conclusions

In this paper, we have researched the combustion process of semi-coke obtained in the
process of gasification of brown coal at temperatures of 700-900 °C, cedar sawdust, and
their mixtures using a thermogravimetric method at heating rates of 10, 20, and 30 °C min !
in an oxidizing environment. The main results of the work are as follows:

(1) The obtained semi-coke has a low volatile matter content of 8.4%, which may have an
adverse effect on its combustion in the boiler furnace, and a high calorific value of
32.1 MJ/kg. Adding biomass with high volatile matter content (80.2%) to semi-coke
will increase the volatile matter content of the mixture, which will have a positive
effect on the combustion of the mixtures.

(2) According to the results of the thermal analysis, the main combustion characteristics
were established for the investigated fuels and mixtures. The ignition temperature
of semi-coke is 38% higher than that of biomass, the burnout temperature is 45%
higher, and the combustion index is five times lower than that of biomass. At least
50% of biomass should be added to semi-coke; there is a 7% increase in combustion
index compared to semi-coke; further increase in biomass content in the mixture will
increase the combustion index, which will have a positive effect on the combustion of
the mixture.

(3) Both positive and negative synergetic interactions between mixture components are
observed during the combustion of mixtures. Synergetic effects reducing the max-
imum heating rate at all heating rates are mainly observed in the combustion of
biomass volatiles. Synergetic effects positively influencing the combustion process
were observed in the combustion of biomass coke residue and semi-coke. There is no
dependence between the heating rate of the studied fuels and the synergetic effects oc-
curring between the components of the mixtures influencing the combustion process.

(4) The results obtained in the determination of kinetic parameters show higher activa-
tion energy values for biomass combustion (113.5 k] /mol) compared to semi-coke
(76.5 kJ /mol). The kinetic analysis found that the combustion of mixtures overlaps
different stages of combustion processes of individual fuels, resulting in lower activa-
tion energy values for such joint processes. Thus, the mixture based on 75% semi-coke
and 25% cedar sawdust has the lowest activation energy value, high values of the
pre-exponential multiplier, sufficient amount of volatile components, and, in our case,
is a composition with a large synergetic effect.
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