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Abstract: Cylinder-shaped fuel pellets that were 3 mm in diameter and 3 mm in height, with a
mass of 20 mg, were produced by compressing dry coal processing waste under the pressure of
5 MPa. The first group of pellets from coal dust with a particle size less than 140 µm did not contain
any additives. The pellets of the second group of fuel compositions contained an oil-impregnated
porous polymer material particle with a size of 0.5 mm in the central part of the experimental sample.
The particle was surrounded by coal dust from all sides. The ratio of components was 90:10% for
coal dust: polymer particle. The latter value almost completely corresponds to the fraction of oil in
the fuel composition, since the mass of a porous polymer material particle is negligible. The third
group of compositions was a 70:30% mixture of coal dust with wood sawdust with a particle size
less than 45 µm, or 45–100, 100–200 and 200–500 µm. The ignition and combustion of single fuel
pellets were studied under radiant heating in an air medium while varying the temperature from
800 to 1000 ◦C. The processes during the fuel combustion were recorded by a high-speed video
camera, and the concentrations of the main anthropogenic emissions in flue gases were measured
by a gas analyzer. The main characteristics were established—ignition delay times (2–8 s) and
duration of burnout (40–90 s)—at different heating temperatures. A difference was established in
the combustion mechanisms of the pellets, when adding various components to the fuel mixture
composition. This has a direct influence on the induction period duration and combustion time, other
conditions being equal, as well as on the concentration of nitrogen and sulfur oxides in the flue gases.
Adding an oil-impregnated porous polymer particle to the fuel composition intensifies ignition and
combustion, since the times of ignition delay and complete burnout of fuel pellets under threshold
conditions decrease by 70%, whereas adding wood sawdust reduces the content of nitrogen and
sulfur oxides in the flue gases by 30% and 25%, respectively.
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1. Introduction

The current development of the global economy leads to a steady growth of energy consumption [1],
which is conditioned not only by an increase in the population, but also by the annual growth of energy
consumption per capita (from 72 to 76 GJ per capita during the last 10 years). Solid fossil fuel is one
of the main energy resources, accounting for more than 35% of primary energy in the structure of
global energy generation [2]. The extensive usage of coal is promoted by its rather low and stable cost,
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abundance of deposits, and vast stocks in many regions of the world. According to expert estimates,
the global stocks of coal were over 1054 billion tons by the end of 2018 [1]. The global consumption of
coal has risen by 68% in the last 30 years [2,3]. This is caused not only by a greater amount of energy,
generated by coal-fired thermal power plants, and energy consumption by different industries, but also
by a wide use of coal as a raw material in the metallurgical, chemical, and construction industries [4–6].

One of the negative implications of large-scale coal mining and consumption is that a large amount
of coal processing waste is accumulated in the landfills of coal washing plants; it has not been reclaimed
for industrial application up until recently [7]. Such waste is referred to as a filter cake (FC). It is a slurry
of fine coal dust (80–140 µm) and water (40–50%). Coal processing waste is normally stored at open-air
disposal sites, thus, being exposed to strong impact of natural factors (wind, sun, and air). Storing it this
way causes moisture to evaporate, while wind scatters coal dust onto the surrounding areas, polluting
the land and water bodies, suitable for agricultural purposes, with acid-forming substances and heavy
metals [5]. Moreover, dry fine coal dust can ignite spontaneously [8–10], therefore, the industrial
landfills of FC are fire hazardous for coal washing plants and nearby populated areas.

One way to diminish the impact of such waste on the environment and to satisfy the growing
needs of thermal power engineering for energy resources is to involve low-grade solid fuels and coal
processing waste as resources into the energy industry [11,12]. At the initial stage of solving this
problem, it is a promising approach to develop composite compositions based on FC with the addition
(if necessary) of some amount of solid or liquid components to enhance energy performance [13,14],
and environmental [15–18], characteristics, as well as for the production of fuel briquettes and pellets
for grate-firing. Using briquettes and pellets reduces the fire hazard of the fuel (as compared with coal
dust). Moreover, it cuts transportation and storage costs, as well as decreases the amount of fuel falling
through the grate in the boiler furnace. However, the extensive use of such solid fuel briquettes in
real practice involves the problem of long and energy-consuming combustion initiation, relatively low
(as compared with high-grade coals) heat of combustion, possible significant underburning, and poor
physical and mechanical characteristics. However, a distinct advantage of such pellets as a fuel for
local heat supply sources is their very low cost as compared with fuel oil [19], which is a widespread
energy resource of the local power industry. Even considering the ash removal costs (when using
FC-based pellets as fuel), the cost of a unit of energy, produced by a local heat supply system, will be
significantly lower than when using fuel oil. Moreover, oil prices and, thus, petroleum product prices
are unpredictable and influenced by many factors. However, the cost of coal processing waste is made
up of trans-shipment and storage expenses, while the fuel pellet production cycle (per a thermal unit)
is less expensive than the fuel oil production technology [19]. Another factor to be considered is that
the FC-based pellet price is independent of the global political situation. That is why, in the medium
term, this energy resource looks much more attractive than fuel oil.

In the production of fuel briquettes and pellets, now there are a number of standards to comply
with in order to provide regulatory values of their characteristics: ISO 17225-1:2014; DIN 51731 / DIN
plus (Germany); CTI-R 04/5 (Italy); ÖNORM M7135 (Austria); SS 18 71 21 (Sweden); GOST R 57016-2016
and GOST 33103.1-2017 (Russia). The main requirements are set for the physical and mechanical
characteristics (compressive strength according to GOST 21289-75, water absorption according to
GOST 21290-75, stickiness, thermostability, yield of volatiles according to GOST 6382-80, mass fraction
of total sulfur according to GOST 2059-75, ash content, shock resistance, lowest heat of combustion,
and mechanical strength). This requires the addition of expensive binders or complicates the pellet
production technology. There are research results that offer various methods of producing fuel briquettes
and pellets [20,21]. Such studies mainly investigate their physical and mechanical characteristics,
as well as analyze the thermotechnical properties of fuel compositions [22–24]. For example, it was
established that low-temperature pyrolysis affects the calorific value of pellets based on coal sludge and
straw [23], their limit of hygroscopy, emissions of gaseous combustion products, and the efficiency of
boiler operation when burning the fuel in a fluidized bed at 800–900 ◦C. Quite often [24,25] the resistance
of briquettes to mechanical stress is studied alongside their thermotechnical and thermophysical
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properties (flame temperature, calorific value, and thermal conductivity), the characteristics of solid
deposits and dynamics of slagging of energy generation equipment heating surfaces. Moreover, most of
the studies [26] focus on the thermogravimetric analysis of coal pellets, containing various biomass
(wood and grass waste).

However, the practical application of fuel briquettes and pellets from low-rank energy resources
relies primarily on the research findings for ignition and combustion processes—ignition delay times
vs. temperature in the boiler furnace, burning time, and composition of flue gases. The purpose
of present work is to experimentally study the influence of a group of fuel composition additives,
based on coal processing waste, on the ignition and combustion characteristics of fuel pellets, as well as
anthropogenic gas emissions. Achieving this goal necessitates two types of experiments:

1. Combustion of single fuel pellets in a muffle furnace while recording the processes under study
by a high-speed video camera and subsequent analysis of the video recordings to establish the
mechanisms of physical and chemical processes, as well as temporal characteristics of ignition
and combustion.

2. Combustion of a group of fuel pellets of identical component composition in a muffle furnace to
analyze the typical anthropogenic gas emissions (CO, CO2, NOx, SOx) in flue gases.

2. Experimental Setup and Method

2.1. Materials

Fuel pellets were produced from dry FC (Table 1). This waste was preliminarily dried at 105 ◦C
(according to ISO 5068-1). The first fuel group (composition No. 1) consisted of coal dust (dry FC)
with a particle size no more than 140 µm without any additional components. The pellets of the
second group of fuel compositions (compositions No. 2–No. 4) contained a 0.5 mm particle of porous
polymer material in the central part of the experimental sample, which was impregnated with a
combustible liquid and was surrounded by coal dust from all sides. We formulated a hypothesis,
requiring experimental verification, that an additive (porous polymer material impregnated with a
combustible liquid) in the fuel pellet composition must facilitate combustion. The ratio of components
in the fuel compositions of the second group was 90:10%. The latter almost completely corresponds to
the fraction of oil in the fuel, since the mass of a porous polymer material particle is negligible (less than
1%). The third group of compositions (compositions No. 5–No. 8) was a 70:30% mixture of coal dust
with wood sawdust with a particle size less than 45 µm, 45–100 µm, 100–200 µm, and 200–500 µm.
Wood sawdust is typical biomass, widely used as an additive to enhance the characteristics of solid
fossil fuel combustion [26]. Thus, it is interesting to evaluate the effect of the dimensions of sawdust
particles on the mechanism and characteristics of fuel pellet combustion. It is possible that particles
of a larger size, when exposed to rapid heating, may release moisture and volatiles with a higher
concentration. Hence, they may have a more significant effect on combustion. The analytical calculation
of the heat of combustion was made using the methods from [27], and values of heat of combustion for
fuel components (Tables 2 and 3). The obtained results are presented in Table 1.

Dry processing waste of bituminous coal with a particle size less than 140 µm was used as the main
solid combustible component for preparing fuel compositions. FC was sieved through a sifter with a
corresponding mesh size (in accordance with ISO 3310-1:2000) before producing pellets. The main
characteristics of FC are listed in Table 2.

An additional component of the second group of fuel compositions No. 2–No. 4 is a fine polymer
material (construction sealant), impregnated with one of three combustible liquids: rapeseed oil
(composition No. 2), water-oil emulsion based on rapeseed oil (composition No. 3) or water-oil
emulsion based on used turbine oil (composition No. 4). The main characteristics of fuel components
are presented in Table 3.
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Table 1. Fuel compositions.

Composition FC Additive Q, MJ/kg

No. 1 100% – 24.74

No. 2 90% 10%—porous polymer material impregnated with
rapeseed oil 26.73

No. 3 90% 10%—porous polymer material impregnated with
water-oil emulsion (rapeseed oil) 26.05

No. 4 90% 10%—porous polymer material impregnated with
water-oil emulsion (turbine oil) 26.63

No. 5 70% 30%—dry sawdust (particle size of less than 45 µm)

22.07
No. 6 70% 30%—dry sawdust (particle size of 45–100 µm)
No. 7 70% 30%—dry sawdust (particle size of 100–200 µm)
No. 8 70% 30%—dry sawdust (particle size of 200–500 µm)

Table 2. Results obtained from proximate and ultimate analysis of filter cake (FC) and pine sawdust
[12,28,29].

Component
Proximate Analysis Ultimate Analysis

Ad

(%)
Wa

(%)
Vdaf

(%)
Qa

s,V
(MJ/kg)

Tign
(◦C)

Cdaf

(%)
Hdaf

(%)
Ndaf

(%)
Sdaf

(%)
Odaf

(%)

FC 26.5 – 23.1 24.83 450 87.2 5.1 2.1 1.1 4.5
Sawdust 2.0 19.8 73.52 16.45 340 50.3 6.0 0.2 0.1 43.4

Table 3. Properties of oils [28,30].

Oil Density at 20 ◦C (kg/m3) Wa (%) Ad (%) Tf (◦C) Tign (◦C) Qa
s,V (MJ/kg)

Rapeseed oil 911 0.28 0.03 242 – 39.52
Used turbine oil 868 – 0.03 175 193 44.99

The third group of compositions No. 5–No. 8 contained pine sawdust of different particle size
as an additional combustible component. Air-dried wood was ground by an SW-2 cutting mill (HT
Machinery, Japan-Taipei, Taiwan) and sieved using a laboratory plansifter with a set of sieves (according
to ISO 3310-1:2000) to obtain sawdust of different particle size: less than 45 µm (composition No. 5),
45–100 µm (composition No. 6), 100–200 µm (composition No. 7), and 200–500 µm (composition No.
8). See Table 2 for the characteristics of sawdust.

Cylinder-shaped fuel pellets with a mass of 20 mg, 3 mm in diameter and 3 mm in height were
produced by pressing coal dust with some other components or without them in a pellet die at a
pressure of 5 MPa. A pellet die consists of three parts: a hollow steel cylinder with a through opening
3 mm in the internal diameter, which is located along the symmetry axis of the cylinder; a steel cap
for air-tight sealing of the steel cylinder from one side; a steel piston to compress fuel pellets through
the second opening in the steel cylinder. The said pressure was built up using a Heavy Duty Shop
(Cluj-Napoca, Romania) Press 20 ton hydraulic press. This is a common method of briquette and
pellet production by pressing [25,31,32]. It is quite easy to implement and requires no complicated or
costly equipment, like it is, e.g., in the thermal processing pelletization [33,34]. The main idea of this
research is to study the influence of the component composition of fuel pellets on the mechanisms
and characteristics of their combustion, but not the influence of the fuel pellet production technique
on their physical and mechanical characteristics. Therefore, experimental samples were obtained
using the cold (25 ◦C) pressing method (without additional heating of fuel components or adding
binders). In the preparation of compositions No. 2–No. 4 for pressing, FC (90 wt%) was divided into
two parts of identical mass. The first part was put into a pellet die. Then a porous polymer material,
impregnated with a combustible liquid, was added to it. The second part of FC was put over it in the
press die, and the mass was compressed. In the production of compositions No. 5–No. 8, FC (70 wt%)
was preliminarily mixed with sawdust (30 wt%) of the corresponding particle size. Then the mixture



Appl. Sci. 2020, 10, 6689 5 of 18

was compressed to produce fuel pellets. The above size (3 mm in diameter and 3 mm in height)
of fuel pellets was chosen intentionally to conduct laboratory experiments considering two main
limitations. First, the high-temperature medium of pellet combustion is generated in the rotary muffle
furnace, whose dimensions are limited. Second, the fuel pellet combustion duration corresponds to the
maximum recording time of the high-speed video camera, used to capture the processes under study.

2.2. Experimental Setup

The characteristics and consistent patterns of processes, developing during the ignition and
combustion of composite fuel pellets (Table 1) were studied using an experimental setup, schematically
represented in Figure 1. The radiant heating conditions in a high-temperature air medium were
simulated in a tube muffle furnace Loiplf50/500-1200 (Laboratory Equipment & Instruments ZAO,
Saint-Petersburg, Russia). The tube was 50 mm in the inner diameter and 500 mm in length;
the temperature was varied in the range 20–1200 ◦C and measured with an in-built type K thermocouple.
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Figure 1. Scheme of experimental setup.

When FC-based pellets are burned under optimum conditions—in small-sized boiler furnaces of
local heat supply with a small chamber volume—the velocity of pellets is somewhat different from
that of the carrier medium (a mixture of air with combustion products). Thus, the radiant heat flux
density significantly exceeds the convective heat exchange density.

A set of 7–10 experiments were performed under identical initial conditions. In each of them the
furnace was heated to a given temperature (Tg). Single fuel pellets, located on the holder (Figure 1),
were fed into the furnace at a rate of 0.1 m/s along the symmetry axis of the tube up to its middle,
where the given temperature Tg was maintained. Experimental samples of all the fuel compositions
(No. 1–No. 8) were identical. They were cylinder-shaped pellets with a mass of 20 mg, 3 mm in diameter
and 3 mm in height. The heating value of such fuel pellets was different (Table 1). However, this factor
had a less significant effect on the difference in the ignition delay times of fuel compositions No. 1–No.
8 than the mass and dimensions of the fuel pellets. An SPSh20-23017/2000Z manipulator (Mechatronic
Product Factory ZAO, Saint-Petersburg, Russia) moved the fuel sample holder and a Phantom V411
high-speed video camera (Vision Research, Wayne, NJ, USA) at the same time. The filming rate was
500 frames per second at resolution 800 × 600 pixels. An LED projector was fixed on the muffle
furnace opposite the video camera for better contrast of fuel pellet images during video recording
(Figure 1). Tema Automotive software (Image Systems AB, Linköping, Sweden) was used to process
the video frames.
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The ignition delay time (td) was calculated by how much time passed after the pellet started
heating (on entering into the muffle furnace) up until the fuel ignited. The latter event (Figure 2a)
was captured by the moment when controlled luminous intensity was achieved in the recording area,
similarly to the methods in [35–39]. In the Tema Automotive software, the video recording processing
algorithm monitored all the video frames in sequence. The values of the shades of gray (from 0 to
255, which corresponds to the range from black to white) were measured in each point (pixel) of the
recording area (Figure 2a) for each video frame. The initial video recordings in color were converted
into black and white. Thus, the interval of luminous intensity from 220 to 255 corresponded to the fuel
combustion (luminance around the pellet as a result of a rapid exothermic reaction). The moment of
ignition was recorded automatically by the values of the luminous intensity reaching or exceeding
220 (in the shades of gray) in any point around the pellet being monitored. For example, in Figure 2a
the red cross indicates a point, in which the highest luminous intensity is reached in the shortest time,
as compared with other points in the recording area. Once the ignition moment was determined,
the video recording processing algorithm was used to monitor the development of the process by
the growth of the mean luminous intensity value in the recording area, which indicated the fuel
ignition sustainability.
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Figure 2. Example of implementing the algorithm of video recording processing with Tema Automotive
software for fuel pellet combustion: (a) moment of ignition (t = td); (b) moment of combustion
completion (t = td + tb).

The fuel burnout duration was determined in a similar way (tb). This is a time interval between
the ignition moment and combustion completion moment of the fuel components. The latter event
was recorded automatically by a reduction in the luminous intensity to less than 220 (in the shades of
gray) all over the fuel pellet surface (Figure 2b). The systematic errors of determining the times td and
tb, conditioned by the video recording rate, did not exceed ± 0.001 s. The random errors for a set of
7–10 experiments under identical initial conditions were less than 15%.

Separate experiments were conducted to establish the concentrations of the main anthropogenic
emissions in flue gases from the fuel pellet combustion. A Testo 340 gas analyzer (Testo SE & Co. KGaA,
Stuttgart, Germany) was mounted on the setup (Figure 1) in place of the high-speed camera.
It comes with four sensors: CO (measuring range 0–10,000 ppm, resolution 1 ppm, accuracy ± 10%),
NOx (measuring range 0–4000 ppm, resolution 1 ppm, accuracy ± 5%), O2 (measuring range 0–25%,
resolution 0.01%, accuracy ± 0.2%), SO2 (measuring range 0–5000 ppm, resolution 1 ppm, accuracy
± 10%). The CO2 concentration (measuring range 0–25%, resolution 0.1%, accuracy ± 0.2%) was
calculated automatically by the results of O2 concentration measurement. The experimental procedures
were similar to those in [40]. Fuel pellets with a total mass of at least 1 g were placed into a pre-heated
muffle furnace, using a manipulator. The mass was chosen to fit the gas analyzer specifications and
meet a condition of identical heating value, when burning fuel samples with different compositions
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(Table 1). Reliable measurement results necessitated supplying certain minimum volumes of flue
gases. These were collected using a gas analyzer probe, inserted into the rotary muffle furnace.
Thermal insulator material was used to seal the ceramic tube apertures (Figure 1) to prevent the escape
of flue gases during the experiments. Sets of 3–5 experiments were performed under identical initial
conditions. Further, the experimental results will be presented as average experimental data values.
Glushkov et al. [40], established that the higher the temperature, at which ignition and combustion
of hydrocarbon fuels occur, the higher the anthropogenic emission concentrations in flue gases.
The maximum temperature, generated by the electric muffle furnace being used, is 1000 ◦C. In this
study, the concentrations of carbon, nitrogen, and sulfur oxides were established from the combustion
of fuel pellets per a unit of energy, released at 1000 ◦C, which corresponds to the boiler furnace
temperature. That means that the gas concentrations obtained will be maximum for the temperature
range of 800–1000 ◦C, in which the combustion times were investigated. Such approach made it
possible to establish differences in the anthropogenic emission concentrations from the combustion
of fuel pellets based on coal processing waste when adding various components in the conditions
corresponding to the real-scale technological process. The results of the corresponding study will be
presented below in the following format: relative emissions, reduced to the allocated identical amount
of heating value, when burning different fuel compositions with various mass of fuel samples.

3. Results and Discussion

Figures 3 and 4 present the video frames of ignition and combustion of a group of solid composite
fuel pellets with various components and without them. It is clear (Figures 3 and 4) that adding a
single particle of porous polymer material, impregnated with different combustible liquids, or wood
sawdust of different particle size to the fuel pellet composition intensifies the ignition and combustion
of these compositions, as compared with pellets, produced from FC without any additional components
(composition No. 1). In general, the physical and chemical processes, occurring during the heating of
pellets of fuel compositions under study (Table 1), follow almost identical patterns, since their main
component is FC.

High-speed video recordings made it possible to distinguish the following main stages of the
process under consideration, when single pellets are heated in motionless heated air: inert heating
of the fuel; evaporation of liquid components (water or oils for compositions No. 2–No. 4); thermal
decomposition of solid combustible components (FC, polymer material for compositions No. 2–No. 4,
wood for compositions No. 5–No. 8); formation of gas-vapor mixture around the pellet under the
conditions of diffusive-convective heat and mass transfer in the oxidizer medium; its ignition on
reaching critical conditions and subsequent burnout; heating of the solid residue from the heat of the
gas-phase combustion; its ignition and subsequent burnout. The gas-phase combustion develops most
rapidly for FC-based fuel pellets with sawdust (Figure 4). This result is attributed to a much higher
content of volatiles in wood, as compared with FC (Table 2). Compositions No. 5–No. 8, as compared
with composition No. 1, are characterized not only by a larger (by 10–20%) area around the pellet, in
which the combustion of the gas mixture occurs, but also a longer (by 20–25%) duration of this process.
Additionally, the burnout times of solid components (tb) differ by 15–20%, which is also conditioned
by differences in their ultimate analyses. The content of carbon in wood is almost one third lower
than in FC. Therefore, the solid residue of compositions No. 5–No. 8 burns out much faster than
that of composition No. 1 (Figure 4). Similar patterns were established when the characteristics of
ignition and combustion for fuel compositions No. 2–No. 4 were compared with those for composition
No. 1 (Figure 3), even when the concentration of an additional component is only 10%. In this case,
the ignition delay times and complete burnout times differ (Figure 5) due to different combustion
mechanisms. A detailed analysis of the latter will be carried out below when describing typical
schemes (Figure 6) of combustion of fuel pellets with various components.
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Figure 3. Video frames of ignition and combustion of FC-based fuel pellets with porous polymer
material, impregnated with combustible liquid at Tg = 850 ◦C: (a) fuel composition No. 1: FC; (b) fuel
composition No. 2: FC + porous polymer material, impregnated with rapeseed oil; (c) fuel composition
No. 3: FC + porous polymer material, impregnated with oil-water emulsion (rapeseed oil); (d) fuel
composition No. 4: FC + porous polymer material, impregnated with oil-water emulsion (turbine oil).
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Figure 5 presents the ignition delay times (td) vs. burnout times of fuel pellets (tb) when varying
the heated air temperature in a wide range: Tg = 800–1000 ◦C. The temperature range limit on the
left (Tg = 800 ◦C) corresponds to threshold (minimum) ignition conditions. At air temperatures
under 800 ◦C, the pellets of all the eight fuel compositions (Table 1) did not ignite. Under such
conditions, moisture evaporated and solid components thermally decomposed. However, the intensity
of these processes and the oxidizer temperature were not enough for the forming gas mixture to ignite.
The combustible gases and vapors diffused into the environment, but their concentration around the
fuel pellet was decreasing as the fuel components thermally decomposed (and the content of volatiles
decreased). The ambient air temperature was not high enough for the solid residue to ignite.
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The mean ignition delay times of pellets of different compositions (with various additives) decrease
from 5–6 s to 2.5 s in the air temperature (Tg) range from 800 ◦C to 1000 ◦C (Figure 5a). Their combustion
becomes more intense under such conditions. The burnout times of fuel pellet components decrease by
20–25% (Figure 5b). It was established that the td values for the FC-based fuel compositions under study
decrease sequentially (other conditions being equal) when the following components are added to them:
a polymer material particle, impregnated with oil-water emulsion (based on rapeseed oil); a polymer
material particle, impregnated with rapeseed oil; wood sawdust with a particle size of 200–500 µm;
wood sawdust with a particle size of 100–200 µm; wood sawdust with a particle size of 45–100 µm;
wood sawdust with a particle size of less than 45 µm; a polymer material particle, impregnated with
oil-water emulsion (based on turbine oil). That means that fuel pellets with the latter component
(composition No. 4) are characterized by the lowest ignition delay times. The highest values of td are
typical of pellets, produced from FC without any additional components (composition No. 1).

At ambient temperatures 800–850 ◦C, the td values for the compositions with various components
differed by about 70% at the most (Figure 5a). At Tg→ 1000 ◦C and higher, the intensity of physical and
chemical processes is so high that the ignition delay times for all the fuel compositions differ by no more
than 5%, thus being less than the random error of td measurement (Figure 5a). Under near-threshold
ignition conditions, the physical and chemical processes occur less rapidly. Most of the induction
period (80–90%) is made up of the thermal preparation stage, characterized largely by heat and mass
transfer processes both in the condensed phase and in the gas medium. Therefore, the differences in
the ignition characteristics of fuel compositions with different components are more pronounced at
Tg = 800 ◦C.

As it was mentioned above, the gas-phase combustion develops most rapidly for FC-based
fuel pellets with additives (sawdust and porous polymer material, impregnated with combustible
liquid). This result is attributed to a much higher content of volatiles (Tables 1 and 2) in fuel
compositions No. 2–No. 8, as compared with FC (composition No. 1) without any additives. Besides,
a further analysis will show that compositions No. 2–No. 4, as compared with composition No. 1,
are characterized not only by a higher content of volatiles, but also by a significant difference in
the combustion mechanism. A rapid evaporation of combustible liquid leads to the emergence and
formation of a developed structure of pores, whose sizes are comparable with the typical pellet size.
Under such conditions, the vapors and gases with low resistance enter the oxidizing medium from
the deep pellet layers through open pores. The concentration of combustible gases in the vicinity of
the pellet grows rapidly, and the gas-phase ignition occurs with a short delay (as compared with fuel
composition No. 1).

The experimental results enable to draw an important conclusion. Including lumber waste
(wood sawdust) in the composition of FC-based pellets in the volumes not affecting the physical and
mechanical characteristics of pellets leads to significant (up to 70%) reduction in the ignition delay
times at relatively low (800–850 ◦C) temperatures. Since the emission of nitrogen oxides in combustion
products of coal and coal processing waste is minimum, and this temperature range in boiler furnaces
of local heat supply is the most preferred, it can be concluded that including wood sawdust in the
composition of fuel pellets based on coal processing waste is highly practical.

The times of complete burnout of fuel pellets (Figure 5b) are in good agreement with their
ignition delay times. It was established that the tb values for FC-based fuel compositions under study
decrease sequentially (other conditions being equal) when the following components are added to
them: wood sawdust with a particle size of 200–500, 100–200, 45–100 µm and less than 45 µm; a polymer
material particle, impregnated with oil-water emulsion (based on rapeseed oil); a polymer material
particle, impregnated with rapeseed oil; a polymer material particle, impregnated with oil-water
emulsion (based on turbine oil). This means that fuel pellets with the latter component (composition
No. 4) are characterized by the lowest burnout times of components. The highest values of tb are
typical of pellets produced from FC without any other components added to them (composition No. 1).
As it will be shown below, the obtained result can be explained by the differences in the elemental
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composition of fuel components and in the combustion mechanisms (the combustion front of fuel
pellets with pores has a rather complex structure; the developed structure of pores increases the
combustion area, thus, accelerating the burnout of fuel pellet components). Solid fuel pellets with a
polymer material particle, impregnated with oil-water emulsion, burn out within 62 s at relatively
low ambient temperatures (Tg = 800 ◦C), which is 30% lower than tb of fuel composition No. 1 based
on FC without any additional components, and at Tg = 1000 ◦C, the difference in the burnout times
is 45%. Thus, adding extra components (a polymer particle, impregnated with oil-water emulsion;
wood sawdust) to FC intensifies both the ignition and burnout of fuel pellets.

As mentioned above, this result is explained by different combustion mechanisms of fuel
compositions (Table 1). Figure 6 presents schemes of combustion mechanisms for three groups of
FC-based fuel pellets with different components, established from analyzing the frames of high-speed
video recording. The differences established in the combustion mechanisms (Figure 6) are primarily
attributed to the structure of fuel pellets. The compositions of the first and third groups (No. 1,
No. 5–No. 8) have a uniform structure with a rather dense packaging of fine particles of solid
components (coal dust and wood sawdust). Thus, when they are heated, the occurring processes are
similar to the combustion of large (several millimeters) solid fossil fuel particles. Internal thermal stress
leads to the formation of open pores (Figure 6a,c), through which the thermal decomposition products
of solid components escape from the deep layers of fuel pellets into the oxidizer medium. These pores
emerge and develop primarily in the near-surface layer of the pellet, and their size is much smaller
than that of the pellet itself. Notably, the shape of pellets under such conditions remains almost the
same as they burn (Figures 3a and 4). The solid residue burns out in layers. The front of combustion is
formed in the near-surface layer of the pellet and moves steadily towards its deep layers.

This process is more intense for compositions No. 5–No. 8, containing wood sawdust, than it is
for composition No. 1. Sawdust is actually a thermally active additive, evenly distributed throughout
the pellet. The ignition temperature of wood is much lower than that of dry FC (Table 2). Thus, in the
layer-by-layer combustion of the pellet, wood particles are the first to ignite in the combustion front,
and then the heat released intensifies the coal component ignition (Figure 6c). It reduces the ignition
delay of coal.

The compositions with a polymer material particle, impregnated with a combustible liquid,
are characterized by a different mechanism of ignition and combustion intensification. When a fuel
pellet is heated, the thermal decomposition of FC is accompanied by the endothermic evaporation
of oil or water-oil emulsion. Under such conditions, the energy supplied to the pellet is spent on the
phase transformation, which reduces the intensity of the process under study, on the one hand. On the
other hand, the rapid evaporation of liquid in a small area, located inside the dense structure of pressed
FC, results in a higher pressure of vapors in a closed space. This leads to the emergence and formation
of a developed structure of pores (Figure 6b), whose sizes are comparable with the typical pellet size.
Under such conditions, the fuel pellet shape changes significantly during combustion (Figure 3b–d).
As with the other compositions, in the heating of compositions No. 2–No. 4, the vapors and gases with
low resistance enter the oxidizing medium from the deep pellet layers through open pores (Figure 6b).
However, the combustion front of such pellets has a rather complex structure. The developed structure
of pores increases the combustion area and, thus, accelerates the burnout of fuel pellet components.
Similar processes are typical of abnormal combustion modes of composite solid fuels when fuel charges
crack or detach from the engine body walls [41].

The experimental research findings for the ignition delay times and duration of burnout of a
group of fuel pellets at different heating temperatures provide a foundation for the development
of an industrial technology of using such solid composite fuels to generate power by combustion,
e.g., in hot-water boiler furnaces. The established temporal characteristics of ignition and combustion
can be applied to calculate the thermal modes of boiler furnace operation. Moreover, it was shown
that the burnout rate of fuel components may be increased or decreased by varying the component
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composition of fuel pellets. Thus, the energy output per a unit of time can be varied in the temperature
range of 800–900 ◦C, typical of hot-water boiler furnaces.

In addition to the ignition and combustion characteristics, we also analyzed the concentrations
of anthropogenic emissions in flue gases from fuel pellet combustion. The concentrations of carbon
oxides from the combustion of compositions No. 1–No. 8 are similar (the differences do not exceed
several percent): CO2—17–18%, CO—no more than 400 ppm. These values correspond to identical
characteristics of coal dust combustion in a boiler furnace [5]. The concentrations of nitrogen and
sulfur oxides from the combustion of fuel pellets with different components differ much more
significantly (Figure 7).
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In Figure 7, the NOx and SOx concentrations are presented per a unit of heat (emissions for identical
heating value of fuel samples are compared), released from the combustion of fuel pellets of different
component composition. Notably, the ratio of masses of fuel compositions from three groups (FC;
FC + 10% polymer particle, impregnated with a combustible liquid; FC + 30% wood sawdust), identical
in the calorific value, is 1: 0.92: 1.12. According to the ultimate analysis (Table 2), wood contains 10 times
less nitrogen and sulfur. Therefore, adding wood sawdust to FC significantly reduces the NOx and SOx

concentrations from the combustion of these fuel compositions of identical mass. However, the heat of
combustion of wood is 35% lower than that of FC (Table 2). Therefore, the mass of the fuel composition
based on FC with 30% of wood sawdust has to be 1.12 times bigger to generate the same amount
of heat, as the combustion of FC does. Thus, the difference in the NOx and SOx concentrations for
composition No. 1 and compositions No. 5–No. 8 (per a unit of heat, released from the fuel pellet
combustion) is 30% and 25% (Figure 7), respectively. Moreover, the ash content of wood is an order of
magnitude lower than that of FC, so, the combustion of a larger mass of fuel pellets with it will not
increase the amount of non-combustible solid residue, but will, on the contrary, somewhat decrease it.

In its turn, adding a porous polymer particle, impregnated with a combustible liquid, to the
fuel pellet composition, has a positive effect on its calorific value, since the heat of combustion of oil
is almost twice as high as that of FC (Tables 2 and 3). Therefore, the mass of the fuel composition
based on FC with 10% of porous polymer, impregnated with a combustible liquid, has to be 1.09 times
smaller to generate identical amount of heat. Under such conditions, the difference in the NOx and
SOx concentrations of the corresponding composition and FC without any components is 30% and
20% (Figure 7), respectively. The co-firing of dry coal with used oil increases the concentrations of
the oxides of nitrogen and sulfur in flue gases. This is explained by a higher combustion temperature
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of such fuel compositions. It was established that [5], adding used oils to composite fuels increases
the combustion temperature by 100–200 ◦C. For fuel compositions containing municipal solid waste,
higher combustion temperature reduces the concentration of carcinogens, e.g., PCDD/Fs, despite higher
NOx and SOx concentrations [5].

Apart from the effect of adding combustible components with lower content of nitrogen and sulfur
or with greater calorific value to FC, the concentration of anthropogenic emissions in flue gases also
depends on the chemical interaction of a large group of substances and compounds in the gas medium
at relatively high temperatures [4]. The temperature of gases in the flame can reach 1100–1400 ◦C [5].
Under such conditions, the water vapors, as well as oxides of alkaline and alkaline-earth metals, [4] can
significantly reduce the anthropogenic emissions [42]. However, a detailed mechanism of chemical
reactions, explaining the content of anthropogenic emissions in flue gases from the combustion of
different fuel compositions based on hydrocarbons, has not been established yet. We did not consider
solving this task in our study, since it requires independent research.

The analysis of anthropogenic emissions has shown that adding some biomass (from several
percent to several-dozen percent) to FC significantly reduces the concentrations of sulfur and nitrogen
oxides. This reduction in anthropogenic emissions is attributed to the following groups of factors.
First, replacing some part of coal with components that contain much less sulfur and nitrogen (Table 2)
reduces the NOx and SOx concentrations in flue gases, since solid fossil fuels are the main sources of
the respective oxides [43], forming from the oxidation of volatiles and fuel coke during combustion.
The second reason is that sulfur and nitrogen oxides interact with water vapors, as well as biomass
pyrolysis and gasification components. This results in the formation of salts in the ash and reduces the
NOx and SOx concentrations in the gas medium. The redox environment, conditioned by the presence
of moisture, leads to the emergence of extra H and OH radicals. They can also interact with NOx and
SOx in line with the reactions: 2NO + 4H2 + O2→ N2 + 4H2O (at a temperature above 200 ◦C); SO2 +

3H2 → H2S + 2H2O (at temperatures above 1000 ◦C) [42]. The metal-containing components in the
ash part of the dry biomass and FC can also interact with sulfur and nitrogen oxides (CaO + SO2 +

1/2O2→ CaSO4; 3SO2 + 2Fe(OH)3→Fe2(SO3)3 + H2O; 2Fe + 3NO→ 3/2N2 + Fe2O3) at temperatures
above 800 ◦C [44]. This results in the formation of new substances that either end up as ash residue or
participate in further chemical reactions in the gas medium without forming NOx or SOx. The final
content of NOx in flue gases is also affected by the type of nitrogen-containing compounds in the
fuel. In biomass, most of the nitrogen is in volatile components that are released and burn out at
the initial stage of ignition and combustion as compounds some of which do not produce nitrogen
oxides [43]. As for coal and coal processing waste, nitrogen oxides are formed at the stage of the coke
part oxidation at relatively high temperatures which are not achieved due to a decrease in temperature
of fuel combustion when biomass is added [43].

Thus, it was experimentally established that adding extra components even with relatively
low concentrations (10–30%) to fuel compositions based on fine coal processing waste or dust of
low-grade coal significantly enhances the combustion of fuel pellets and reduces the concentrations of
anthropogenic emissions in flue gases.

The fundamental research findings provide a scientific evidence of the prospects of using
multicomponent fuel pellets in real practice. They serve as a foundation for the development of an
industrial technology of producing such fuel pellets, in particular for the calculation of the mass
fraction of various components. The results offer the potential for the industrial recovery of abundant
existing and annually produced coal processing (FC) and woodworking waste that poses a serious fire
and environmental hazard if stored at open-air disposal sites. The cost of such waste-derived fuel is
largely made up of transportation expenses and is much lower than that of high-quality fossil fuels.
Moreover, the possibility of varying the component composition of fuel pellets by adding biomass or a
highly reactive component will enable us to make more effective use of power-generating equipment.
The operation of a hot-water boiler with grate firing of solid fuels can be optimized by enhancing
combustion not only when employing an automatic control system, but also when changing the fuel
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composition to achieve the target indicators—for anthropogenic emissions (pellets with biomass) or
power generation intensity (pellets with a highly reactive component).

4. Conclusions

Experimental studies have been conducted for three groups of fuel pellets based on coal processing
waste with porous polymer material particles, impregnated with a combustible liquid, and wood
sawdust of different particle size. The ignition and combustion of single fuel pellets were researched
under radiant heating in an air medium, while varying the temperature from 800 to 1000 ◦C. Using a
hardware and software system of high-speed video recording, the main characteristics of the processes
were established: ignition delay times (2–8 s) and duration of fuel burnout at different heating
temperatures (40–90 s). For the fuel compositions under study, the same main stages of the process
were distinguished, when single pellets were heated in motionless heated air: inert heating of the
fuel; moisture evaporation; thermal decomposition of solid combustible components; formation of
gas-vapor mixture around the pellet under the conditions of diffusive-convective heat and mass
transfer in the oxidizer medium; its ignition on reaching critical conditions and subsequent burnout;
heating of the solid residue from the heat of the gas-phase combustion; its ignition and subsequent
burnout. A difference was established in the combustion mechanisms of pellets, when adding various
components to the fuel mixture composition. This has a direct influence on the induction period
duration and combustion time, other conditions being equal. When wood sawdust is distributed
evenly throughout the fuel pellet, solid components burn out layer-by-layer. The ignition temperature
of wood is much lower than that of dry FC, therefore, wood particles are the first to ignite in the
combustion front, and the heat released intensifies the ignition of the coal component. For compositions
containing a polymer material particle, impregnated with a combustible liquid, the evaporation of oil
or water-oil emulsion in a small area, located inside the dense structure of pressed FC, results in a
higher pressure of vapors in a closed space. This leads to the emergence and formation of a developed
structure of pores with sizes comparable with the typical pellet size. The combustion front of such
pellets has a rather complex structure. The developed structure of pores increases the combustion
area and, thus, accelerates the burnout of fuel pellet components. The component composition of fuel
pellets also affects the concentration of anthropogenic emissions in flue gases. The concentrations of
carbon oxides from the combustion of the fuel compositions under study are similar: CO2—17–18%,
CO—no more than 400 ppm. NOx and SOx concentrations in flue gases per a unit of heat, released from
the fuel pellet combustion at 1000 ◦C, are by 30% and 25% lower for the compositions with 30% of
wood sawdust, while being by 30% and 20% higher for compositions with 10% of porous polymer,
impregnated with a combustible liquid, as compared with identical characteristics from the combustion
of FC without any additional components. The NOx and SOx concentrations from the combustion of
FC pellets are less than 150 and 60 ppm, respectively.
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Nomenclature

Ad ash content, %
Bfuel amount of fuel combusted, t

Cdaf fractions of carbon in the fuel component
converted to a dry ash-free state, %

Hdaf fractions of hydrogen in the fuel component
converted to a dry ash-free state, %

Ndaf fractions of nitrogen in the fuel component
converted to a dry ash-free state, %

Odaf fractions of oxygen in the fuel component
converted to a dry ash-free state, %

Qa
s, V higher heating value, J/kg

Sdaf fractions of sulfur in the fuel component
converted to a dry ash-free state, %

tb burning time, s
td ignition delay time, s
Tf flash point temperature, ◦C
Tg ambient air temperature, ◦C
Tign ignition temperature, ◦C
Vdaf volatile content, %
Wa moisture content, %
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