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I ntroduction

The rapidly growing pace of infrastructure development encourages
greater consumption of fossil energy resources, which are non-renewable
and have a fairly serious negative impact on the environment when used.
Therefore, at the moment there is an urgent question about the study,
implementation and implementation of technologies that make it possible
to use waste that has energy potential.

The agro-industrial and industrial complex has a large amount of
secondary raw materials. The use of this waste is not carried out due to the
low development of technology. Many types of plant and industrial waste
can be used as an energy source. Biomass is one of the aternative sources
of heat; its advantage isits availability and renewability.

The proposed technology for recycling these resources is briquetting.
But, due to little knowledge of the properties and characteristics of biomass
and industrial waste, the technology has not recelved proper
implementation and distribution in the CIS.

Studying the properties of various plant and industria wastes,
studying their characteristics during the combustion process, and analyzing
the conditions for briquetting will allow us to analyze the possibility of
creating energy-efficient fuel briquettes. At the same time, the amount of
industrial waste, tons of which are thrown away and cannot be recycled,
will be significantly reduced. The use of plant waste will reduce the amount
of harmful emissions that are generated when burning traditional energy
SOUrces.

In the modern world, high rates of infrastructure development lead to
a significant increase in energy consumption, which leads to the depletion
of energy resources and has a detrimental effect on the environment.

In connection with this fact, the development and implementation of
production technology and the use of alternative energy sources by
processing secondary raw materialsis a pressing issue.

Agricultural (plant) and industrial wastes, which are generated in
fairly large quantities, act as secondary raw materials. An urgent issueisto
determine the thermal characteristics of fuel briquettes from plant and
industrial waste in order to justify their energy use.

The objectives of this work are to determine the thermal
characteristics of briquettes from various agricultural (plant) and industrial
wastes, conduct a comparative analysis to identify the most effective
samples, as well as study the influence of the fractional composition of fuel
briquettes on the calorific value.



The practical significance of the work lies in the possible use of the
obtained thermal characteristics of briquettes for further scientific research.
The study will allow us to evaluate the energy efficiency and feasibility of
using briquettes as an alternative source of heat. The experimental work
carried out to study briquettes made from industrial and plant waste will
make it possible to determine the optimal ratios of raw materials in the
mixture for their further use as fudl.

This research is funded by the Science Committee of the Ministry of
Science and Higher Education of the Republic of Kazakhstan (Grant No.

AP14869152)



1 Plant and industrial waste as sources of raw materials for the
production of fuel briquettes

1.1 The relevance of using plant and industrial waste as fuel raw
materials

In the modern world, the increasing pace of infrastructure
development, the increase in the world population, the deviation of the
climatic background from norms, the ecological state of the planet and the
emerging shortage of traditional energy sources poses an acute question for
society about the creation, implementation and use of alternative energy
sources.

World consumption of traditional energy sources is increasing every
year. According to the British Petroleum review of the global energy
market for 2019, a ranking of the leading countries in coal fuel production
has been compiled. According to this review, the leading position in the
production of coal fuel is occupied by China — 3683.0 million tons, Russia
ranks sixth — 441.3 million tons, Kazakhstan is in tenth place — 117.8
million tons [1].

In the ranking of countries for natural gas production, according to an
analysis conducted by British Petroleum for 2020, the United States takes
the leading position — 914.6 billion m%year, Russia occupies the second
position — 638.5 billion m®/year, Kazakhstan isin 22nd place — 31.7 billion
m3/year. The total globa consumption of natural gas is 3853.7 billion
m3/year [2].

In the ranking of countries for oil production according to British
Petroleum data for 2020, the leading position is occupied by the United
States — 712.7 million tons, Russia is in second position — 524.5 million
tons, Kazakhstan is in 14th place — 86.1 million tons in year. Total oil
production in the world is 4165.1 million tons [3].

An important issue is the state of the environment and climate change.
Consumption of fossil fuels causes serious environmental damage. In the
process of burning fossil fuels, carbon dioxide (about 35 billion tons per
year) and methane are formed and released into the atmosphere, which
affect the increase in surface temperatures. According to the data in figure
1.1 published by British Petroleum, carbon dioxide emissions in
Kazakhstan have tripled over the past 70 years. Air pollution negatively
affects the condition of soil and water resources by polluting atmospheric
precipitation [4].

The above factors are only part of the problems that are caused by the
extraction and consumption of fossil fuel resources. Therefore, developed
countries are actively developing and introducing biofuel resources into



technological use. These resources during the combustion process do not
contribute to the release of high contents of carbon dioxide and sulfur (not
higher than 0.16%), are renewable and are easily accessible. The formation
and emissions of nitrogen oxides are minimal. This process is explained by
the lower combustion temperature of plant waste.

O prmissions by fuel, Kpzakhsten m

Figure 1.1 — CO; emissions in Kazakhstan for al types of fuel

The widespread use of plant waste is one of the leading solutions to
combat the reduction of CO, emissions. This is justified by the fact that
when burning biomass, which consists of plant waste, the same amount of
CO; is released that was absorbed by the plant during its life cycle. In this
way, the released carbon dioxide is recycled without increasing its content
in the atmosphere. An important factor is aso the minimal presence of
sulfur oxides in plant waste.

Many production processes generate huge amounts of industrial
waste, which can be used as energy resources, for example, fuel [5].

More than 2 billion tons of waste are produced annually in European
Union member states, and this figure is growing steadily. According to the
Statistical Office of the European Union, the main sources of waste are
construction (32.9 %), mining (27.8 %), manufacturing (13.1 %) and
households (8.5 %) [6].

Industrial waste is varied in its properties and composition: pieces of
metal, metal shavings, waste oil products, minera parts of raw materias
and fuel, metallurgical dag, ash, dust, etc. The amount of waste generated
depends on the technology, quality of raw materials and the processes of
the production organization of the enterprise.

6



Today, the technical and production process is developing, the
demand for industrial products is increasing, and humanity is growing
globally. The generation of industrial waste that needs to be disposed of or
recycled is constantly increasing [7, 8].

In Kazakhstan, even with the presence of numerous industria
enterprises, the issue of processing generated industrial waste has never
been acute. The main types of industrial production with the largest amount
of waste are mining and manufacturing. All waste is stored mainly in areas
close to enterprises, polluting the environment.

After time, the question arises about processing these types of waste.
New technologies, equipment and machinery for processing industrial
waste have appeared, which give industrial waste a second life.

Recycling industrial waste has become much more profitable than
disposing of it. Almost al industrial waste can be used for the benefit of
society, for example, pieces of meta formed in the process of
manufacturing metal products can be packaged, briquetted and melted into
new metal. Waste generated during the construction process (pieces of
concrete, brick, plaster, etc.) can be recycled and used in the future for
filling roads, courtyards and for many other purposes. Large motor
transport enterprises generate waste in the form of worn-out tires, which
can also be recycled into crumb rubber and used for the construction of
stadiums, playgrounds and other socially significant facilities [9].

On the other hand, an impressive volume of agricultural waste is
generated annually in Kazakhstan, the energy potential of which is not
realized. Almaty (979.9 thousand tonslyear), Zhambyl (716.7 thousand
tons/year), Akmola (854.0 thousand tons/year), Kostanay (877.8 thousand
tons/year) and North Kazakhstan (890.7 thousand tons/year) regions. The
total production volume of waste and residues of oilseed production
throughout Kazakhstan is 1,123.5 thousand tons/year. The leaders in
avallable waste are South Kazakhstan (296.0 thousand tons/year), East
Kazakhstan (226.1 thousand tons/year), Almaty (187.0 thousand tons/year)
and North Kazakhstan (145.2 thousand tons/year), Pavlodar (48.4 thousand
tons/year) region [10].

About one billion tons of industrial waste are generated annually in
Kazakhstan. The leaders are the following regions. Karaganda (110 million
tons per year) and Pavlodar (104 million tons per year). In total, the share
of accumulated industrial waste in Kazakhstan is 31.6 billion tons [11]. The
main sources of pollution in the Pavlodar region are large industrial
enterprises in the energy, metalurgy, chemical, coa mining and oil
refining industries. By-products of these industries include coal processing
waste, coke residues, and the huge formation of ash and slag waste.



However, the implementation of the use of industrial and agricultural
(plant) waste as an dternative to traditional sources is difficult due to little
knowledge of the properties and characteristics of these wastes.

1.2 Main characteristics of briquettes from vegetable waste

As a material for creating briquette fuel, plant waste from the
agricultural industry and industrial waste are used in various proportions.

Let's consider the main characteristics of fuel briquettes.

1) Increased heat dissipation:

a) A fuel briquette consists of small particles, due to which during
combustion the briquette is more permeable than a monolithic piece of
cod, for example. The briquette burns completely. Result: fuel savings of
30%.

b) Reduced moisture content due to heat treatment of briquettes.
Steam losses are minimized. Result: 5 % fuel savings.

¢) The shape and dimensions of the briquette ensure high permeability
of the bulk layer during layer combustion. Result: 5% fuel savings.

2) Environmentally friendly products. Our study did not include any
special additives. The lignin contained in the raw material will serve as a
binder. Therefore, there will be no damage to the environment from this
side.

3) Cleanliness. The products are packaged in cardboard boxes (bags).
Carefully packaged briquettes can be stored in a coal warehouse, while
occupying 2 — 3 times less space. Consequence: saving space in utility
rooms.

4) No losses during transportation and transshipment. Coal losses
during transportation and loading reach up to 20 %.

5) It is easier to maintain the combustion process in the furnace. There
is no phenomenon of coa caking in the layer due to a more uniform
distribution of crushed ash residue in the briquettes. Consequence:
simplified maintenance of stoves and fireplaces and fuel savings of 2.5 %.

Plant waste has sufficient energy potential to realize its use as fuel.
The cellular composition of agricultura plant waste contains lignin. When
heated and pressed, lignin becomes plastic and sticky, acting as a binding
component. As a result, strong adhesion of small fractions occurs and the
strength of the resulting briquettes increases [12].

Plant waste has the following characteristics:

1) Low ash content, within A = 2 % to 12 %;

2) Low sulfur content, ranging from S = 0.02 % to 0.2 % and nitrogen
N =from 0.3 %to 1.2 %;



3) The release of carbon dioxide during the combustion of plant waste
occurs in exactly the same volume as was absorbed by the plant during its
life cycle;

4) Heat of combustion of organic waste Q = up to 20 MJKg;

5) The production of vegetable fuel does not have a negative impact
on the soil structure [13].

It is necessary to take into account a number of characteristics
inherent in plant waste before using it as raw materia for fuel briquettes.
The main characteristics include moisture content, ash content, elementa
composition, and heat content.

Moisture content is an important factor in briquette formation. High
moisture content in the raw material complicates the briquette formation
process, affects its density and reduces the calorific value. Too low
humidity will negatively affect the process of pressing raw materials. The
adhesion between particles will be worse.

Numerous studies of various agricultural wastes have shown that there
are small differences between them in terms of thermal characteristics.
Below is a comparative description of some types of plant-based
agricultural raw materia waste (table 1.1).

Table 1.1 — Thermal characteristics of some agricultural wastes[14]

Sample Humidity, % | Ash content, Heat of
% combustion, Jkg

Sunflower husk 8.40 2.70 16 - 20
Oat husk 9.80 4.78 14-19
Buckwheat husk 6.50 7.95 15.82
Barley straw 7.40 5.90 17.00
Corn stover 7.96 5.10 19.00
Millet 7.92 5.70 18.00
Cotton 4.43 15.50 14.5

Based on the results of the analysis of the presented data the following
conclusions can be drawn. Thermal characteristics of different types of
biomass vary within small limits. All types of plant raw materials have
fairly high calorific values. The lowest ash content is observed in sunflower
husks — 2.7 %. Therefore, it has the highest caorific value (up to 20
MJ/kg). Cotton has the highest ash content of 15.5 %, which significantly
reduces its calorific value. The lowest moisture content was observed in
buckwheat husks — 6.5 %, the highest percentage of moisture was in oat
husks — about 10 %.



Table 1.2 — Elemental composition of agricultural waste [14]

Sample Carbon, % | Sulfur, | Hydrogen, | Nitrogen, | Oxygen, %
% % %

Sunflower 50.1 0.14 6.3 1.7 41.4
husk

Oat husk 42.7 0.23 5.8 0.9 52.7
Buckwheat 48.3 0.2 6.57 0.7 45.65
husk

Barley straw 46.9 0.1 5.3 0.7 41.0
Corn stover 43.7 0.1 6.1 0.5 44.6
Millet 45.5 0.1 6.1 0.9 41.7

The presented wastes have a similar elemental composition. The
highest carbon content was observed in sunflower husks (50.1 %), the
lowest value was typical for oat husks (39.8 %), the carbon content of coal
varies around 60 %. The content of sulfur and nitrogen in the presented
waste is extremely low for al types and is in the same range. This
guarantees lower emissions of these oxides into the atmosphere than when
burning coa fuel, in which the sulfur content can reach up to 8 %.

Biomass intended to be used to create a fuel briquette must meet a
number of requirements that will ensure the effectiveness of its use as a
fuel material. In the studies of the authors [15], [16], the optimal ranges of
characteristics that apply to fuel briquettes were established (table 1.3).

Table 1.3 — Optimal characteristics of fuel briquettes

Characteristic Parameter I ndicator
Density, g/cm® 0.24-0.37
Physical M oisture contents, % 5.55-12.33
Water resistance,% 87.60-92.0
Mechanical Dgstruction index, % 86.00 — 99.08
Withstand pressure, MPa 18.47 — 21.75
Heat of combustion, MJkg 12.0-17.0
Volatileyield, % 68.20
Thermal Ash content, % 16.10
Fixed carbon, % 15.70
Carbon, % 45.20
Hydrogen, % 5.80
E!)%ir;ﬂlon Nitrogen, % 1.02
Oxygen,% 47.60
Sulfur, % 0.21
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The characteristics of fuel briquettes are divided into mechanical,
physical and thermal. They completely influence the quality of briquettes,
determine the ability of briquettes to withstand externa influences and
behavior during the combustion process. A high-quality briquette must
have strength (physical) characteristics that ensure safe transportation and
storage, eliminating the possibility of damageto its structure.

Thermal characteristics must be within optimal ranges to ensure safe
and beneficiad use of the briquette during the combustion process.
Excessive or low specified thermal characteristics can negatively affect the
combustion process and the calorific value of the briquette.

The elemental composition of the combustible part must guarantee the
rapid reactivity of the briquette during the ignition process. The briquette
must contain a sufficiently high percentage of volatile matter. The content
of elements such as nitrogen and sulfur in the fuel briquette should be
minimal in order to minimize the amount of harmful emissions.

Based on the analysis of the thermal and elemental characteristics of
various biomass samples, and comparison with the above optimal
characteristics for briquetting (table 1.3), we can conclude that the
presented agricultural waste meets the requirements.

1.3 Research experience in the field of briquetting agricultural
and industrial waste

The technology of briquetting various wastes originated in the mid —
19th century. The technology for producing briquette fuel from charcoal
and coal was developed by A.P. Veshnyakov, followed by A.l. Shpakovsky
invented a method for creating briquettes from peat. Currently, various
researchers have been studying the characteristics of agricultural and
industrial waste. Some of the studies are reviewed and anayzed in this
work.

The article [17] analyzed the combustion quality of briquettes made
from various agricultural wastes (coconut, rice, coffee husks and sawdust).
The waste was pre-dried in the sun for two to eight hours to reduce
moisture content and ground into smaller fractions, excluding sawdust.
Figure 1.2 summarizes the characteristics of all briquettes obtained during
the experiments.

The ash content of coffee husk bio-briquettes is the lowest value
(0.60 %) and rice husk has the highest value (15.63 %). It is known that the
lower the ash content, the greater the calorific value. The moisture content
of coconut husk has the lowest value (1.56 %) and rice husk has the highest
value (7.38 %). Volatile substances, which are responsible for the reactivity
of any fuel, turned out to be in a fairly wide range. Coconut husk briquettes
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have the lowest volatile matter yield (22.11 %) and rice husk briquettes
have the highest volatile matter yield (58.20 %).
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Figure 1.2 — Obtained characteristics of briquettes from various
agricultural wastes [17]
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In tests to determine the lower calorific value of briquettes, the highest
value was recorded for coconut husk (22 068,73 kJ), the lowest value was
for rice husk (14 036,5 kJ). However, the calorific value was higher than
that of some charcoals. The calorific content of coffee husks (16 948,55 kJ)
and sawdust (17 794,93 kJ) are comparable to each other. All results were
compared with the calorific value of stone (25 802,02 kJ) and charcoa (13
232,02 kJ).

In [18], a study was carried out on briquettes consisting of waste
leaves of Pterocarpus Indicus. Tapioca was used as a binder in various
percentages. The highest caorific value was shown by the composition of
briquettes with a ratio of 90 % leaf waste and 10 % tapioca (19475.75
kJkg). The main characteristics of the above-mentioned briquette were
determined (table 1.4).

Table 1.4 — Characteristics of briquettes made from leaf waste

Parameter Meaning
Moisture content, % 5.20
Ash content,% 6.20
Volatiles, % 73.30
Sulfur content,% 0.25
Carbon,% 49.12
Hydrogen, % 6.60

The results obtained from studying the characteristics of tapioca
briquettes and leaves are within the optimal (in accordance with table 1.4)
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limits for almost all parameters or dightly exceed them. The high content
of volatile substances in the briquette composition has a positive effect on
itsignition rate.

In article [19], thermal analysis of fuel briquettes consisting of coal
dust and peanut husks was carried out. For different ratios of coal dust and
peanut husk content in a briquette, the main characteristics were
determined. The best values of lower calorific value changed dightly (from
25027.18 kJkg to 21714.17 kJKg). As the peanut hull content in the
briquette increased from 10 % to 100 %, the ash content (from 24.18 % to
29.15 %) and moisture (from 2.43 % to 6.44 %) increased. The amount of
volatile substances is aso increasing (from 20.17 % to 47.64 %). Analysis
of the combustion of briquettes containing a pulverized coa mixture and
peanut husks in a ratio of 10 % to 100 % showed the following data: the
ignition time was reduced (from 45.2 sto 22.23 s) and the burning time of
the briquette (from 28.32 s to 16.10 s). Based on the results obtained, the
researchers concluded: the optimal ratio of component contents for making
briquettes from coal dust and peanut husks is 60:40. This briquette showed
the following results: high strength — 10.8 N/mm?, calorific value —
23628.8 kJkg, briquette burning time — 22.56 minutes, ignition time —
35.7 seconds.

The study [20] looked at the production of briquettes consisting of
waste plastic, acacia bark and waste oil. The ratios of components and the
results obtained during the experiment are shown in table 1.5.

Table 1.5 — Characteristics of briquettes made from plastic, bark and waste
oil [20]

X

4

Mixture ratio g
(plastic : ail : B
bark) ?

Q@

=

(®]

>

Density, kg/m®
Moisture, %
Fixed carbon, %
Sulfur content, %

Ash, %

40:60:100 079 | 358 | 241 | 85.15 8.86 0.13
25:70:100 0.68 | 545 | 2.80 | 80.37 11.38 0.17
30:70:100 070 | 343 | 219 | 86.26 8.12 0.16
35:70:100 070 | 312 | 285 | 84.62 941 0.16
40:70:100 0.79 | 366 | 257 | 85.04 8.73 0.20
20:80:100 0.67 | 493 | 251 | 8232 10.24 0.18
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As a result of analyzing the table, the following conclusions can be
drawn. Increasing the plastic content has a positive effect on the density
and moisture content. The large amount of bark waste contained in the
briquette leads to an increase in the content of ash and fixed carbon.
Adding oil to the briquette increases the sulfur content.

During experimental studies, the heat content of various options for
briquette mixtures was determined (table 1.6).

Table 1.6 — Caorific value of briquettes made of plastic, oil and bark

Mixture ratio (plastic : oil : bark) Lower calorific value, MJkg
1070 120 27.11
20 60 120 27.00
2080 100 30.00
40 70 100 32.70
35 70 100 33.26
30 70 100 33.56
2570 100 30.11
40 60 100 30.46

The highest calorific value (33.56 MJkg) was determined for a
briquette with the component ratio: 30 % plastic, 70 % oil, 100 % bark. The
briquette with the best mixture content in terms of heat of combustion also
has the best results in terms of moisture content (3.43 %), ash (2.19 %) and
the amount of volatile substances (86.2 %). In general, the calorific value
of all briquettes obtained is high and meets the quality requirements.

In the study [21], the authors produced a fuel briquette from biomass
containing oat husk as a solid base; the binder material was oat husk flour.
The briquette was made in the following ratio: from 80 % to 90 % oat
husks, from 10 % to 15 % binding material (oat husk flour), the rest was
water.

A distinctive feature of this method is the heating of the mixture to
200 °C during the briquetting process. The briquettes were pressed a a
pressure from 1000 to 1200 kgf/cm?,

Due to heating, the surface of the briquette was covered with a film,
which gives a water-repellent effect. Characteristics of oat biomass
briquettes are presented in table 1.7.

Table 1.7 — Thermophysical characteristics of oat husk briquettes
Humidity, Density, Heat of combustion, MJ, | Ash content,
% kg/m® kg %
8-10 600-750 20,0-24,0 2-3
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The resulting briquette has good therma characteristics. The
combustion heat reached 24.0 MJKg, the ash content was 2 %. High
strength characteristics will ensure its safe transportation, without
crumbling.

In work [22], issues of briquetting technology from coal mining and
coa processing waste are studied and presented. Coal and coke dust were
taken as raw materias for yurikets. Experimental tests were carried out to
determine the thermal properties of briquettes made from enriched coal and
coke dust using the oil agglomeration method.

Coke dust and coal dust with a fraction size of less than 1 mm and an
ash content of 18 % to 30 % were mixed in a 1:1 ratio. The fuel mixture
was enriched with waste exhaust oil. Coking fuses heated in the range from
50 °C to 60 °C were used as a binding material. The fuel mixture was
pressed for three minutes with gradually increasing pressure from 5-6 atm
to 15 atm. The parameters of the resulting briquette are presented in table
1.8.

Table 1.8 — Characteristics of pressed coke dust without the use of a binder
and fuel briquettes with a binder [22]

Type Ash content, | Calorific value, kJkg Sulfur
% content, %

Pressed coke| 12.0-16.8 37 291.0-38 757.5 0.04-0.05
dust

Briquette  with 5.0-55 35824.5-36 034.0 0.25-0.3
binder

In the course of the study, it was established that the permissible
presence of the binding component is 8 % of the total fuel mass. Despite a
slight decrease in the calorific value of the briquette with the addition of a
binding component, the ash content in it decreased significantly from
16.8 % to 5.5 %. The strength characteristics increased significantly with
the addition of fuses. However, despite the positive side, the addition of
fuses to the briguette composition resulted in an increase in the percentage
of sulfur content. However, the obtained result dightly exceeds the optimal
requirements. Unfortunately, this study lacks a plant component in the
mixture.

The manuscript [23] discusses the technology for the production of
fuel briquettes from raw material waste from coke production (coke dust
and coking durry). The production of briquettes was carried out in two
ways. in the first method, the mold was heated to 50 °C and pressed
stepwise, reaching a pressure of 15 atm. The second method was carried
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out without heating the mold, but the coconut dust and fus were heated to
100 °C. The ratio of the binder component and coke dust was 8 % to 92 %.
The data obtained during the experiment were recorded in Table 1.9.

Table 1.9 — Characteristics of two types of briquettes [23]

Receiving | Compression, Ash Sulfur corl:(ta)it stoi]:)n
method kg/cm? content, % | content, % ’
MJkg
First way 50-60 6.4 0.45 39.805
stzcyond 60-90 6.5 0.48 30.805

It was found that technology in both cases had a positive effect on the
quality characteristics of the briquette. The ash content in briquettes is
within the same limit and, in comparison with the ash content of the source
materia (from 10 % to 16 %), they are significantly lower. Higher strength
characteristics (from 60 to 90 kg/cm?) were found in briquettes made using
the second method using preheating of the mixture. Heating the mixture
improved the adhesion of the components to each other. The heat of
combustion of the resulting two briquettes exceeded the initial heat of
combustion of coke dust from 37.710 to 39.805 M Jkg.

This method allows you to use waste from coke plants that is not yet
used. This study also lacks a plant component in the mixture.

In article [24], the authors determined the thermal characteristics of
the products of low-temperature pyrolysis (400 °C) of low-lying peat from
various deposits (Sukhovskoye and Arkadyevskoye deposits, sample
obtained from the State Scientific Institution SIBNIISKhiT).

The moisture content of the samples was not determined due to the
fact that the raw material was subject to pyrolysis at a temperature of
400 °C. The characteristics obtained during the experiment are shown in
table 1.10.

Based on the data obtained, the ash content of the raw materials listed
is quite high, which negatively affects the combustion process. The yield of
volatile substances in all samples was high, which has a positive effect on
the speed and ease of ignition of the briquette. The resulting fuel briquettes
had a calorific value much higher than that of the original raw material. For
example, the heat of combustion of a fuel briquette from low-lying peat
from the Sukhovsky deposit was 6.5 times higher than the initial parameter
(2.7 MJkg).
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Table 1.10 — Characteristics of briquettes made from raw materials of low-
temperature pyrolysis of low-lying peat

Briquette type Ash Heat of Volatile
content, | combustion, | yield,
% MJkg %
Raw materials for low-temperature| 32.2 17.7 82.6
pyrolysis of low-lying pedt.
Sukhovskoye
Raw materials for low-temperature| 48.0 14.0 89.6
pyrolysis of low-lying pedt.
Arkadyevskoye
Raw materials for low-temperature| 33.3 20.7 55.7
pyrolysis of low-lying pedt.
SIBNIISKhi T

In article [25], the process of conductive pyrolysis of sunflower husks
was studied and the characteristics of the resulting briquettes were
determined. 30 grams of raw material were pressed with a pressure of 0.5
to 3.0 tons. Next, the sample was heated to 450 °C and held for 20 minutes.
Based on the results of the test, it was found that the ash content in the
resulting brigquettes was 6.2 %. The maximum density of the briquettes was
1139 kg/cm?® (the origina density of the sample was 90 kg/m®), with a
pressing pressure of 153 kg/cm?.

1.4 Briquetting of industrial waste: review of technologies

A review of existing methods and technologies of briquetting shows
that at an early stage of development it was used for agglomeration of
coals, then used for agglomeration of primary metallurgical raw materials —
fine ore, coarse concentrates. In the mid-twentieth century, briquetting was
used mainly for the atomization of crushed and dusty waste, which was
associated with the difficulty of agglomerating them using other methods.

Briquetting waste has a number of advantages compared to using it in
its origina form. First of all, the vehicle load factor increases and the
production culture improves. Briquettes are easy to use, they can be burned
in home stoves and fireplaces, and used for heating housing and communal
services.

The standard briquette production technology is shown in figure 1.3.
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Figure 1.3 — The standard briguette production technol ogy

The main unit in the technology is the pressing unit. Presses are
hydraulic and mechanical.

The mechanism of the main stage of briquetting — pressing in general
form is presented as follows. At low pressure, external compaction of the
material occurs due to the voids between the particles. Then the particles
themselves become compacted and deformed; molecular adhesion occurs
between them. High pressure at the end of pressing leads to the transition
of elastic deformations of the particles into plastic ones, as a result of
which the structure of the briquette is strengthened and the specified shape
IS maintained.

The briquetting process can occur without binders or with the use of
binders. Binders are inorganic and organic. Inorganic ones include: lime,
clay, gypsum, cement, magnesite, tripoli, alkalis, sodium and calcium
phosphates, granulated blast furnace slag, cast iron shavings, etc. These
substances are used both individually and in mixtures.

Organic binders include: coking coal, pitch, tar, resins and various
wastes from the pulp, paper and food industries, for example, sulfite liquor,
mol asses, etc.

Let'slook at some of the stages of briquetting in more detail:

- Drying.
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Moisture content is very important both in terms of briquette strength
and heat content. A distinction is made between direct drying (high-speed
dryer using hot gas) and indirect drying (disc dryer using heat from steam).

- Grinding.

Raw materials usually require grinding for better particle adhesion and
higher briquette strength.

- Binders.

Binders are necessary to increase the strength of the briquette and its
suitability for further transportation and use. Typical binder content ranges
from 5 % to 15 % of the total mixture weight.

- Production of briquettes.

The prepared mixture is fed to the press. The shapes of briquettes can
be different depending on the type of roller recesses. The most common
briquette shapeis a pillow shape.

Modern technologies for the production of fuel briguettes pose the
following tasks:

1) Production of briquettes with properties that are required by a
specific customer. The final product (briquette) must have the desired
configuration, size, shape, and aso have good physical properties.

2) Production of briquettes with a given energy value (thermal
potential). Thisissue also takes into account the needs and conditions of the
customer.

3) High production capacity and speed

4) Minimizing costs for the production of fuel bricks and reducing the
number of personnel to ensure the operation of production.

Let's consider the option of briquetting waste from coke production:
coke breeze and coke dust. Coke breeze is not directly used without
additional processing due to its finely dispersed state and high ash content,
and difficulties with unloading and transportation. On the other hand, the
problem of recycling coke breeze is very promising, but requires careful
development of technology and selection of equipment.

Coke breeze, and especially coke dust, require special preparation for
recycling. One of the preparation methods is agglomeration. Known
methods for agglomerating dust: granulation, briquetting and tableting.

To produce briquettes or tablets from petcoke breeze with a binder,
the following equipment is required:

1) mixer-heater for uniform distribution of the binder and heating the
mixture to the pressing temperature;

2) dispenser for the resulting mixture or heated raw materials,

3) briquetting or tableting machine;

4) a container for cooling briguettes or tablets;
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5) conveyor,

6) packing machine.

In the case of the production of briquettes from petroleum coke breeze
without a binder, instead of a mixer-heater, a device for heating the coke
breezein aflow of hot gasesis required.

The coke breeze briquetting plant can be equipped with a drying unit
to ensure the required moisture content of the raw material before feeding it
into the mixer.

The pressing pressure of brigquettes depends on the chosen technology
and type of binder and can be (according to literature data) in the range
from 0.3 to 25 MPa.

The study [26] proposed a new design of a hydraulic stamp press
designed for briquetting coal and coke fines. Figure 1.4 shows the generd
diagram of a briquette stamp press and its cross-section.
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Figure 1.4 — Diagram of a brigquette stamp press [26]

The press consists of a stamping chamber 1 for forming briquettes, a
loading chamber 2 with a raw material supply piston 3, a pre-pressing
chamber 4, and a damper 5 of the stamping chamber.

The briquette press also contains a hydraulic cylinder 6 for the
pressing actuator with a rod 7, a pneumatic cylinder 8 for the actuator for
raising and lowering the damper 5 of the stamping chamber 1, a pneumatic
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cylinder 9 for the actuator for the raw material supply piston 3 and a device
10 for coordinating their control. The device 10 for coordinating the control
of their operation is connected by pneumatic lines 11 and 12 to the
pneumatic cylinder of the stamping chamber damper, pneumatic lines 13
and 14 to the raw material supply pneumatic cylinder, and hydraulic lines
15 and 16 to the hydraulic pressing cylinder. The mechanism for raising
and lowering the damper 5 of the stamping chamber 1 contains a pneumatic
cylinder 8, therod 17 of which is connected to the damper 5.

The press works as follows. The initial position of the rod 7 of the
piston 3 for supplying raw materials, the damper 5 of the stamping chamber
1 is shown in figure 1.4. In this case, loading chamber 2 is filled with raw
materials. When the control coordination device 10 is turned on, air is
supplied through the pneumatic line 14 to the pneumatic cylinder 9 of the
actuator of the raw material supply piston, and through the pneumatic line
13 it is removed from it, and the piston 3 moves and supplies the raw
material to the pre-press chamber 4. The pre-press chamber 4 isfilled with
raw materials.

Since the density of the briquette will depend on the pre-press
pressure in chamber 4, this pressure is regulated by the stroke of the raw
material supply piston 3, which is regulated by the pneumatic cylinder 9.
At the end of its stroke, piston 3 closes the pre-press chamber 4 to form a
cylindrical channel with a diameter larger than the diameter of the rod. The
piston 3 stops, the coordination and control device 10 supplies hydraulic
fluid through the hydraulic line 16 to the hydraulic cylinder 6 of the
pressing actuator, and removes it through the hydraulic line 15, the rod 7
moves and compacts the raw material, first in the pre-pressing chamber 4
and finaly in the stamping chamber 1.

When the required pressure in the hydraulic cylinder is reached,
hydraulic cylinder 6 is transferred to the “floating” position (the rod does
not press and can move). Air is supplied to the pneumatic cylinder 8 of the
actuator for raising and lowering the damper 5 through the air duct 12 (and
removed through the air duct 11), and through the rod 17 it opens the
damper 5 of the stamping chamber. After opening the damper 5, pressureis
again supplied to the hydraulic cylinder 6 and the rod 7 pushes out the
briquette. The rod 7 and the damper of the stamping chamber 5 return to
their original position. The raw material supply piston 3 returns to its
origina position as soon as the hydraulic cylinder 6 stops in the floating
position. Then the processis repeated. Instead of air, hydraulic fluid can be
used as aworking agent in all actuators.

The operating principle and diagram of an extruder (screw)
briquetting press is presented in figure 1.5 [27]. The form of the stamping
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chamber allows the output to be a briquette of equal density along the
length.

1 - loading pipe; 2 — feed screw; 3 — pressing screw; 4 — matrix channel;
5 — heating elements [27]

Figure 1.5 — Operating principle and diagram of an extruder (screw)
briquetting press

Briquetting of coke breeze and dust using extruders is recommended,
for example, in [28]. Extruder briquetting machines for coke breeze are
produced by Ukrainian [29] and Chinese manufacturers [30]. Of all the
known briquetting machines, the most productive are roller briquetting
machines. Considering the large volumes of coke breeze to be processed, it
isroller machines that are of the greatest interest.

The operating principle of roller briquetting machines is shown in
figures1.6 and 1.7.

To summarize, the following things can be stated. Firstly, the
considered thermal characteristics of various agricultural wastes prove that
biomass is a good aternative to traditional energy sources. Secondly, the
existing experience of foreign and domestic researchers in the field of
briquetting proves the effectiveness of using plant and industrial waste as
feedstock.
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Figure 1.7 — Roller press with a screw feeder, which additionally
compacts the briquette mixture
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2 Materials and methods for studying the thermal characteristics
of combined fuel briquettes

2.1 Analysis of the raw material base of the Republic of
Kazakhstan for agricultural and industrial waste

2.1.1 Disposal of agricultural (crop) and industrial waste is a pressing
problem throughout the world. To solve this problem, it is proposed to use
waste from these production sectors to obtain thermal energy based on
briquetting technology.

Agricultural waste is subject to a wide range of different conditions.
The main factors influencing the amount of crop residues are the type of
crops planted and their yield. In Kazakhstan, the most important crops in
terms of production volumes are wheat, barley, corn and rice. The
harvested area of the listed agricultural cropsis 35 million hectares.

There are several requirements for the successful use of crop waste
from the agricultura sector:

- the cultivated share of land must exceed 50 %;

- stable annual harvest levdl;

- favorable soil condition, sufficient moisture [31].

As vegetable raw materias for the production of combined fuel
briquettes, you can use waste generated during the processing of the
following grains and oilseeds: buckwheat, sunflower, millet, oats, corn,
rapeseed, rice, rye, wheat. In the north of Kazakhstan, grain crops such as
wheat, oats, corn, millet, sunflower are grown, and in the south — rice. We
will analyze the volumes of the most common agricultural crops in
Kazakhstan.

According to data provided by the Statistics Agency of the Ministry of
National Economy of the Republic of Kazakhstan for 2011-2021, a steady
increase in the area under crops is recorded (figure 2.1). In 2023, the area
under agricultural crops amounted to 20.18 million hectares. Of these,
grains and legumes — 17.48 million hectares, including wheat — 13.72
million hectares, oilseeds — 2.79 million hectares.

According to the regional agricultural departments, in 2022 the sown
area of al agricultural crops in the country will be more than 23.16 million
hectares, which is 237 thousand hectares more than the level of 2021. Of
these, grains and legumes — 16.11 million hectares, including wheat — 12.5
million hectares. Oilseeds are planned to be placed on an area of more than
3.46 million hectares, fodder crops — on 2.97 million hectares, cotton — on
115.2 thousand hectares.
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Figure 2.1 — Updated sown area of main agricultural crops[32]

In 2022, the adjusted sown area of grains (including rice) and
legumes in the republic amounted to 16,114.4 thousand hectares (at the
level of last year), vegetables and melons, root crops and tubers — 480.2
thousand hectares (98.2 % by 2021), of which open ground vegetables —
170.2 thousand hectares (100.9 %), potatoes — 199.5 thousand hectares
(101.9 %), cotton — 126.3 thousand hectares (114 ,8 %).

In the Republic of Kazakhstan, the yield of grain and legume crops
for 2021 amounted to 16,375.9 thousand tons, oilseed crops — 2,430.1
thousand tons [33]. Of these, the number of sunflower seeds amounted to
1,031.8 thousand tons, in comparison with the cathedral for 2020 (844.3
thousand tons), the amount increased by 18%. The harvest yields of grains
(figure 2.1) and oilseeds (figure 2.2) of each region of the Republic of
Kazakhstan are presented in the diagrams below.

The gross harvest of main agricultural crops in Kazakhstan in the
period from 2018 to 2022 is presented in figure 2.2.

The gross harvest of grains (including rice) and legumes in 2022
increased compared to 2021 by 34.5 % and amounted to 22,030.5 thousand
tons, oilseeds — by 25.6 % and 3,051.3 thousand tons, respectively.
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Figure 2.2 — Gross harvest of main agricultural crops in Kazakhstan
from 2018 to 2022

The total harvest of some types of grain crops in the Republic of
Kazakhstan for 2022 is presented in table 2.1.

Table2.1— Tota harvest of grains and legumes in Kazakhstan

Gran Quantity in thousand tons
Wheat 11 814.10
Corn 1 295.50
Oats 182.27
Rice 503.70
Buckwheat 78.04
Millet 35.82

An analysis of Table 2.1 shows that the main share of the harvest of
grains and legumes falls on wheat — 11,814.1 thousand tons, the smallest
share belongs to millet — 35.82 thousand tons.

The waste generated during the processing of sunflower seeds has the
following ratio — 40 % cake and 25 % husk. At the moment, cake and husk
are not used on a large scale to produce thermal energy. They are used
mainly only as feed and fertilizer.

The gross harvest of grain and legumes in Kazakhstan is presented in
figure 2.3.
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Figure 2.3 — Gross harvest of grains and legumes in Kazakhstan, 2022

Let's analyze the presented data on the collection of grains and
legumes for 2022 by region of the country. The leading region in the
harvest of grains and legumes is the Akmola region (3,875.8 thousand
tons). The smallest collection is observed in the Shymkent region (8.85
thousand tons).

Wheat is the main crop grown in the Akmolaregion. In 2022, Akmola
region occupied a leading position in the harvest of this crop
(3,355.0 thousand tons). Almaty region is the leader in corn harvests
(660.5 thousand tons). This region is adso a leader in barley harvests
(452.6 thousand tons). The leader in oat harvest is the North Kazakhstan
region (40.97 thousand tons). In addition, the North Kazakhstan region has
large volumes of barley (446.3 thousand tons). The Kyzylorda region is the
leader in rice harvests (447.95 thousand tons). Rice is the main crop grown
in this region. In terms of buckwheat harvests, the main position belongs to
the Pavlodar region. In 2022, she collected 43.26 thousand tons of this
crop, aswell as 22.6 thousand tons of millet.

The possibility of using waste from rice processing is very limited.
This is explained by the fact that rice is cultivated only in three southern
cities (Almaty, Kyzylorda and Turkestan). The situation is the same with
the use of buckwheat husks as raw material for fuel briquettes. Buckwheat
is grown only in five regions of Kazakhstan: Akmola, Almaty, Kostanay,
Pavlodar, North Kazakhstan and East Kazakhstan regions.

The gross harvest of oilseeds in Kazakhstan in 2022 is presented in
figure 2.4.
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Figure 2.4 — Gross yield of oilseeds in Kazakhstan

Based on data on the gross harvest of oilseeds, it can be argued that
the East Kazakhstan and North Kazakhstan regions are the most promising
for the disposal of oilseed production waste.

Thus, based on the available data on the harvest of grains and oilseeds,
we can come to the following conclusion. From the point of view of
forming araw materia base for the production of combined fuel briquettes,
the northern and eastern regions of the country have the greatest potential .

Table 2.2 contains information on annual crop production (for 2022)
and estimated dry biomass.

Table 2.2 — Estimated dry collection from plant waste in Kazakhstan (for
2022)

Ceredls Harvested dry Crop production
biomass
10° t/year % 10°t/year %
Wheat 12.50 53.40 9.56 63.31
Rice 0.51 2.17 0.47 3.11
Corn 7.20 30.75 2.52 16.69
Barley 3.20 13.67 2.55 16.89
Total 2341 100.00 15.10 100.00

Despite the solid annual cereal production of 23.41-106 tons per year,
the total annual dry biomass harvested is 15.10-106 tons per year,
accounting for 64.5 %. Of this, 63.31 % is from wheat, 16.89 % is from
barley, while 16.69 % and 3.11 % are from corn and rice respectively. The
amount of biomass harvested is influenced by crop type, crop waste, and
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avallability factors. For example, wheat accounts for 53.40 % of annual
production but 63.31 % of annual dry biomass harvested; however, in the
case of corn, athough it accounts for 30.75 % of the annual production, the
eventua contribution to the harvested dry biomass dropsto 16.69 %.

2.1.2 The Republic of Kazakhstan is a developed industrial state. On
its territory there are the largest metallurgical complexes (Karaganda,
Temirtau, Khromtau, Pavlodar, etc.), three ail refineries (Atyrau, Pavlodar
and Shymkent), seventeen large power plants: two thermal power plants in
the Almaty region, two thermal power plants in the East Kazakhstan
region, six Thermal power plant in the Karaganda region, three thermal
power plants and three state district power plants in the Pavlodar region,
one thermal power plant in the South Kazakhstan region.

The development of the industrial sector, especialy heavy industry, is
necessarily accompanied by an increase in environmental pollution. The
number of stationary sources that actually emit pollutants into the
atmosphere is constantly growing (from 108,576 in 2005 to 227,643 in
2022).

In 2022, the air basin of the republic received such specific pollutants
as lead and its compounds in the amount of 213.4 tons, manganese and its
compounds — 73.9 tons, copper oxide — 103.1 tons, sulfuric acid — 382.2
tons, chlorine — 53.8 tons, mercury — 264 kilograms. The actual release of
these substances did not exceed the volume of established maximum
permissible emissions (MPE) (figure 2.5).
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Figure 2.5 — Emissions of main pollutants for 2018 — 2022 (thousand
tons) [34]
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The main volumes of pollutants were formed in the territories of
Pavliodar (724.2 thousand tons) and Karaganda (469 thousand tons)
regions,

On the territory of Kazakhstan, in the period from 2005 to 2022, an
average of 569.25 thousand tons of solid industrial pollutants were
generated annually (according to statistics given in [35]).

The leading regions in terms of the amount of solid waste generated
were Pavlodar and Karaganda regions. In the Pavlodar region, over 150
thousand tons of solid industrial waste are consistently generated per year,
in the Karaganda region it is dlightly less — 110 thousand tons per year.
Regions with an average level of solid industrial waste generation include:
East Kazakhstan (29.3 thousand tons per year), Akmola (29.1 thousand
tons per year), North Kazakhstan (23.8 thousand tons per year) and Aktobe
(20 thousand tons per year). In other regions, from 2.3 to 11.0 thousand
tons of the mentioned waste are produced per year.

As a result of the activities of the country's industrial sector, about
31.6 billion tons of industrial waste were accumulated. These are mainly
man-made mineral formations (TMF), including overburden rock and ash
and slag (70% of the total volume), waste from the manufacturing industry
(10 % of the total volume) and other activities (20 %). Work on their
processing and disposal is carried out at a very low pace. The share of
processed and utilized industrial waste in Kazakhstan for the 3rd quarter of
2020 was only 29.7 %.

The remaining volume of industrial waste (about 680 million tons
annually) is disposed of in storage facilities and landfills.

The main share of industria waste comes from mining and
enrichment enterprises. They form ever-growing dumps and storage
facilities throughout the country. To systematize waste, the State Waste
Cadastre was organized. It is a systematized, periodically updated and
updated set of unified information for each waste disposal facility.
According to the Ministry of Industry and Infrastructure Development of
the Republic of Kazakhstan, today 1.5 thousand objects are registered in
the State Waste Cadastre.

Typicaly, waste with small fractions, for example, generated during
the extraction and enrichment of coal, shale and peat, and oil and coal
refining (coke residue), is used as araw materia for fuel briquettes.

With the annual generation of more than 500 thousand tons of solid
waste, the share of recycling is a maximum of 2 % of the total amount. In
2020, 8,186.8 thousand tons of waste were recycled, this figure is 15 %
lower compared to the recycling share for 2019 (9,484 thousand tons).
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Figure 2.5 — Disposal of solid industrial waste in Kazakhstan 2010 —
2020

According to the data on the amount of solid waste disposed of in the
period from 2010 to 2020 (figure 2.5), the following conclusion can be
made. Waste disposal indicators are not stable. There is no tendency in the
country to increase the percentage of industrial waste recycling. The
maximum indicator of processed solids was recorded in 2013 and
amounted to 10,730 thousand tons, the minimum in 2017 was 4,899
thousand tons. Between 2017 and 2019, there was a 50 % increase in
recycling. However, the data for 2020 are almost equal to the data for 2018,
which indicates the lack of sustainable growth in recycling activities.

For further changes for the better in Kazakhstan, it is necessary to
take effective measures for the disposal of industrial waste [36]. One of
these options could be the recycling of industria and agricultural
(vegetable) waste by briquetting it, obtaining combined fuel briquettes and
further use in small boilers.

2.2 Analysis of the raw material base of the Pavlodar region for
agricultural and industrial waste

The sown area of agricultural crops in the Pavlodar region in 2023
amounted to 1332609.1 hectares. In the Pavlodar region, most (77.2 %) of
the sown areas are devoted to the cultivation of cereals and oilseeds (900.4
and 179.5 hectares, respectively). The gross harvest of grains and legumes
in 2021 for our region amounted to 10,052,492.7 centners, for oilseeds —
2,151,207 centners [37].
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In accordance with stetistical data in the Pavlodar region, the annual
harvest of grains and legumes averages 492.8 thousand tons and more. |If
we talk about oilseeds, the harvesting of these crops over the past six years
has averaged 133.5 thousand tons per year. Of this, 117.0 thousand tons are
collected from sunflower seeds [33].

According to [33], in 2022, the harvest of grains and legumes in the
region amounted to 958.056 thousand tons, oilseeds — 206.627 thousand
tons. The significant part of the oilseeds are sunflower seeds (175.965
thousand tons). One can see a noticeable increase in the harvesting of these
crops recently in the region. Harvesting of some types of agricultural crops
in the Pavlodar region for 2022 is presented in table 2.3.

Table 2.3 — Harvesting of some types of agricultural crops in the Pavlodar

region for 2022
Grain Quantity in thousand tons

Wheat 660.885
Sunflower 175.965
Barley 117.295
Buckwheat 44432
Oats 22.892
Millet 14.130
Corn 13.130
Lentils 4.103

Analyzing the harvest data in the Pavlodar region, we can conclude
that the main part of the grain harvest is wheat. At the same time, Pavlodar
region is in first place in the country in terms of the results of harvesting
buckwheat and millet.

As mentioned above, the Republic of Kazakhstan is an industrialized
state. Every year, about hundreds of thousands of tons of solid industrial
waste are generated on our territory, which are poorly disposed of and are
mainly stored in dumps near enterprises. As a result, there is an
accumulation and migration of solid pollutants into the environment, which
is due to the constant increase in waste generated and the low degree of
their disposal.

According to [35], for 2022 the amount of emissions of solid
pollutants amounted to 446.3 thousand tons. These include waste from the
metallurgical, oil refining and energy industries.

On May 30, 2013, a presidential decree was adopted in Kazakhstan.
The document was aimed at increasing the level of recycling and recycling
of waste for recycling. Despite this legidative document, the share of
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industrial waste recycling in the country ranges from 3,302.0 to
10,730.1 thousand tons per year (minimum and maximum indicators are
indicated).

Pavlodar region is the industrial center of Kazakhstan. The largest
energy, metalurgica and petrochemical production facilities are
concentrated here. Due to the high concentration of industrial production in
the region, it accounts for the highest amount of industrial solid waste. For
example, in 2022, 151.6 thousand tons of emissions of solid pollutants into
the environment were recorded, which is 33.97 % of the tota for the
country.

According to experts, the volume of industrial waste (for example,
coa and petcoke fines) can range from 30 to 70% of the main volume of
production and processing [38]. According to UPNK-PV LLP (Pavlodar),
up to 200 tons of coke dust is generated annually at the enterprise, which
requires disposal.

2.3 Characteristics of raw materials used to produce fue
briquettes

In the presented study, plant waste from the agricultural sector and
solid waste from industrial production were used as raw materials to obtain
combined fuel briquettes. The waste was selected based on its availability
and degree of prevalence in the Pavlodar region. For production and further
study, the following raw materials for briguettes were used:

- sunflower husk;

- buckwheat husk;

- leaves,

- sunflower cake;

- coke dust.

As is known, agricultural crops (their waste) are characterized by a
low content of ash, moisture and harmful compounds (sulfur and nitrogen).

Sunflower husks are a waste of oilseed production during the
processing of sunflower seeds. The husks are separated when preparing the
sunflower seeds to extract the oil during the hulling process. It consists of a
large amount of celulose, so it can be compared to sawdust, bark,
buckwheat husks, pine or hazelnut shells. The physical structure of
sunflower husk is homogeneous, bulk density ranges from 85 to
140 kg/m?. Husks are easily crushed and pressed due to the oily component
and lignin. The oily component in the husk ranges from 22.5 % to 50 %
(depending on the sunflower variety). In its chemica composition,
sunflower husk contains up to 34.17 % lignin and has a high yield of
volatile substances from 68.77 to 83.6 % [24, 25]. The ash content of the
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husks is low, varying from 2.86 to 3 %. The moisture content of the husks
is aso satisfactory (from 4.5 to 10 % [39)]. Sunflower husks have afairly
high heat content (from 18.9 to 20 MJkg) [40]. From the point of view of
environmental damage, burning sunflower husks does not pose a threat to
the environment. The fact is that when burning husks, no more carbon
dioxide is released than during the natural decomposition of wood, and a
negligible amount of harmful emissions is generated. The ash remaining
after burning sunflower husks is excellent for fertilizing plants. There are
even specia boilers that use sunflower husks as fuel.

Buckwhesat husk is formed during the cleaning of buckwheat and is a
waste product from this production. It consists of buckwheat flakes left
after grain processing. Its structure is hard, dry and heterogeneous, has
many air cavities, bulk density ranging from 160 to 195 kg/m?3. Buckwheat
husk contains ash ranging from 1.5 to 2.3 %, moisture from 6.4 to 10.1 %
[41]. The volatile yield for this materia ranges from 73.86 to 74.4 % [42],
the calorific value ranges from 17.19 to 18.4 MJkg. The internal structure
of buckwheat husk consists of difficult-to-hydrolyze polysaccharides,
including lignin in an amount of 24.8 to 28.2 %, the release of which
occurs only when heated to temperatures above 160 °C and pressure. Thus,
pressing buckwheat husks is associated with difficulties and requires heat
exposure in order to activate the work of the binder — lignin.

Buckwheat hulls contain relatively few other binders, such as starch,
for example, which are necessary in the production of briquettes.

To summarize, we can say that buckwheat hulls are more difficult to
crush and brigquet than sunflower hulls.

Fallen leaves, dthough not a waste of crop production, can
nevertheless be used as raw materials for the production of fuel briquettes.
They form in large numbers in urban areas in the autumn. Due to the lack
of technologies for their disposal, most of the leaves rot or are burned in the
open air, which causes damage to the environment.

This study used fallen poplar leaves collected from a park area near a
higher education institution.

Fallen leaves have a fragile structure and low bulk density from 30 to
50 kg/m3. Lignin is the most important component in leaves, giving them
strength and stability. The percentage of lignin in fallen leaves can reach 50
[43]. In the process of briquetting deciduous mass, lignin serves as a
“gluing” element that binds the components of the mixture into a
homogeneous mass and increases the strength of the briquette.

Thus, fallen leaves are an easily accessible material for fuel briquettes
and can be easily ground and pressed (due to their low bulk density and
high lignin content).
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Leaf moisture ranges from 8 % to 10 %, ash content, depending on
temperature, can range from 11.62 % to 14.86 % [44]. The volatile yield of
the leaves reaches 70 %, which indicates good reactivity as afuel. The heat
of combustion of dry leavesis quite high and ranges from 14 to 20 MJKkg.

Sunflower cake, like sunflower husks, is a waste product, but it is
formed in the process of obtaining oil from sunflower seeds. Sunflower
cake is the compressed remains of sunflower seeds along with the peel. For
this reason, sunflower cake has a high oil content. The percentage of ail
content in the cake can reach 10 %. Due to the high proportion of oily
substances in its composition, this material is very plastic and soft. It
cannot withstand high pressing pressure. The bulk density of sunflower
cake is in the range from 400 to 600 kg/m?®. The lignin content is low, on
average thisvalueis4.9 % [45].

The moisture content in sunflower cake is low — 8.80 %, the ash
content of the material ranges from 4.92 to 5.40 %. Sunflower cake, like
other agricultural wastes, is characterized by a high volatile yield, the value
of which varies from 60 to 70 %. Cake is aso characterized by a high
calorific value, which ranges from 20.47 to 23.98 MJKkg [46].

After analyzing the considered plant waste, we can draw the following
conclusion. The chemical composition of most agricultural and plant crops
issimilar to each other. It is worth noting that fallen leaves have a high ash
content (from 11.62 to 14.86 %). This may be due to contamination of the
raw materials themselves.

In this work, waste from oil calcination of coke — coke dust (and
fines), as well as coal dust, which is formed in excess at enterprises when
preparing coal for combustion, were used as raw materials of industrial
origin. Coke dust, which is a product of the petrochemical industry, is
obtained from the solid residue of petroleum refining (raw coke) into a
continuous coke calcination unit at temperatures up to 1350 °C. Petroleum
calcined coke differs from coke produced from coal in that it contains less
ash (6.65 %) and sulfur, and also has a higher calorific value.

As a result, the resulting calcined coke has a low moisture content
(3.06 %), high carbon concentration (87.48 %) and high heat content (from
26.87 kJkg to 29.84 kJkg). The yield of volatiles when compared with
plant waste is quite small (9.81 %). It is comparable to the yield of volatile
lean coals and anthracites (up to 13 %). In their pure form, coke dust and
fines are rarely used for briquetting. but as a component for afuel briquette
it is of great value. This value is explained by the high carbon content
(87.48 %) and low ash content (6.65 %).

On the other hand, fine dispersion, low moisture content, lack of
internal binding components in the composition of coke dust and low
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dengity create difficulties in the formation of briquettes from pure raw
materials. To solve these problems, it is proposed to combine coke dust
with crop waste and fallen leaves.

The characteristics of the raw materials that were used to produce
briquettes are presented in table 2.3.

Table 2.3 — Thermal characteristics of raw materials used to produce

briquettes
N(a;vneerof ér\\/ogjzag r sunflower | sunflowe | leaves | buckwhe Bolzlfﬁ K_I_.Sl\l/JSt
& husk rcake(0- | (O @36 || b
(0-3mm) 2mm) 2mm) mm)
Total moisturein fuel
operating condition, 3,86 4,50 2-4 6,40 1,70-3,06
%
Ash content in the 6,50-
dry state of fuel, % 2,26 2,30 14,50 2,30 6,65
Yidd of volatile
substances on adry,
ash-free state of fuel. 78,00 55,00 64,00 73,00 9,81
%
Lower calonfic 10031,00 | 20407,00 | 222909 | 1700000 | 2687100
value, kJ/kg 1

2.4 Production of fuel briquettes

2.4.1 In this study, plant waste (including fallen leaves) and industrial
waste were used to produce combined fuel briquettes. The following
vegetable wastes were used: buckwheat husks, falen leaves, sunflower
husks, sunflower cake. Industria waste includes coke dust and fines
remaining after the process of oil calcination of coke. Next, the components
of the mixture for fuel briquettes and their ratio in the mixture were
determined.

The choice of components for obtaining a combined fuel briquette was
determined by a number of factors:

- the resulting fuel briquette must have high strength and density;

- lignin must be present in sufficient quantity in one of the
components of the mixture. this will avoid adding additional binder and
improve the adhesion between the mixture fractions. Otherwise, the
resulting briquette will be extremely fragile.

The production of briquettes was carried out without the use of specid
binding components. Lignin contained in plant waste and released at high
pressure, as well as oil in sunflower husks and cake, can be considered as a
binder of natural origin. A sufficient lignin content in plant waste has a
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positive effect on the physical characteristics of the resulting briquettes,
namely density and strength.

The quality of the resulting combined fuel briquettes depends on
severa parameters:

- quality of raw materias. Particularly important is the moisture
content of the raw materials used. Humidity must be within the limits
established by the standard [47]. High humidity (above 10%) and low
humidity (less than 5 %) cause problems during the briquetting process,

- quantitative content of natural binders (lignin, resins, oils) in the
mixture. The presence of this type of binder in the required quantity has a
positive effect on the quality of the briquette in terms of mechanical
strength;

- duration of pressing. The briquetting process takes a certain period
of time. Applying pressure to the mixture for too long can cause cracks to
appear on the surface. A short-term exposure under pressure will not be
sufficient to form strong bonds between the particles of the mixture and
obtain a durable fuel briquette. The optimal pressing time is 50 to 60
seconds.

The technology for manufacturing combined fuel briquettes from
plant and industrial waste consists of the following processes:

1. Preparation of raw materials. Preparation of vegetable and coal dust
consists of:

- in pre-drying at ambient temperature;

- in sifting and removing mechanical impurities from raw materias.
For this purpose, sieves of different sizes are used. Cleaning is carried out
in two stages. at the first stage, large fractions are removed, and at the
second stage, fine particles are removed.

2. Grinding of raw materias. After cleaning the raw material, it must
be crushed to a fraction size of less than 3 mm. This will improve the
process of particle bonding.

3. Mixing the components of the mixture. Mixing of the selected raw
materials occurs in a certain proportional ratio of the components. The
weight of the mixture to obtain a briquette is 10 g. The prepared raw
material mixture is thoroughly mixed and poured into the molding cylinder.

4. Production of fuel briquettes. The mixture is pressed using a
hydraulic press with a pressure of 25 MPa. The mixture is pressed for one
minute, then the finished briquette is removed from the molding cylinder
by extrusion.

To produce combined fuel briquettes, a floor-mounted hydraulic press
from Trommelberg (Germany) with a manual drive was used (figure 2.6).
The press devel ops a maximum force of 30 tons.

37



- ¥
&'_!A;_.;)
R

1 — pressure gauge; 3 — cylinder; 4 — hydraulic hose; 5 — saddle; 6 — pump;
7 — bolt; 8 — support; 10 — washer; 11 — nut; 12 — frame; 14 — nut; 15 —
plate; 16 — nut; 17 — frame; 20 — bolt; 21 — plate

Figure 2.6 — Diagram of a hydraulic press for briquetting

To determine the quality of binding of the mixture components and
the strength of the briquettes at the output, various combinations of raw
materials and their ratios in the mixture were studied. As a result, it was
found that an increase in the composition of the mixture of buckwheat
husks, regardiess of the size of the fractional composition, leads to a
decrease in the strength of the briquette, or its complete destruction. This
factor is unacceptable; the fuel briquette must be dense and mechanically
strong, capable of withstanding external physical influences during
transportation and storage.

For the experimental study, a number of briquettes with different
mixture composition ratios were produced by pressing, which included
both industrial waste (coal and coke dust) and plant waste (buckwheat
husks, large and small fractions of sunflower, leaves, cake).

The quality of the resulting combined fuel briquettes is significantly
influenced by the fractional composition of the raw materials. In the course
of anayzing the influence of the fractional composition of the briquette on
its strength characteristics, the following was revea ed:
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- pressing pure coke dust is difficult due to the dry and fine structure
of the raw material. The use of coke dust requires the selection of a second
component with a sufficient content of moisture, oil or lignin in the
composition;

- mixing two components containing increased oiliness results in a
briquette with low strength (the briquette could not withstand the pressure,
the briquette was destroyed under minor external influence);

- the content of dry leaves in the mixture has a positive effect on the
result. Almost all briquettes with sufficient leaf content are characterized
by high density and strength. The exception was briquettes, in which the
content of sunflower cake significantly exceeded the content of leaves,

- mixing buckwheat husks of any fractional composition (fine and
large) with coke dust isimpossible without additional binding components,
since both raw materials are characterized by increased dryness and a small
amount of natural binder;

- an increased content of oily substances in the initia mixture
negatively affects the quality of the fuel briquette. After pressing, the
briquette retains its shape, but the briquette is destroyed even with a slight
mechanical impact on it;

- the strength of briquettes is significantly influenced by the moisture
content of the raw material and lignin. If both components of the mixture
have high humidity, then the strength of the briquette decreases and it
becomes more friable.

2.4.2 Analysis of the resulting combined briquettes from plant waste
according to external characteristics (table 2.4).

To obtain fuel briquettes, the following combinations of raw materials
in briquettes were selected:

- buckwheat husk (large fraction) and sunflower husk;

- buckwheat husk (fine fraction) and |leaves;

- sunflower leaves and husks;

- sunflower husks (fine fraction) and coke breeze;

- sunflower cake and coke breeze;

- buckwheat husk (fine fraction) and coke breeze.

Briguettes were made in the following ratios of mixture components:
70:30, 60:40, 50:50, 40:60, 30:70, 20:80.

Briguettes made from buckwheat husks (large fraction) and sunflower
have a dense and durable shape only when the content of one of the
components of the mixture is greater than the content of the other
component. For example, a briguette made from buckwheat husks (large
fraction) and sunflower in a portion ratio of 70% to 30% and with aratio of
30% to 70% have a more dense and durable structure. The briquette is
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slightly subject to destruction and does not stratify along the edges, unlike
other ratios in a mixture of this type. However, in the first case, due to the
main content of buckwheat husk in the mixture, the briquette is more
susceptible to separation in the lower and upper parts, since buckwheat is

poorly pressed.
Table 2.4 — Description of the external characteristics of briquettes made
from vegetable waste
Sample Photo Description
1 2 3

Buckwheat husk (large Dense, smooth edges without

fraction) and defects, under mechanical stress it

sunflower husk beginsto crumble.

(70 %:30 %)

Buckwheat husk (large

It is dense, but with a dight
mechanical impact it begins to
collapse, the edges are uneven,
there are cracks.

Durable, withstands mechanical
stress, however, due to buckwheat
on the edges, it is subject to dight
delamination.

The texture is loose, destroyed by
mechanical stress.

fraction) and
sunflower husk
(60 %:40 %)
Buckwheat husk (large
fraction) and
sunflower husk
(50%:50%)

Buckwheat husk (large
fraction) and
sunflower husk
(40 %:60 %)
Buckwheat husk (large
fraction) and
sunflower husk
(30 %:70 %)

Durable, does not collapse under
mechanical stress. The edges are
smooth and do not delaminate.

Buckwheat husk (fine
fraction) and leaves
(30 %:70 %)

Very durable and dense, does not
collapse under mechanical stress,
the edges are even, and does not
delaminate.

Buckwheat husk (fine
fraction) and leaves
(40 %:60 %)

40

Durable and dense, dightly loose,
dlightly susceptible to destruction,
the edges are dlightly flaky.




continuation of table 2.4

1

3

Buckwheat husk (fine
fraction) and leaves
(50 9%:50 %)

Durable and dense, dlightly
susceptible to destruction, the
edges are dightly flaky.

Buckwheat husk (fine
fraction) and leaves
(60 9%:40 %)

Dense and durable, does not
collapse under  mechanical
stress, the edges dlightly
delaminate.

Buckwheat husk (fine
fraction) and leaves
(70 %:30 %)

Very dense and durable, not
subject to destruction under
mechanical influence, the edges
ae smooth and do not
delaminate.

Sunflower leaves and
husks (30 %:70 %)

Dense and durable, dlightly
susceptible to destruction under
mechanical influence, the edges
are even, but slightly flaky.

Sunflower leaves and
husks (40 %:60 %)

Dense, but destroyed by
mechanical impact, the textureis
loose.

Sunflower leaves and
husks (50%:50%)

Dense, but under mechanical
influence it is dightly destroyed,
the texture is loose, the edges are
even.

Sunflower leaves and
husks (60 %:40 %)

Dense, but destroyed by
mechanical impact, the textureis
loose, the edges exfoliate.

Sunflower leaves and
husks (70 %:30 %)

Durable and very dense, does
not collapse under mechanical
stress, the edges are even.

The oiliness of the sunflower husk plays a significant role in the
production of briquettes from sunflower husks and buckwheat husks. The
higher the oiliness of the sunflower husk, the more difficult the briquette

41



formation process will be. The texture of such a briquette will be looser,
which increases the risk of violating its integrity.

Briquettes made from buckwheat husks (fine fraction) and leaves have
much greater density and strength in al ratios of components. Samples
with a raw material ratio of 70 % to 30 % and 30 % to 70 % (buckwheat
husk: leaves) have the best physical characteristics among the entire range
of ratios considered.

Briquettes made from sunflower leaves and husks. The presence of
crushed dry leaves in the mixture ailmost aways (depending on the type of
the second component) ensures the production of a dense and durable fuel
briquette. The pressing process does not cause difficulties. The reason for
the good result is the content of lignin in the leaves, which acts as a binder
of natura origin. All samples made from sunflower leaves and husks have
good characteristics. With an increase in the content of sunflower husks in
the mixture, the brigquette becomes looser and softer. An increase in husk
content inevitably leads to a decrease in the strength characteristics of the
briquette. The reason for this decrease is the high oiliness of sunflower
husks. It was revealed that combined briquettes with a percentage of 30%
husks and 70 % leaves have the best strength characteristics.

Briquettes were also made from a mixture of plant and industrial
waste. The resulting fuel briquettes and their analysis are presented in table
2.5. Coke breeze and dust were used as raw materials of industria origin.
Buckwheat husks (of various fractions), as well as sunflower cake and
sunflower husks were used as plant waste.

Table 2.5 — Briquettes from agricultural and industrial waste

Sample Photo Description
1 2 3
Sunflower husks (fine Destroys from minor mechanical
fraction) and coke impacts, does not hold its shape,
breeze (30 % 70 %)

Sunflower husks (fine
fraction) and coke
breeze (40 %:60 %)

More dense, holds its shape, is
destroyed by mechanical stress,
the edges are not even, and
crumbles.
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continuation of table 2.5

1

3

Sunflower husks (fine
fraction) and coke
breeze (50 %:50 %)

More dense, holds its shape, is
destroyed by mechanical stress,
the edges are even

Sunflower husks (fine
fraction) and coke
breeze (60 %:40 %)

Dense and durable, not subject
to destruction from mechanica
influences, the edges are even,
and does not delaminate.

Sunflower husks (fine
fraction) and coke
breeze (70 %:30 %)

Very dense and durable, not
subject to destruction from
mechanical stress, the edges are
even, and does not delaminate.

Sunflower cake and
coke breeze (70 %:30
%)

Densg, dightly loose texture, not
subject to destruction from
mechanical stress, smooth edges,
does not delaminate.

Sunflower cake and
coke breeze (60 %0:40
%)

Dense and durable, the texture is
dightly loose, is not subject to
destruction from mechanical
stress, the edges are even, and
does not delaminate.

Sunflower cake and
coke breeze (50 %:50
%)

Dense, not subject to destruction
from mechanical influences, the
edges are even, does not
delaminate.

Sunflower cake and
coke breeze (40 %:60
%)

Dense, destroyed by mechanical
stress, the edges are not even,
dlightly crumbles.

Sunflower cake and
coke breeze (30 %:70
%)

Does not hold its shape and is
destroyed by light mechanical
influences.




continuation of table 2.5
1
Buckwheat husk (fine
fraction) and coke
breeze (30 %:70 %)

3
It is destroyed by small
mechanical influences, the edges
are not even.

Buckwheat husk (fine
fraction) and coke
breeze (40 %:60 %)

Keeps its shape, is destroyed by
minor mechanical influences, the
edges are not even.

Buckwheat husk (fine
fraction) and coke
breeze (50 %:50 %)

Dense, it collapses under
mechanical influence, the edges
are even, dlightly delaminates,
cracks from the pressure of the
press are noticeable.

Dense, it collapses under
mechanical stress, the edges are
even, dightly flaky in the upper
part.

Buckwheat husk (fine
fraction) and coke
breeze (60 %:40 %)

Buckwheat husk (fine
fraction) and coke
breeze (70 %:30 %)

Dense, it collapses under
mechanical influence, the edges
are even, dlightly delaminates,
cracks from the pressure of the
press are noticeable.

Some of the manufactured fuel brigquettes include waste from oil
calcination of coke — coke dust. Coke dust is a dry, free-flowing, finely
dispersed substance that is difficult to compress. Low humidity in coke
breeze is caused by the peculiarities of the technological process during
which it is produced. This process is characterized by a very high
temperature regime. To obtain a durable briguette, it is better to mix coke
dust with raw materias that contain sufficient moisture content and a
natural binder.

During a visua ingpection of the resulting briquettes of this type, it is
clear that with an increase in the content of coke dust in the composition,
the briquette ceases to hold its shape and crumbles even from minor
mechanical influences.

Among the combined fuel briquettes containing coke dust and
sunflower husk (large fraction) in their composition, samples with a
percentage of raw materials of 40 %:60 % and 30 %:70 % (coke breeze:
sunflower husk) have the best strength characteristics. Briquettes with this

44



mixture ratio are quite strong and dense. The oily component of sunflower
husk compensates for the dryness of coke dust and the resulting briquette is
very dense, without destruction aong the edges.

Briquettes made from coke dust and sunflower cake have good
strength characteristics. They hold their shape well, with the exception of
samples with a predominant content of coke dust. Due to the high degree of
oiliness, particles of cake and coke dust adhere well to each other, and the
briquettes are perfectly compressed.

Samples made from fine buckwheat husks and coke dust crumble
despite the fact that they hold their shape and look dense in appearance.
Low adhesion is explained by the fact that buckwheat husk does not
contain a “natural” binder and is too dry. In this regard, difficulties are
created in pressing this mixture. The most durable briquette was obtained
with a mixture percentage of 60 %:40 % (buckwheat husk: coke breeze).

2.5 Methodology for determining the thermal characteristics of
fuel briquettes

In order to determine the most promising combined briquettes from a
fuel point of view, more in-depth research is needed. The thermal
characteristics of each type of briquettes were experimentally determined.

The humidity, ash content, volatile yield, density, strength and
calorific value of the resulting briquettes were studied. The experimental
data were carefully analyzed.

2.5.1 Determination of moisture content of briquettes

As you know, humidity is one of the most important characteristics of
any fuel. Increased moisture content in fuel negatively affects the
combustion process, reducing its heat release. For briquetted fuel, humidity
is also important from the point of view of strength properties. High
humidity leads to damage to the integrity of the fuel briquette.

The moisture content in fuel briquettes was determined in accordance
with [48]. The mass fraction of moisture content in the sample was
determined based on the initial and final weight after heating it in the oven.

The percentage of moisture in the sample was calculated using the
following formula
m;

2775 .100,%, (2.1)

Wa - ma—mq
where m; — empty crucible weight, g;
m, — weight of the crucible with the sample before drying in the
furnace, g;
m — crucible weight after drying in the furnace, g.
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2.5.2 Determination of ash content of briquettes

The ash content of a fuel briquette is the percentage of non-
combustible mineral residue in the sample. High ash content negatively
affects the heat of combustion and worsens the combustion process. In
addition, the load on the ash and slag remova system increases. The ash
content of the brigquettes considered was determined in accordance with the
method described in [49]. During the study, a sample of fuel was calcined
in a muffle furnace at a temperature of 815+10 °C.

The proportion of ash in fuel briquettes was determined by the
following formula
m;

A, =28 .100, %, (2.2)

ma—my

where m; — empty crucible weight, g;
m, —weight of the crucible with a sample before calcination in
the furnace, g;
ms — rucible weight after calcination in the furnace, g
2.5.3 Determination of volatile matter yield
The yield of volatile substances was determined according to the
method presented in [50]. To determine the yield of volatile substances, the
sample was heated without air access at a temperature of 900+10 °C. The
volatile yield was determined using the following formula

vd = [100 (mp—-m3) Wa] ( 100 )’ % (23)

mo,—mq 100-wa

where m; — empty crucible weight, g;
m, —weight of the crucible with a sample before calcination in
the furnace, g;
mg — rucible weight after calcination in the furnace, g
W@ — mass fraction of moisture in the sample, %.
2.5.4 Determination of density
The briquette density was determined in accordance with [51]. To
calculate the density, it is necessary to determine the height and mass of the
fuel briguette. The measurement is made using calipers and laboratory
scales. Density was founded by the next formula

p==, (2.4)

where m — mass of the briquette, g;
V — briquette volume, m3.
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The briquette is cylindrical in shape, the volume is calculated by the
formula

V=-m-d?-h, (2.5)

where d — diameter of the cylinder, m;
h — briquette height, m.

2.5.5 Determination of the mechanical strength of briquettes

The strength of fuel briquettes was determined using the method
presented in [52]. Mechanical impact was applied to the briquettes. The
briquettes were loaded into a container with an opening bottom and
dropped from a given height (1.5 m). Next, the mass with intact and
damaged briquettes is unloaded and weighed.

The strength of the samples under study is determined by the

deviation of the final weight of the briquettes from the initial weight of the
briquettes

DU =24.100,%, (2.6)

mg

where may — mass of briquettes obtained as aresult of the test, g;
Mg — mass of briquettes before testing, g.

2.5.6 Determination of the calorific value of briquettes

Data on the lower caorific value of briquettes were obtained
experimentally at the Institute of Chemistry and Coal (Astana).

Kazakhstan has a large amount of industrial and organic waste. The
most developed crop production sector is in Akmola, North Kazakhstan,
Kostanay, Almaty and Pavlodar regions. On the territory of the Pavlodar
region, wheat, buckwheat, oats and millet are grown, as well as oilseeds,
most of which are sunflower seeds. The largest share of industrial waste
also occurs in the Pavlodar region.

The developed technology for producing combined fuel briquettes
makes it possible to obtain mechanicaly strong and dense fuel briquettes
without the use of binding components.

The highest density is typical for briquettes with a high content of
sunflower leaves and husks. The leaves contain lignin, which becomes
pliable when subjected to pressure and acts as a natura binder. Sunflower
husks contain oily substances in quantities sufficient to bind fractions.

Buckwheat husks are unsuitable as the main raw materia for
briquettes. The reason is the very dry structure and the absence of a natural
binder in the raw material. Buckwheat husks of large fraction bind well to
sunflower husks if the proportion of buckwheat content is no more than
30% in the total mass. The high oil content in sunflower cake has a bad
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effect on the quality of briquettes. The briquette crumbles under even dlight
mechanical stress. The optimal content of cake is 30% in the case of
producing briquettes only from organic waste.

Mixing sunflower cake with coke dust has a positive effect on the
final product. Thanks to the oily component, good binding occurs. It is not
recommended to exceed the cake content above 50%.

2.6 Determination of the elemental composition of biochar
briquettes

To study the elemental composition, biochar briquettes from industrial
and plant waste were selected. The elementa composition and lower
calorific value of briquettes were determined. Coal dust from the Shubarkul
and Maikubensky coal mines was taken as industrial waste. Fallen leaves,
buckwheat husks, sunflower husks and sunflower cake were taken as plant
raw materials. The characteristics of the feedstock for combined biochar
briquettes are presented in table 2.6.

Table 2.6 — Characteristics of coal dust and plant waste

o)
Compound, % Low_er_ vied of
caorifi :
Raw cvalue volatile
materials WP | AP | SP | CP | HP | NP | OP 0P substanc
H? 0,
MJkg | &V 7
Industrial waste
Cod dust 11450 | 9,00 [043| 5884|420 123|11,80 | 2506 | 44,50
(Shubarkal)
Cod dust | 1560 | 2200 | 0,40 | 43,80 | 3,06 | 0,60 | 12,14 | 1876 | 42,10
(Maicuben)
Plant waste
Leaves 3,00 | 450 | 0104310 |6,50|2,00|40,80 | 2121 | 64,00
puckwhest | 640 | 2,30 | 025 | 44,12 | 530 | 150 | 4013 | 17,00 | 7300
ﬁl‘g'o""a 3,86 | 2,10 | 0,27 | 45,06 | 6,86 | 1,02 | 40,83 | 19,03 | 78,00
f;’g'o""er 450 | 2,30 | 0,08 | 44,52 | 420 | 2,80 | 41,60 | 2041 | 5500

The following mixture compositions were selected as objects of study:
- coal dust (Shubarkal): sunflower husks;

- coal dust (Shubarkoal): buckwheat husk;

- coal dust (Shubarkol): leaves;

- coal dust (Shubarkol): sunflower cake;

- coal dust (Maikuben): sunflower husks;
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- coal dust (Makuben): buckwheat husk;

- coal dust (Maikuben): leaves,

- coal dust (Maikuben): sunflower cake.

The following options for combining coal dust with plant waste were
considered; 20:80%, 30:70%, 40:60%, 50:50%, 60:40%, 70:30%, 80:20%.

A caculation method was chosen to determine the elemental
composition of bio-coa briquettes. During the calculation, the percentage
content of each of the mixture components was taken into account. As a
result of the calculation, the elemental compositions of the brigquettes were
obtained.

The net heating value of biochar briquettes was calculated using the
formula, MJkg

Q5 = 338CP + 1025HP + 108,5(0P — S} ) — 25WP,

where CP, HP, 0P, S, WP — content of elements in the working mass
of fuel, %.

In the course of the calculations, the elementary composition of each
of the briguettes was determined. Based on the elemental composition, the
lower heating values of bio-coa briquettes were calculated. The results are
presented in tables 2.7 and 2.8.

Table 2.7 presents the results of the analysis of brigquettes from plant
waste mixed with coal dust from the Shubarkol deposit.

Table 2.7 — Elemental composition and calorific value of briquettes from
plant waste mixed with coal dust from the Shubarkol deposit

Compound, % L ower Yield

. of
Ca'iz”f volatil
e
we A | | e | H | N | o VSI;Je iata

nces
MJkg V. %

Ratio | PW

SH | 1237 | 762 | 0,39 | 56,08 | 4,73 | 1,18 | 17,60 | 22,56 | 51,20

BH | 1288 | 7,66 | 0,39 | 5589 | 442 | 1,28 | 17,46 | 22,16 | 50,20

80:20 L 12,20 | 8,10 | 0,36 | 55,69 | 466 | 1,38 | 17,60 | 23,00 | 48,40
SC | 1250 | 7,66 | 0,36 | 5597 | 420 | 154 | 17,76 | 22,84 | 46,60
SH | 11,30 | 6,93 | 0,38 | 54,70 | 499 | 1,16 | 20,50 | 22,12 | 54,55
20:30 BH | 12,07 | 699 | 0,37 | 5442 | 453 | 1,31 | 20,29 | 21,51 | 53,05

L 11,00 | 765 | 0,33 | 54,11 | 489 | 1,46 | 20,50 | 22,77 | 50,35

SC | 11,50 | 6,99 | 0,32 | 54,54 | 4,20 | 1,70 | 20,74 | 22,53 | 47,65
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continuation of table 2.7

SH | 10,24 | 624 | 0,36 | 53,32 | 526 | 1,14 | 2341 | 21,68 | 57,90
60:40 BH | 11,26 | 632 | 0,35 | 5295 | 464 | 1,33 | 23,13 | 20,87 | 55,90
L 990 | 720 ] 0,29 | 52,54 | 512 | 1,53 | 23,40 | 22,55 | 52,30
SC | 1050 | 6,32 | 0,29 | 53,11 | 420 | 1,85 | 23,72 | 22,23 | 48,70
SH | 918 | 555]035| 5195 | 553 | 1,12 | 26,31 | 21,24 | 61,25
50:50 BH | 1045 | 565 | 0,34 | 5148 | 4,75 | 1,36 | 2596 | 20,22 | 58,75
L 8,75 | 675|026 | 5097 | 535|161 | 26,30 | 22,33 | 54,25
SC | 950 | 565|025 | 51,68 | 420 | 201 | 26,7 | 21,93 | 49,75
SH | 811 | 486 | 0,33 | 50,57 | 579 | 1,10 | 29,21 | 20,79 | 64,60
40:60 BH | 964 | 498 | 0,32 | 50,00 | 486 | 1,39 | 28,79 | 19,58 | 61,60
L 760 | 630 | 0,23 | 49,39 | 558 | 1,69 | 29,20 | 22,10 | 56,20
SC | 850 | 498 | 022 | 50,24 | 420 | 217 | 29,68 | 21,62 | 50,80
SH | 705 | 417|031 | 4919 | 606 | 1,08 | 32,12 | 20,35 | 67,95
30:70 BH | 883 [ 431|030 | 4853 | 497 | 141 | 31,63 | 1894 | 6445
L 645 | 585|019 | 4782 | 581 | 1,76 | 32,10 | 21,88 | 58,15
SC | 750 431|018 | 4881 | 420 | 2,32 | 32,66 | 21,32 | 51,85
SH | 598 | 348|030 | 4781 | 632 | 1,06 | 3502 | 1991 | 71,30
20:80 BH | 802 | 364|028 | 4706 | 508 | 1,44 | 3446 | 1829 | 67,30
L 530 | 540 | 0,16 | 46,24 | 6,04 | 1,84 | 35,00 | 21,65 | 60,10
SC | 650 | 364|015 | 4738 | 420 | 248 | 3564 | 21,01 | 52,90

* SH — sunflower husk, BH — buckwheat husk, L — leaves, SC — sunflower cake.

Analysis of the data in Table 2.7 showed that the highest carbon
content (from 55.97 % to 56.08 %) was found in briquettes made from
80 % coal dust and 20 % plant waste. Briquettes containing sunflower
husks and cake have the highest carbon content (56.08 %). The lowest
carbon content (46.24 %) was found in briquettes of 20 % buckwheat husk
and 80 % coa dust. This type of briquettes contains a large number of
internal ballast elements (oxygen, nitrogen).

Analysis of the moisture content in the presented briquettes alows us
to make the following statements. The maximum moisture concentration
(12.88 %) was observed in brigquettes containing buckwheat husksin aratio
of 80 % coal:20 % husks. The minimum level of humidity (5.30 %) was
observed for briquettes made from 20 % coal and 80 % leaves.

The yield of volatile substances per combustible mass is highest in
samples with a lower content of coa dust. This is explained by the high
level of volatile substances released from plant materials. The highest
yields of volatile substances (from 67.30 % to 71.30 %) were found in
briquettes containing sunflower husks and buckwheat husks.

High values of the lower calorific value were shown by all briquettes
using sunflower cake and husk (figure 2.7).
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Figure 2.7 — Lower calorific value of briquettes made from plant
waste and coal dust (Shubarkul)

L et us consider the nature of the change in the lower calorific value of
briquettes depending on the ratio between coal dust and plant waste. Let us
note the general trend of a decrease in the calorific value of these briquettes
with a decrease in the percentage of coa dust. The highest values of lower
calorific value were found for briquettes with sunflower husks (from 23.67
MJkg to 22.20 MJkg) and sunflower cake (from 23.07 MJKkg to 19.8
MJkg). Briquettes with leaves (from 22.94 MJkg to 19.28 MJkg) and
buckwheat husks (from 22.50 MJkg to 17.52 MJkg) have lower values of
lower calorific value.

Table 2.8 summarizes the results of calculating the elementd
composition of briquettes from plant waste and coa dust from the
Maikubensky deposit.

In accordance with table 2.8, it was determined that the highest carbon
content (from 43.24 % to 44.80 %) is typical for briquettes in a ratio of
20:80 (plant waste: coal dust). The carbon content predominates in
briquettes made from sunflower husks and sunflower cake. The lowest
carbon content (43.24 %) was found in briquettes made from leaves in a
ratio with coal (20:80).

The dominance of such ballast substances as nitrogen and oxygen is
also typical for briquettes made from buckwheat husks.
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Table 2.8 — Elemental composition and calorific value of briquettes from
plant waste mixed with coal dust from the Maikuben deposit

Compound, % Lower Yield

calorif Of.

‘ i volati
RO TPV L we | ar | 9| & | W | v | o |vdue| '®
0P subst

H' | gnces

MJkg V. %

SH | 15,17 | 18,02 | 0,37 | 44,05 | 3,82 | 0,68 | 17,87 | 17,50 | 49,28

8020 BH | 15,68 | 18,06 | 0,37 | 43,86 | 3,50 | 0,78 | 17,73 | 17,09 | 48,28
L 15,00 | 18,50 | 0,34 | 43,66 | 3,74 | 0,88 | 17,87 | 17,93 | 46,48

SC | 1530 | 18,06 | 0,33 | 43,94 | 3,28 | 1,04 | 18,03 | 17,77 | 44,68

SH | 13,75 | 16,03 | 0,36 | 44,17 | 4,20 | 0,72 | 20,74 | 17,69 | 52,87

20:30 BH | 1452 | 16,09 | 0,35 | 43,89 | 3,73 | 0,87 | 20,53 | 17,08 | 51,37
L 13,50 | 16,75 | 0,31 | 43,59 | 4,09 | 1,02 | 20,73 | 18,34 | 48,67

SC | 13,95 | 16,09 | 0,30 | 44,01 | 3,40 | 1,26 | 20,97 | 18,10 | 45,97

SH | 12,34 | 1404 | 0,34 | 4430 | 458 | 0,76 | 23,61 | 17,88 | 56,46

60:40 BH | 13,36 | 14,12 | 0,34 | 43,92 | 3,95 | 0,96 | 23,33 | 17,07 | 54,46
L 12,00 | 15,00 | 0,28 | 4352 | 443 | 1,16 | 23,60 | 18,75 | 50,86

SC | 12,60 | 14,12 | 0,27 | 44,08 | 351 | 1,48 | 23,92 | 18,43 | 47,26

SH | 10,93 | 12,05 | 0,33 | 44,43 | 496 | 0,81 | 26,48 | 18,07 | 60,05
50:50 BH | 12,20 | 12,15 | 0,32 | 43,96 | 4,18 | 1,05 | 26,13 | 17,06 | 57,55
L 10,50 | 13,25 | 0,25 | 43,45 | 4,78 | 1,30 | 26,47 | 19,16 | 53,05

SC | 11,25 | 12,15 | 0,24 | 44,16 | 3,63 | 1,70 | 26,87 | 18,76 | 48,55

SH 951 | 10,06 | 0,32 | 4455 | 534 | 0,85 | 29,35 | 18,26 | 63,64
4060 BH | 11,04 | 10,18 | 0,31 | 43,99 | 4,40 | 1,14 | 28,93 | 17,04 | 60,64
L 9,00 | 11,50 | 0,22 | 43,38 | 512 | 1,44 | 29,33 | 19,57 | 55,24

SC | 9,90 | 10,18 | 0,20 | 44,23 | 3,74 | 1,92 | 29,81 | 19,09 | 49,84

SH 810 | 807 | 0,30 | 4468 | 572 | 0,89 | 32,22 | 1845 | 67,23
30:70 BH | 988 | 821 | 0,29 | 44,02 | 462 | 1,23 | 31,73 | 17,03 | 63,73
L 750 | 975 | 019 | 4331 | 546 | 1,58 | 32,20 | 19,98 | 57,43

SC | 855 | 821 | 017 | 4430 | 385 | 2,14 | 32,76 | 19,42 | 51,13

SH | 6,688 | 6,08 | 0,29 | 4480 | 6,1 | 0,93 | 3509 | 18,64 | 70,82

20:80 BH | 872 | 6,24 | 0,28 | 44,05 | 485 | 1,32 | 3453 | 17,02 | 66,82
' L 6,00 | 800 | 0,16 | 4324 | 581 | 1,72 | 35,06 | 20,39 | 59,62
SC | 855 | 821 | 017 | 4430 | 3,85 | 2,14 | 32,76 | 19,42 | 51,13

* SH — sunflower husk, BH — buckwheat husk, L — leaves, SC — sunflower cake.

The maximum moisture content (15.68 %) was found in fuel
briquettes made from 80 % coal dust and 20 % buckwheat hulls. The
minimum moisture content (6.00 %) was found in fuel briquettes made
from 20 % coal dust and 80 % leaves. The yield of volatile substances per
combustible mass is greatest in samples with a lower content of coal dust.
The highest yields of volatile substances are characteristic of biochar
briquettes using 80 % sunflower husks (70.82 %) and in briquettes with
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80 % buckwheat husks 20:80 (66.82 %). Thisis explained by the high level
of volatile emissions from plant waste.

High values of lower caorific value were detected in samples using
sunflower cake and husk, regardless of the ratio of waste (figure 2.8).
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Figure 2.8 — Lower calorific value of briquettes made from plant
waste and coal dust from the Maikubensky deposit

Analyzing the graph, we can observe an increase in the value of the
lower calorific value with a decrease in the content of coal dust in samples
containing sunflower husks (from 19.92 MJkg to 21.27 MJkg). For other
types of briquettes, as the content of coal dust decreases, the lower calorific
value decreases.

To check the adequacy of the data obtained by the calculation method,
we will compare them with the data determined experimentally at the
Institute of Chemistry and Coal (Astana). The test results are presented in
table 2.9.

Table 2.9 — Results of comparative anaysis

Briquette type Heat of combustion, | Heat of combustion, | Percentage of
MJ/kg (calculation MJkg (experimental discrepancy,
method) method) %
JLYII (50 %:50 %) 21,11 20,99 0,53
JITT: VI (50 %:50%) 22,94 23,77 3,48
JITT: VI (80 %:20 %) 22,20 23,24 4,45
JI:YM (50 %:50 %) 18,76 18,71 0,29

*VII — yrons (LIy6apkyns), YM — yroas (MalikyOGeHb)
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The percentage of discrepancy does not exceed 5%. Consequently, the
calculation method for determining the heat of combustion of briquettes
based on its elemental composition is correct, and the data obtained are
adequate.

The most effective in terms of calorific value are considered to be
biochar briquettes in the ratio of 80:20 Shubarkol and 20:80 Maikuben
samples based on sunflower husks and cake. The most environmentally
friendly, according to the indicators of the component composition, are
samples containing one fifth of plant waste (due to the lower content of
sulfur and nitrogen in the feedstock).
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3 Analysis of the thermal characteristics of fuel briquettes from
plant and industrial waste

3.1 Results of research on briquettes made from plant waste

The experimental studies were carried out in accordance with the
methods [48 — 52] described in Chapter 2. The experimental study involved
briquettes consisting of agricultural waste and briquettes made from plant
and industrial waste.

Briquettes with the following component ratios were selected for the
study: 30%:70%, 40%:60%, 50%:50%, 60%:40% and 70%:30%. This
choice will allow you to track changes in the thermal characteristics of
briquettes when the percentage of raw materials changes.

The obtained data on density, strength, humidity, ash, volatile yield
and calorific value of briquettes from agricultural waste are presented in
table 3.1.

Table 3.1 — Results of experimental studies of briquettes from agricultural
waste

Ne | Mixture | Density, | Strength, | Humidity, Ash Volatile Heat
ratio, kg/m?3 % % content, | yield, % | combustion,
%:% % kJ/kg

1 Buckwheat husk (large fraction): sunflower husk

30:70 1228,35 79,92 4,50 3,65 81,27 18461,7
40:60 121111 76,40 4,87 3,50 81,15 18138,6
50:50 1056,13 73,20 5,13 3,40 79,77 18015,5

60:40 844,64 69,05 5,3 3,30 77,60 178124
70:30 789,58 66,48 5,50 3,00 76,20 17509,3
2 Buckwheat husk (fine fraction): leaves

30:70 1252,93 90,78 4,16 5,40 59,16 19844,2
40:60 1236,77 88,56 4,50 5,00 60,21 19323,6
50:50 1202,23 85,37 4,80 4,60 62,73 19103

60:40 1179,58 82,49 5,00 4,00 65,26 18582,4
70:30 1067,02 80,54 5,40 3,86 67,15 18241,8

3 Leaves: sunflower husk
30:70 1038,92 81,75 3,62 3,50 73,30 19583,5
40:60 1050,53 82,89 3,59 4,00 73,06 19931
50:50 1103,54 83,03 3,50 4,43 70,98 20168,5
60:40 1290,00 86,05 3,48 4,82 63,73 20306

70:30 1358,81 91,80 3,39 5,23 62,30 20553,5

55



3.1.1 Results for briquette density

The main factor determining the mechanical strength, water resistance
and calorie content of a briquette isits density. The denser the briquette, the
higher its quality indicators. Briquettes with high density hold their shape
better, are less subject to deformation, and absorb moisture less well. Thus,
the higher the density of the briquette, the more resistant it is to destructive
influences.

Analysis of the data in Table 3.1 showed that the maximum density
(1358.81 kg/m?3) has a briquette made of 70 % leaves and 30 % sunflower
husks. It was found that all briquettes containing leaves have a fairly high
density. This is due to the good pressing of the leaves due to their lignin
content.

The situation is different with briquettes made from buckwheat husks
(regardless of the size of the fractions) and sunflower. These briquettes are
very fragile. The two samples have a minimum density of 789.5 kg/m?®
(70%:30%) and 844.6 kg/m3 (60%:40%). The density of the remaining
briquettes exceeds 1000 kg/m? and is good.

It has been established that with an increase in the content of
buckwheat husks, briquettes are less susceptible to pressing. They have low
density and are easily destroyed. This is due to the dry, dense and uneven
structure of buckwheat. With a higher content of oily crops in the mixture,
the briquette has a soft and loose structure. Briquettes are easily subject to
destruction under mechanical stress. Therefore, in order to obtain a durable
briquette, it is extremely important that the raw materias used are
compatible with each other.

Let us consider on the graphs (figures 3.1-3.4) the change in the
density of briquettes from buckwheat and sunflower husks, briquettes from
buckwheat husks and leaves, briquettes from leaves and sunflower husks,
depending on the percentage of components.

The dependence (figure 3.1) indicates a decrease in the density of a
briquette made from buckwheat husks (large fraction) and sunflower husks
with a decrease in sunflower husks in its composition.

Approximation of this dependence showed that it has a polynomial
character

y = —9.439 -x% - 67.765 -x + 1333.1. (3.2)
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Figure 3.1 — Density of briquettes made from buckwheat husks (large
fraction) and sunflower
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Figure 3.2 — Density of briguettes made from buckwheat husks (fine
fraction) and leaves

Analysis of the relationship in figure 3.2 shows that with a decrease in
leaves in the mixture, the density of the briquette from buckwheat husks
(fine fraction) and leaves decreases. Approximation of the obtained
dependence showed that it has a polynomial character

y = —12.922-x% + 34.632-x + 1226. (3.2)
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Figure 3.3 — Density of brigquettes made from sunflower leaves and
husks

The data presented in figure 3.3 show an increase in the density of a

briquette of sunflower leaves and husks with an increase in leaves in its
composition. The resulting dependence is polynomial in nature

y = 17.704-x2- 18.296 - x + 1028.5. (3.3)

Let us consider the nature of the change in density as a function of the
ratio between the components in the briquettes studied (figure 3.4).
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Figure 3.4 — Summary diagram of the dependence of briquette
density on the ratio of componentsin the mixture
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Analysis of figure 3.4 showed that briquettes containing leaves have
the highest density. This is due to the lignin content in the leaves. An
increase in the proportion of leaves in the briquette composition leads to an
increase in its density. An increase in the content of buckwheat husk in a
briquette leads to a decrease in its density, complicates the pressing
process, and the resulting briquette is loose and easily subject to
destruction.

3.1.2 Results on briguette strength

Strength is the most important characteristic of fuel briquettes. It
reflects the suitability of briquettes for transportation and further use.

Analysis of the data in table 3.1 showed that the maximum strength
vaue (91.80 %) is found in a briquette with 70 % leaves and 30 %
sunflower husks. It is worth noting that all briquettes containing leaves
have high strength characteristics.

Briquettes consisting of buckwheat and sunflower husks have low
strength (66.48 % — 69.05 %). Briquettes with a percentage ratio of
30%:70% have the maximum strength in this series. Thanks to the oiliness
of sunflower husks, binding of the mixture during the pressing process
proceeds successfully.

In the process of manufacturing these briquettes, it was found that
most briquettes have weakly or strongly expressed stratification along the
edges (with the exception of briquettes with alarge content of leaves). This
isnot agood sign, since these places are the most vulnerable.

Let'slook at the graphs (figures 3.5 — 3.8) for changes in the strength
of briquettes made from buckwheat and sunflower husks, buckwheat husks
and leaves, leaves and sunflower husks, depending on the percentage of
components.

Analysis of the dependence shown in figure 3.5 indicates a decrease in
the strength of a briquette made from buckwheat husks (large fraction) and
sunflower husks with a decrease in sunflower husks in its composition.

Approximation of this dependence showed that it is linear

y = —3.423-x + 83.279. (3.4)
You can see in Figure 3.6 a decrease in the strength of a briquette
made from buckwheat husks (fine fraction) and leaves with a decrease in
leavesin its composition.
Approximation of this dependence showed that it is linear

y = —2.655-x + 93.513. (3.5)
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Figure 3.5 — Strength of briquettes made from buckwheat husks (large
fraction) and sunflower
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Figure 3.6 — Strength of briquettes made from buckwheat husks (fine
fraction) and leaves

In the case of briguettes made from sunflower leaves and husks, the
strength of the briquette increases with the increase in leaves in its
composition. The dependenceis polynomial in nature

y = 0.864-x2 - 2.860-x + 84.176. (3.6)
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Figure 3.7 — Strength of briquettes made from sunflower leaves and
husks

Let us consider on the graph the nature of the change in the strength of
briquettes depending on the ratio between the components in its
composition (figure 3.8).
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Figure 3.8 — Summary diagram of the dependence of the strength of
briquettes on the ratio of components in the mixture

The strength of briquettes containing leaves decreases with a decrease
in their proportion in the mixture. These briquettes have a fairly high
strength from 80.00 % to 91.80 %, which is a good indicator from the point
of view of suitability for transportation. The leaves are easily pressed due
to their low density and the presence of lignin. An increase in the content of
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buckwheat husks, on the contrary, significantly reduces the strength of the
briquettes (from 79.92 % to 66.48 %). This is explained by the fact that
buckwheat husk has a dense, uneven and dry surface, which is difficult to
press.

Such characteristics of briquettes as density and strength are one of
the main properties that determine the feasibility of manufacturing and
further research of the briquette. Buckwheat husks cannot be pressed
without preheating the mixture. The use of buckwheat husks is only
possible in conjunction with raw materials that are less dense, uniform and
contain a natural binder. The content of leaves in a briquette significantly
increases its density, and therefore strength, making it possible to obtain
briquettes that are resistant to mechanical stress.

3.1.3 Results of determining the moisture content of briquettes

The moisture content in the briquette reduces the calorific value of the
fuel. The acceptable limit for this criterion is 10 %. The results obtained on
the moisture content in the briquettes under study are given in table 3.1.

Analysis of the data obtained during the study showed that the
moisture content of briquettes lies in the range from 3.50 % to 5.50 %.
These values indicate that the briquettes studied meet the recommended
moisture content level for biomass fuel. The minimum moisture content
(3.39 %) was recorded for a briquette of 70 % leaves and 30% sunflower
husks. These briquettes have the lowest moisture content throughout the
entire percentage range, ranging from 3.39 % to 3.62 %. This fact is
explained by the presence of leaves in the mixture, the moisture content of
which isvery low (from 2.00 %).

The maximum moisture content in the briquette was 5.50 % (briquette
made from 70 % buckwheat husks (large fraction) and 30 % sunflower
husks).

The moisture content of briquettes from buckwheat husks (large
fraction) and sunflower, as well as briquettes from buckwheat husks and
leaves, differ dightly due to the similar moisture content of the feedstock.

Let's look at the graphs (figures 3.9 — 3.12) to see the change in
moisture content in briquettes made from buckwheat and sunflower husks,
buckwheat husks and leaves, |eaves and sunflower husks, depending on the
percentage of components.

62



55
5,50

5,30
5,10
4,90
4,70 45
4,50
4,30
4,10
3,90

R?=10,9965

Moisture contents, %

30%:70% 40%:60% 50%:50% 60%:40% 70%:30%
Buckwheat husk (large fraction): sunflower husk, %

Figure 3.9 — Moisture content in briquettes made from buckwheat
husks (large fraction) and sunflower

Analysis of the relationship shown in figure 3.9 indicates an increase
in the moisture content in a briquette made from buckwheat husks (large
fraction) and sunflower husks with an increase in sunflower husks in its
composition. The dependence is polynomial in nature

y = —0.031-x% + 0.427-x + 4.116. (3.7)
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Figure 3.10 — Moisture content in briquettes made from buckwheat
husks (fine fraction) and leaves
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Figure 3.10 shows the dependence of the moisture content of a
briquette made from buckwheat husks (fine fraction) and leaves on its
composition. This dependence indicates the following: with an increase in

the proportion of buckwheat husks, the moisture content increases. The
resulting dependenceislinear

y = 0.298x + 3.878. (3.8)
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Figure 3.11 — Moisture content in briquettes made from sunflower
leaves and husks

In this case, it can be argued that briquettes made from sunflower
leaves and husks are characterized by a decrease in moisture with a

decrease in sunflower husks in their composition. The dependence under
considerationislinear

y = —0.057-x + 3.687. (3.9)

The nature of the change in the moisture content of briquettes
depending on the ratio between the components in its composition for the
briquettes studied is presented in figure 3.12.

Analysis of the obtained dependencies showed that increasing the
proportion of buckwheat hulls in the briquette composition increases its
humidity to 5.50 %. Briquettes made from sunflower leaves and husks have
a lower humidity (3.39 %) compared to other types of briquettes. This is
explained by the low leaf moisture content (up to 3.00 %) compared to
buckwheat hulls (6.40 %) and sunflower hulls (3.86 %). Therefore, as the
proportion of leaves in the mixture increases, the moisture content of the
briquettes decreases.
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Figure 3.12 — Summary diagram of the dependence of the moisture
content of briquettes on the ratio of components in the mixture

3.1.4 Results of the analysis of ash content of briquettes

Ash is an external ballast in the fuel briquette. Increased ash content
reduces the caorific value of any fuel, worsens its combustion process, and
increases the load on the ash treatment and ash removal system. The results
of the study of the ash content of briquettes from agricultural waste were
presented in the table 3.1.

Analysis of the results of studying the ash content of briquettes from
agricultural waste (table 3.1) showed the following. The maximum ash
content (5.40 %) was recorded for a briquette made from 30% buckwheat
husks (fine fraction) and 70 % leaves. Increased ash content (5.23 %) was
observed in samples of briquettes made from 70 % leaves and 30 %
sunflower husks. All briquettes containing leaves are characterized by a
high ash content. This is due to the presence of mechanical impurities in
the form of sand and soil in the leaves. When organizing preliminary
cleaning of leaves, the ash content should decrease.

The minimum ash content (3.00 %) is determined for briquettes made
from buckwheat husks (large fraction) and sunflower husks. This ash
content value meets the standards [53]. All briquettes of this composition
have an ash content that does not exceed standard values.

Figures 3.13 — 3.16 show the change in ash content of briquettes from
buckwheat and sunflower husks, buckwheat husks and leaves, leaves and
sunflower husks, depending on the percentage of the mixture components.
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Figure 3.13 — Ash content of brigquettes from buckwheat husks (large
fraction) and sunflower

Brigquettes made from buckwheat husks (large fraction) and sunflower
husks are characterized by a decrease in ash content with a decrease in the

composition of sunflower husks (figure 3.13). The resulting dependence is
polynomial in nature

y = —0.021-x%- 0.021-x + 3.670. (3.10)

Analysis of the relationship presented in figure 3.14 indicates a
decrease in the ash content of briquettes made from buckwheat husks (fine

fraction) and leaves with a decrease in the proportion of leaves in the
composition.
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Figure 3.14 — Ash content of briquettes from buckwheat husks (fine
fraction) and leaves
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The high ash content of these samplesis due to the presence of wilted
leaves, the ash content of which can reach about 17 %. The surface of the
fallen leaves is contaminated with dust, as they were collected in the park
area. The approximation of the obtained dependence showed that it is linear

y = —0.408 -x + 5.796. (3.11)

The ash content of briquettes made from sunflower leaves and husks
IS presented in figure 3.15.
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Figure 3.15 — Ash content of briquettes from sunflower leaves and
husks

Analysis of the obtained dependence indicates an increase in the ash
content of a briquette made from sunflower leaves and husks with an
increase in leaves in its composition. Approximation of this dependence
showed that it islinear

y = 0.428-x + 3.112. (3.12)

Let us analyze the nature of changes in the ash content of briquettes

from plant waste depending on the ratio between the components of the
mixture (figure 3.16).
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Figure 3.16 — Diagram of the dependence of the ash content of
briquettes on the ratio of components

Analyzing the dependencies presented in figure 3.16, we can see that
briquettes made from buckwheat and sunflower husks have the lowest ash
content (from 3.00 to 3.65 %). This is explained by the low ash content of
the feedstock (up to 2.30 %). Briquettes containing leaves as one of the
components have a high ash content (up to 5.40 %). This is due to the
dustiness of the leaves used. Increasing the proportion of leaves in the
mixture increases the ash content of such fuel briquettes.

3.1.5 Results of the study on the release of volatile substances

The release of volatile substances is an important criterion for the fuel
combustion process. It indicates the amount of volatile substances that can
be released when fuel is burned. Volatiles include gases and vapors that are
produced when fud is heated. They influence the combustion process, are a
source of heat and can influence the combustion rate. A high yield of
volatiles gives a high reactivity of briquettes, a low yield is the opposite.
On the other hand, too high a value has negative aspects. the possibility of
fire during storage and a rapid combustion rate, leading to high fuel
consumption. The results of the study to determine the yield of volatile
briquettes are presented in table 3.1.

Having analyzed the datain Table 3.1, we can conclude that briquettes
made from 30 % buckwheat husk (fine fraction) and 70 % leaves have the
minimum volatile yield (59.16 %). For briquettes of this type, throughout
the entire range of raw material percentages, the volatile yield is lower than
for other types of briquettes (from 59.16 % to 67.15 %). This is explained
by the presence of leaves in the briquette, the volatile yield of which islow
(64 %).
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During the experiment, it was found that an increase in the yield of
volatiles occurs with a decrease in the content of leaves in the briquette
composition. And the increase in the yield of volatiles is associated with
the inclusion of sunflower husks in the briquette, the yield of volatiles of
which reaches 80 %.

Briquettes made from buckwheat husks and sunflower husks have the
highest results in terms of the yield of volatile substances. The maximum
value of the yield of volatile substances (81.27 %) was found for a
briquette with a percentage of 30 % buckwheat hulls and 70 % sunflower
husks.

The graphs (figures 3.17-3.20) show the change in the yield of
volatile substances of briquettes from buckwheat and sunflower husks,
buckwheat husks and leaves, |eaves and sunflower husks, depending on the
percentage of components.
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Figure 3.17 — Yield of volatile briquettes from buckwheat husks (large
fraction) and sunflower husks

It can be noted that for briquettes made from buckwheat husks (large
fraction) and sunflower husks, with a decrease in sunflower husks in its
composition, the yield of volatile substances decreases (figure 3.17).
Approximation of the obtained dependence gives the polynomial character
of the curve

y = —0.239-x2 + 0.067 -x + 81.630. (3.13)
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Figure 3.18 shows the dependence of the yield of volatile substances
of briquettes from buckwheat husks (large fraction) and leaves on the
percentage composition of the mixture.
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Figure 3.18 — Yield of volatile briguettes from buckwheat husks (fine
fraction) and leaves

It has been revealed that with an increase in buckwheat husk in the
briquette composition, the yield of volatile substances increases. The
resulting dependenceislinear

y = 2.103-x 4+ 56.593. (3.14)

Analysis of the dependence shown in figure 3.19 indicates that a

decrease in the yield of volatile substances for a briquette with sunflower

leaves and husks occurs with a decrease in sunflower husks in its
composition. The dependenceis polynomial in nature

y = —0.539-x2+ 0.104-x + 74.298. (3.15)
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Figure 3.19 — Yield of volatile briquettes from sunflower husk and leaves

Let us consider on the general graph the nature of the change in the
yield of volatile substances of briquettes depending on the ratio between
the componentsin its composition (figure 3.20).
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Figure 3.20 — Dependence of the yield of volatile briquettes from plant
waste on the ratio of mixture components

A comparative analysis of the obtained dependencies (figure 3.20)
showed that the highest yield of volatile substances (up to 81.27 %) was
found in samples of briquettes made from buckwheat and sunflower husks.
Briquettes containing leaves in their composition have a much lower yield
of volatile substances (59.16 %). This is explained by the significant
difference in the volatile yield of the feedstock. For example, the yield of
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volatilesin leavesis 69.30 %, in sunflower husks and buckwheat husksit is
above 70 %. Increasing the content of leaves in the composition reduces the
yield of volatile substances in the fina briquette. An increase in the
proportion of buckwheat husks and sunflower husks leads to an increase in
this parameter.

Summarizing the data on the study of the yield of volatile substances,
we can say the following. Leaves contained in a briquette reduce the yield
of volatiles, since they have this parameter lower. The volatile yield of
briquettes made from sunflower and buckwheat husks decreases dightly
with a change in the ratio of the mixture components, since according to
this parameter they have values of the same level. Based on this, these
briquettes have the highest yield of volatile substancesin al percentages of
components in the mixture.

3.1.6 Results of the study on the calorific value of briquettes

The calorific value of briguettes is the amount of heat released during
complete combustion of 1 kg of briquettes. The calorific value of briquettes
depends on the composition of the briquette and its ash content and
humidity. The higher the carbon and hydrogen content in briquettes, the
better its calorific value. The higher the calorific value, the more efficient
the fuel is used as an energy source. The results of the study on the
determination and analysis of the calorific value of briquettes are presented
intable 3.1.

Analysis of the data obtained on the calorific value of briquettes from
plant waste showed that the lowest calorific value of these briquettes ranges
from 17 509.3 kJkg to 20 553.5 kJkg.

The maximum value of the lower calorific value (20 553.5 kJkg) was
found for a briquette of 70 % leaves and 30 % sunflower husks. It is worth
noting that the content of leaves increases the heat of combustion of the
briquette. The heat of combustion of leaves relative to other considered
plant agricultural wastes is higher and amounts to 21 206 kJkg. The
minimum value of the lower calorific vaue (17 509.3 kJkg) was
determined for a briquette made of 70% buckwheat hulls and 30 %
sunflower hulls. This is due to the lower heat of combustion of buckwheat
(17 000 kJkg).

On the graphs below (figures 3.21 — 3.24) we will analyze the change
in the heat of combustion of briquettes depending on the composition of the
mixture.
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Figure 3.21 — Lower cdorific vaue of briquettes made from
buckwheat husks (large fraction) and sunflower husk

It is obvious that for briquettes made from buckwheat and sunflower
husks, a decrease in the lower calorific value occurs with a decrease in
sunflower husk in its composition. The lower heat of combustion of
sunflower husksis greater than that of buckwheat.

Approximation of this dependence showed that it is linear

y = —223.1x + 18657.0. (3.16)
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Figure 3.22 — Lower cdorific vaue of briquettes made from
buckwheat husks and leaves

In this case (figure 3.22), a decrease in the lower calorific value of
briquettes made from buckwheat husks and leaves occurs with a decrease
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in leaves in its composition. The resulting dependence showed a linear
character

y = —4225-x + 20291.0. (3.17)
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Figure 3.23 — Lower cdorific vaue of briquettes made from
sunflower leaves and husks

The obtained dependence (figure 3.23) shows that the lower heat of
combustion of briquettes made from sunflower leaves and husks increases
with an increase in leaves in its composition. It is worth noting the linear
nature of the presented dependence after its approximation

y = 231.5-x + 19414.0. (3.18)

Let us conduct a comparative analysis of the nature of the change in
the calorific value of briquettes. Let us consider these changes for al types
of briquettes depending on the ratio between the components in its
composition (figure 3.24).
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Figure 3.24 — Dependence of the caorific value of briquettes from
plant waste on the ratio of components in the mixture

All samples of briguettes made from plant waste have a good calorific
value. The highest values of lower calorific value (up to 20.50 MJkg) were
found for briquettes made from sunflower leaves and husks. The content of
leaves in the composition of the fuel briquette increases the lower calorific
value. Among the considered plant agricultural wastes, buckwheat husks
have the lowest calorific value (17.00 MJkg). The results of samples of
briquettes containing buckwheat husks are lower than for other types of
briquettes. However, these values are optimal for using these briquettes as
fuel.

3.2 Results of studies of briquettes from a mixture of plant and
industrial waste

Coke dust was used as an industrial waste in the presented study.
Coke dust is a waste product from the technological process of the
enterprise for the production of calcined petroleum coke (UPNK-PV LLP).
Buckwheat and sunflower husks and cake were taken as raw materias of
agricultural origin. The results of the study of the thermal characteristics of
these briquettes are presented in Table 3.2.
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Table 3.2 — Results of experimental studies of combined briquettes from
agricultural and industrial waste

No| Mixture Density, Strength, | Humidity, Ash Volatile Heat
ratio, kg/m? % % content, yield, % | combustion,
%:% % Jkg

1 Sunflower husks (fine fraction): coke breeze
30:70 897,38 56,28 1,99 6,25 26,65 24479,7
40:60 943,29 57,32 2,61 5,23 31,99 23882,6
50:50 957,24 63,61 3,31 2,44 44,00 22685,5
60:40 976,81 74,60 3,75 1,99 53,71 21988,4
70:30 1009,27 83,45 4,06 1,35 56,68 21391,3

2 Sunflower cake: coke breeze
30:70 1052,33 70,56 1,64 6,76 18,04 24931,8
40:60 1076,84 81,71 1,79 4,91 26,01 244854
50:50 1182,39 96,19 1,96 4,00 32,36 23739,0
60:40 1294,31 99,56 2,50 3,03 46,15 22892,6
70:30 1337,14 99,63 3,00 2,86 55,73 22346,2

3 Buckwheat husk (fine fraction): coke breeze
30:70 1101,68 45,12 3,00 5,50 29,74 23909,7
40:60 1123,82 53,67 3,58 5,20 37,76 23322,6
50:50 1148,47 66,42 4,00 4,80 40,31 222355
60:40 1156,79 72,06 4,52 4,20 47,62 20948,4
70:30 1164,55 75,91 5,00 4,00 51,04 19761,3

3.2.1 Results for briquette density

The results of the study of the density of briquettes from agricultural
and industrial waste are presented in table 3.2. Anaysis of the data
obtained showed that the maximum density (1337.14 kg/m?) has a briquette
made of 70 % sunflower cake and 30 % coke breeze. Due to the increased
oil content in sunflower cake and its plasticity, such briquettes can be easily
pressed. Sunflower cake binds well with coke breeze, allowing you to
obtain afairly dense briquette. The minimum density value (897.38 kg/m?3)
was recorded for a sample made from 30 % sunflower husks (fine fraction)
and 70 % coke breeze. However, this minimum result complies with the
requirements of the European standard [53].

During the experimental study, it was revealed that the density of
briquettes containing coke dust increases with the addition of raw materias
of organic origin. Thisis explained by the presence of lignin in the organic
structure, which ensures strong adhesion of the mixture components to each
other.

Figures 3.25 — 3.28 show graphs of changes in the density of
briquettes from agricultural waste depending on the content of coke breeze
in the mixture.
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Figure 3.25 — Density of briquettes made from sunflower husks and
coke breeze

Figure 3.25 shows the results of an analysis of the density of
briquettes made from sunflower husks and coke breeze. The obtained
dependence indicates an increase in the density of the briquette made from
sunflower husks (fine fraction) and coke breeze with an increase in
sunflower husksin its composition.
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Figure 3.26 — Density of briquettes made from sunflower cake and
coke breeze

The resulting dependence based on the approximation resultsis linear
y = 25.730 -x + 879.610. (3.19)
Analysis of the dependence (figure 3.26) says that with an increase in
the proportion of cake in the briquette composition of sunflower cake and

coke breeze, the density increases. The predominant content of sunflower
cake in the composition significantly increases the density of the resulting
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briquette. The oily component of the cake makes it possible to firmly bind
the fractions together and facilitates pressing.

Approximation of this dependence showed that it has a polynomial
character

y = 3.072-x% + 60.276-x + 973.980. (3.20)

Figure 3.27 shows an analysis of the density of briquettes made from
buckwheat husks and coke breeze. It can be seen that the density of a
briquette made from buckwheat husks and coke breeze increases with the
increase in buckwheat husks in its composition.
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Figure 3.27 — Density of briquettes made from buckwheat husks and
coke breeze

The dependence is polynomial in nature
y = —3.221-x% + 35.195-x + 1068.9. (3.22)

Let us compare the nature of the change in the density of the
briquettes under study when the ratio between the components in the
mixture changes (figure 3.28).

It was revealed that briquettes made from buckwheat husks and coke
dust have the lowest density (from 897.3 kg/m? to 1009.27 kg/m®). The
structure of these briquettes is loose and they are quite easily destroyed by
physical impact. Low density and strength are caused by the difficulty of
pressing and binding raw material fractions to each other (fine fractions of
coke, dryness of both components and uneven surface of buckwheat).
Mixing coke breeze, dust with sunflower husks increases the density of
briquettes to 1337 kg/m? and improves the pressing process.

78



133714 —@—sSunflower

1350 1294,31 husks (fine
fraction): coke
. 1250 breeze
% l123gy L8 HSOT o
2 1150  1101,68 ’ 118239 Sunflower cake:
= coke breeze
& 1050
(@] 10&/
950 1009,27
976,81
o e 957,24 Buckwheat husk
850 , (fine fraction):
30%:70% 40%:60% 50%:50% 60%:40% 70%:30% coke breeze

Ratio of components in the mixture, %

Figure 3.28 — Summary diagram of the dependence of briquette
density on the ratio of componentsin the mixture

It was revealed that for all briquettes, with a decrease in the
composition of coke breeze, the density increases. Thus, coke breeze and
dust negatively affect the density of the samples.

3.2.2 Results of the study of briquette strength

The results of the study of the strength of briquettes from industrial
and agricultural waste are presented in table 3.2.

Briquettes consisting of 70 % sunflower cake and 30 % coke breeze
have the maximum strength value (99.63 %). All briquettes of the specified
composition are distinguished by high strength characteristics, with the
exception of samples in which the proportion of coke dust has a maximum
value.

Briquettes made from 30 % buckwheat husk (fine fraction) and 70 %
coke breeze have the lowest strength value (45.12 %). Most of this sample
consists of coke breeze, which is characterized by fine dispersion and low
moisture content. This type of briquettes is extremely fragile and its
production is not practical.

Briguettes containing 60 % to 70 % coke breeze are extremely fragile
and subject to rapid destruction under the influence of weak forces. The
production of briquettes with this ratio of coke in the mixture is
impractical.

Let us analyze the change in the strength of briquettes made from
sunflower husks (fine fraction), sunflower cake and buckwheat husks
depending on the proportion of coke breeze (dust) in the mixture (figures
3.29-3.32).
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Figure 3.29 shows the dependence of the strength of a briquette made
from sunflower husks and coke breeze on the percentage composition of
the mixture. The resulting graph characterizes the direct dependence of
strength on the proportion of sunflower husks. At the same time, an

increase in the strength of the briquette is recorded with an increase in
sunflower husk in its composition.
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Figure 3.29 — Strength of briquettes made from sunflower husks and
coke breeze

The nature of the dependence is polynomial

y = 1.451-x2 - 1.547 -x + 55.726. (3.22)

Briquettes made from sunflower cake and coke breeze are
characterized by an increase in its strength with an increase in the
composition of sunflower cake. Sunflower cake improves the bond
between the particles of the mixture and leads to an improvement in the
strength characteristics of the type of briquette under study (figure 3.30).

The approximation of the presented dependence showed that it has a
polynomial character

y = —3.805-x2 + 32.429-x + 32.098. (3.23)
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Figure 3.30 — Strength of briquettes made from sunflower cake and
coke breeze

In the case of briquettes made from buckwheat husks (fine fraction)
and coke breeze, an increase in strength is also demonstrated with an
increase in the composition of buckwheat husks and, conversely, a decrease

in strength with an increase in the proportion of coke breeze and dust
(figure 3.31).
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Figure 3.31 — Strength of briquettes made from buckwheat husks and
coke breeze

The curve presented in Figure 3.31 has a polynomial character
y = —1.179-x2% + 15.073 -x + 30.390. (3.24)
Having analyzed the results obtained on the study of the density and
strength of briquettes, we can conclude that increasing the proportion of

agricultural waste in the mixture increases the density and strength of the
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briquettes. Agricultural plant waste contains lignin, has higher humidity
and larger fraction sizes compared to coke dust. The listed characteristics
of plant waste make it possible to improve the binding of mixture
components and facilitate the pressing process. Coke dust has a fine and
dry structure, which impairs the adhesion between fractions during the
pressing process.

Let's compare the nature of the change in the strength of briquettes
containing plant waste, depending on the ratio between the components of
the briquette (figure 3.32).
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Ratio of components in the mixture, %

Figure 3.32 — Summary diagram of the dependence of the strength of
briquettes on the ratio of components in the mixture

Briquettes made from sunflower cake and coconut fines, if the cake
content in the mixture is above 50 %, have high strength (up to 99.63 %).
This is due to the ailiness of the cake, which helps improve the process of
pressing fine fractions of coke dust. Thus, increasing the proportion of cake
in briquettes has a positive effect on its strength and facilitates the pressing
process.

Extremely low strength (from 45.12 % to 75.91 %) was detected in
briquettes made from buckwheat husks and coke dust in any ratio of
mixture components. This fact is explained by the too dry state of both
components of the mixture and the fine dispersion of coke dust. Briquettes
made from sunflower husks and coke dust are characterized by higher
strength (from 56.28 % to 83.45 %). But they are inferior in strength to
briquettes made from cake and coke dust.
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3.2.3 Results of the study of moisture content of briquettes

Studies have been carried out on the moisture content of briquettes
made from industrial and agricultural waste. The obtained results of the
moisture content of the briquettes are presented in table 3.2. The content of
agricultural plant waste in samples increases the moisture level of the
briquette. Coke dust has an extremely low moisture content (1.70 %), an
increase in its proportion leads to a decrease in the overall moisture level of
the briquette.

The minimum value (1.64 %) was found for a briquette of 30 %
sunflower cake and 70 % coke breeze. For samples with this mixture
composition in all percentages of raw materials, the moisture level does not
exceed 3.00 %. The maximum moisture content (5.00 %) was recorded for
a briguette made of 70 % buckwheat husk (large fraction) and 30 % coke
breeze. Increased humidity is observed in briquettes that contain buckwheat
husks.

However, al briquette samples showed moisture levels that met the
standard requirements.

Let us examine in more detall (figures 3.33-3.36) the change in
moisture content in briquettes made from sunflower husks (fine fraction),
sunflower cake and buckwheat husks depending on the percentage of coke
breeze and dust in the mixture.

The moisture content in a briquette made from sunflower husks (large
fraction) and coke breeze ranges from 1.99 % to 4.06 %. With an increase
in sunflower husk in its composition, the humidity increases. Low humidity
in samples with a predominant content of coconut fines (dust) can be
explained by the low humidity of the feedstock (from 1.70 % to 3.00 %).
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Sunflower husks (fine fraction) and coke breeze, %

Figure 3.33 — Moisture content in briquettes made from sunflower
husks and coke breeze
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The approximation curveislogarithmic in nature
y = 1.317 - In(x) + 1.884. (3.25)

The moisture content in briquettes made from sunflower cake and
coke breeze (figure 3.34) varies from 1.34 % to 3.00 %. Humidity increases
with increasing sunflower cake composition. Cake, like sunflower husks,
have a moisture content ranging from 3.00 % to 4.00 %, which is higher
than the initial moisture content of coke dust (1.70 %).
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30%:70% 40%:60% 50%:50% 60%:40% 70%:30%

Sunflower cake and coke breeze,%

Figure 3.34 — Moisture content in briquettes made from sunflower
cake and coke breeze [40]

Approximation of this dependence showed that it has a polynomial
character

y = 0.076-x2- 0.116 - x + 1.684. (3.26)

Figure 3.35 shows the results of the analysis of moisture content in
briquettes made from buckwheat husks and coke breeze. They indicate an
increase in the moisture content in the briquette with an increase in
buckwheat husk in its composition. The moisture level in abriquette of this
composition ranges from 3 % to 5 %. These are the highest moisture values
among the briquette types studied.

The approximation curveis linear

y = 0,494-x + 2,538. (3.27)
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Figure 3.35 — Moisture content in briquettes made from buckwheat
husks and coke breeze

A comparative analysis of changes in the moisture content of the
resulting briquettes from industrial and agricultural waste is presented in
Figure 3.36. It has been established that the moisture content of a briquette
varies depending on the ratio between the componentsin its composition.
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Ratio of components in the mixture, %

Figure 3.36 — Comparative analysis of the moisture level of briquettes
depending on the ratio of components in the mixture

Analyzing these curves, we can conclude that the moisture content of
the briquettes is directly dependent on the composition of the mixture.
Moreover, an increase in the percentage of plant waste mixed with coke
breeze increases the moisture level in al briquettes under study (from
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1.64 % to 5.00 %). Thisis explained by the fact that the moisture content in
waste of plant origin (up to 6.00%) is higher than that of coke dust.

3.2.4 Results of the study on ash content of briquettes

An anaysis of the ash content of briquettes from industrial and
agricultural waste was carried out. The results of the study of the ash
content of brigquettes are presented in table 3.2. The level of ash in the
briquettes under study ranges from 1.07 % to 6.76 %. This value meets the
requirements of standards for the quality of fuel briquettes. It has been
experimentally established that with an increase in the proportion of coke
breeze and dust in the composition, the ash content of the final briquette
increases. This is explained by the increased ash content in the coke
component (6.65 %).

The maximum level of ash content (6.76 %) was found in briquettes
with a coke component over 60%.

The minimum ash content (1.35 %) was recorded for a briquette made
from 70 % sunflower husks (fine fraction) and 30 % coke breeze.

Let's consider (figures 3.37-3.40) the change in ash content of
briquettes made from sunflower husks (fine fraction), sunflower cake and
buckwheat husks depending on the percentage of coke breeze in the
briquette.

Let's consider how the ash content of a briquette made from sunflower
husks and coke dust changes as the composition of the sample changes
(figure 3.37).
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Figure 3.37 — Ash content of briquettes from sunflower husks and
coke dust

Analysis of the dependence indicates a decrease in the ash content of
the fuel briquette from 6.25 % to 1.35 % with a decrease in coke dust in its
composition. In briquettes, coke dust makes up a significant part of the
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mixture, and there is an increased ash content. This is explained by the ash
content of the coke itsalf (6.65 %), which is significantly higher than the
ash content of sunflower husks (2.06 %).

The dependence obtained during the approximation is an exponential
y = 9.804 - ¢~ 0403% (3.28)
The ash content of briquettes from sunflower cake and coke breeze
(figure 3.38) aso shows a decrease in ash content from 6.76 % to 2.86 %

with a decrease in coke dust in its composition.
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Figure 3.38 — Ash content of briquettes from sunflower cake and coke
breeze

Approximation of this dependence showed that it has a polynomial
character

y = 0.236-x2- 2.382-x + 8.866. (3.29)

Figure 3.39 shows the results of a study of the ash content of
briquettes made from buckwheat husks and coke dust. They indicate a
decrease in ash content with a decrease in the proportion of coke dust in the
composition (from 5.5 % to 4.0 %).

The approximation curveis linear

y = —0.385-x + 5.925. (3.30)
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Figure 3.39 — Ash content of briquettes made from buckwheat husks
and coke dust

A comparative analysis of the nature of changes in the ash content of
briquettes depending on the ratio between the components in its
composition is presented in figure 3.40.
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Figure 3.40 — Summary diagram of the dependence of the ash content
of briquettes on the ratio of components in the mixture

The ash content of samples of briquettes from industrial and plant
waste submitted for analysis ranges from 1.35 % to 6.76 %. Moreover, an
increase in the content of plant waste in a mixture with coke breeze reduces
the ash content in all briquettes studied. This fact can be explained by the
lower level of ash content of the origina plant raw materials (from 2.26 %
to 4.00 %) compared to the ash content of coconut dust (6.65 %).
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3.2.5 Results of volatile emission analysis

An analysis was carried out of the release of volatile substances from
bricks from industrial and agricultural plant waste. The results of the study
are presented in table 3.2. The minimum yield of volatiles (18.1 %) was
detected in briquettes made from sunflower cake and coke dust. This result
is very different from the value that was recorded for briquettes made only
from plant components (59.16 %). This can be explained by the low yield
of volatile substances from coke dust (9.81 %). A low yield of volatile
substances characterizes the weak reactivity of briquettes, which can
complicate the ignition process.

The maximum yield of volatiles (56.68 %) was determined for a
sample of 60 % sunflower husk and 40 % coke dust. Increasing the
proportion of plant raw materials in the mixture allows increasing the yield
of volatiles to satisfactory values.

Figures 3.41-3.44 show the results of the analysis of the change in the
yield of volatile substances of briquettes from sunflower husks (fine
fraction), sunflower cake and buckwheat husks depending on the
percentage of coke dust.

Figure 3.41 shows the dependence of the yield of volatile substances
from a briquette with sunflower husks (fine fraction) and coke breeze. It
indicates that an increase in the yield of volatile substances from 26.65 %
to 56.68 % occurs with an increase in the composition of sunflower husks.
The low yield of volatiles in samples with mixture ratios of 30%:70% and
40 %:60 % can be explained by the low yield of volatile coke breeze
(9.81 %). This complicates the ignition process and the rate of ignition of
the briquettes.
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Figure 3.41 — Yield of volatile briquettes from sunflower husks and
coke breeze
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The approximation showed that the presented function has a
polynomial character

y = —0.503-x2 + 11.195-x + 14.552. (3.31)

Figure 3.42 shows the results of a study of the yield of volatile
briquettes from sunflower cake and coke dust. The yield of volatile
substances increases from 18.04 % to 55.73 % with an increase in the
proportion of sunflower cake in its composition.
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Sunflower cake and coke breeze, %

Figure 3.42 — Yield of volatile briquettes from sunflower cake and
coke dust

Approximation of this dependence showed that it has a polynomial
character

y = 0.761-x2%+ 4983 -x + 12.332. (3.32)

The results of the analysis of the volatile yield of briquettes from
sunflower husks mixed with coke dust are presented in figure 3.43. The
volatile yield increases from 29.74 % to 51.04 %. Moreover, theincrease in
the yield of volatile substances is associated with the growth of buckwheat
husk in the mixture.

Approximation of this dependence showed that it is linear

y = 5.246-x + 25.556. (3.33)
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Figure 3.43 — Yidld of volatile briquettes from buckwheat husks and

coke breeze

Let us conduct a comparative analysis of the nature of the change in

the yield of volatile substances of briquettes depending on the ratio
between the components in its composition (figure 3.44).
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Figure 3.44 — Summary diagram of the dependence of the yield of

volatile briquettes on the ratio of components in the mixture

Analysis of the dependencies (figure 3.44) showed that increasing the

content of agricultural plant waste in a mixture with coke breeze increases
the yield of volatile substances in all types of briquettes. This is explained
by the fact that the yield of volatile substances from plant waste (from
55 9% to 80 %) significantly exceeds the yield of volatile substances from
coconut dust (9.81 %).
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3.2.6 Results of studies to determine the calorific value of briquettes

The results of studies to determine the calorific value of combined
fuel briquettes are presented in table 3.2. The lower caorific value of the
briquettes under study has fairly good values. The heat content of
briquettes varies from 19 761.3 kJkg to 24 479.7 kJkg. For comparison,
the lower calorific value of Ekibastuz coal is approximately 17 380 kJKkg.

It has been established that the content of coke breeze in the briquette
composition significantly increases the lower calorific value. Obvioudly,
this is explained by the high heat of combustion of coke dust (26 000
kJKkQ).

The maximum calorific value (24 479.7 kJkg) was established for a
briquette made from 30 % sunflower cake and 70 % coke breeze. The
minimum value of the lower calorific value (19 761.3 kJkg) was found for
a briguette made of 70 % buckwheat husk and 30 % coke breeze. This is
explained by the lower heat of combustion of buckwheat (17 000 kJkg)
relative to other used plant waste.

Figures 3.45 — 3.48 show the results of determining the lower calorific
value of briquettes from sunflower husks (fine fraction), sunflower cake
and buckwheat husks, depending on the ratio in the mixture.

Figure 3.45 shows the results of determining the lower calorific val ue
of briquettes made from sunflower husks and coke dust. The lower calorific
vaue of these types of briquettes varies from 24 4479.7 kJkg to
21 391.3 kJkg. A decrease in the lower calorific value of a briquette made
from sunflower husks and coke breeze occurs with a decrease in the
composition of coke dust.

25 000,00 244797
24 500,00
24 000,00
23 500,00
23 000,00
22 500,00
22 000,00
21 500,00
21 000,00
20 500,00
20 000,00

23882,6 R*=0,985

685,5

219884
21391,3

Lower calorific value, kJ/kg

30%:70% 40%:60% 50%:50% 60%:40% 70%:30%

Sunflower husks (fine fraction) and coke dust, %

Figure 3.45 — Lower caorific vaue of briquettes made from
sunflower husks and coke dust
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Moreover, this dependenceis linear
y = —807.1-x + 25307. (3.34)

The results of determining the lower calorific value of briquettes
made from sunflower cake and coke dust are presented in Figure 3.46. It
can be stated that this parameter has good values. The lower calorific value
ranges from 24931.8 kJkg to 22346.2 kJkg. With a decrease in the
proportion of coke dust in the composition, the lower calorific value of the
combined briquette decreases.
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Figure 3.46 — Lower caorific value of briquettes made from
sunflower cake and coke dust

The approximation of the obtained dependence shows its linear
nature

y = —646,4-x + 25708. (3.35)

Figure 3.47 presents the results of a study to determine the lower
calorific value of briguettes made from buckwheat husks and coke dust.
They indicate that, as in previous cases, the decrease in the heat of
combustion is associated with a decrease in coke dust in its composition.
The lower calorific value of a briquette varies from 23909.7 kJkg to
19761.3 kJKg.

The resulting dependenceislinear

y = —1067,1-x + 25237. (3.36)
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Figure 3.47 — Lower cdorific vaue of briquettes made from
buckwheat husks and coke dust

During the comparative anaysis, the nature of the change in the
calorific value of briquettes was studied depending on the ratio between the
components (figure 3.48).
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Figure 3.48 — Dependence of the calorific value of briquettes on the
ratio of components in the mixture

It is known that coconut dust, as a product of oil calcination of coke,
has a high calorific vaue (26 MJkg). Analysis of the relationship
presented in figure 3.48 showed that the content of coke breeze in the
composition of the fuel briquette has a positive effect on its caorific value.
The lower heating value increases significantly. Among the used organic
waste, buckwheat husk has the lowest calorific value. Therefore, the heat of
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combustion of briquettes containing buckwheat husks is lower than that of
other mixtures.

3.3 Comparative analysis of thermal characteristics of fue
briquettes

L et us conduct a comparative anaysis of the thermal characteristics of
the resulting briquettes. The purpose of this anaysis is to determine
briquettes with the best parameters in terms of strength, moisture, ash
content and calorific value.

The thermal characteristics of combined fuel briquettes from
agricultural and industrial waste determined in this way are presented in
tables 3.3 - 3.9.

Table 3.3 — Thermal characteristics of briquettes made from buckwheat
husks (large fraction) and sunflower husks

Sample

Humidity,
Volatile
yield, %
Lower
caorific

Strength,
%

Density,
kg/m?3
%

Ash, %

value
kJka

Buckwheat
husk (large
fraction): 1228,35| 79,92 | 450 | 3,65 | 81,27 18421,7
sunflower husk
(30 %:70 %)
Buckwheat
husk (large
fraction): 1211,11| 76,40 | 487 | 3,50 | 81,15 18138,6
sunflower husk
(40 %:60 %)
Buckwheat
husk (large
fraction): 1056,13 | 73,20 | 513 | 3,40 | 79,77 18015,5
sunflower husk
(50 %:50 %)
Buckwheat
husk (large
fraction): 844,64 | 69,05 53 |330| 77,60 17812,4
sunflower husk
(60 %:40 %)

Buckwheat
husk (large
fraction): 789,58 | 66,48 | 550 |3,00| 76,20 | 17509,3
sunflower husk
(70 %:30 %)
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A comparative analysis of the characteristics of bricks made from
sunflower husks and buckwheat husks (large fraction) makes it possible to
draw the following conclusions. Despite the good values of humidity, ash
content, volatile yield and calorific value, most of the briquettes of thistype
have low density and strength. Density and strength are the most important
parameters that determine the suitability of a briquette for transportation
and resistance to external mechanica influences. It is the strength that
determines the feasibility of making a briquette in principle. During the
comparative analysis, the best brique of this type was selected. It is a
briquette made of 30% buckwheat husk and 70 % sunflower husk with the
following parameters. humidity 4.50%, ash content 3.65 %, volatile yield
81.27 %, strength 79.92 %, density 1228.35 kg/m?, lower calorific value
18421.7 kJkg.

Table 3.4 — Thermal characteristics of briquettes made from buckwheat
husks (fine fraction) and leaves

Sample 2., a:‘s";: %: L] 2 <§ EDEE ]
Buckwheat husk
l(feg‘vg(agg‘;)‘)m 1252,93 | 90,78 | 4,16 | 540 | 59,16 | 19844,2

%)

Buckwheat husk
(fine fraction):
leaves (40 %:60
%)

1236,77 | 88,56 | 4,50 | 5,00 | 60,21 | 19323,6

Buckwheat husk
(fine fraction):
leaves (50 %:50
%)

1202,23 | 85,37 | 4,80 | 4,60 | 62,73 19103

Buckwheat husk
(fine fraction):
leaves (60 %:40
%)

117958 | 82,49 | 5,00 | 4,00 | 6526 | 185824

Buckwheat husk
(fine fraction):
leaves (70 %:30
%)

1067,02 | 80,54 | 540 | 3,86 | 67,15 | 182418

96



All briquettes made from buckwheat husks and sunflower husks have
high strength and density. The values of humidity, ash content, volatile
yield and calorific value meet the requirements. However, it is worth noting
that briquettes with a large proportion of buckwheat husk in ther
composition are vulnerable to mechanical stress.

Based on the above, two samples with the best characteristics for this
type of briquettes were selected. They are: 1) briquette of 40% buckwheat
husk and 60 % leaves with the following parameters. humidity 4.50 %, ash
content 5.00 %, volatile yield 60.21 %, strength 88.56 %, density
1236.77 kg/m3, lower calorific value 19323.6 kJKkg; 2) briquette of 30 %
buckwheat husk and 70 % leaves with the following parameters. humidity
4.16 %, ash content 5.40 %, volatile yield 59.16 %, strength 90.78 %,
density 1252.93 kg/m?3, lower calorific value 19844.2 kJ/kg.

Table 3.5 — Thermal characteristics of briquettes made from sunflower
leaves and husks.

- - 32 .
= E = o | DR 2
Sample .*%-ME % 'g ; =3 2%%’5
= B O
32| as| 28| 2| $2/88%X
L eaves.
sunflower
husk (30 1038,92 | 81,75 3,62 3,50 | 73,30 | 19583,5
%:70 %)
L eaves.
sunflower
husk (40 1050,53 | 82,89 3,59 4,00 | 73,06 | 19931,0
%:60 %)
L eaves:
sunflower
husk (50 110354 | 83,03 | 3,50 | 443 | 70,98 | 201685
%:50 %)
L eaves:
sunflower
husk (60 1290,00 | 86,05 3,48 482 | 63,73 | 20306,0
%:40 %)
Leaves:

sunflower
husk (70 1358,81 | 91,80 3,39 523 | 62,30 | 20553,5

%:30 %)
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A comparative analysis of the characteristics of briquettes made from
sunflower husks and leaves showed that all ratios of the mixture
composition in this briquette have good values. The obtained
characteristics (density, strength, humidity, ash content, volatile yield,
calorific value) correspond to the existing requirements for briquettes.
However, it is worth noting that samples with a large proportion of
sunflower husks are not strong enough due to their oiliness. This negatively
affects mechanical stability. The strength of these briquettes will increase
with increasing proportion of leaves in the briquette. The leaves contain a
natural binder — lignin.

Based on the analysis, the most durable briquette was selected from
70% leaves and 30 % sunflower husk with the following parameters:
humidity 3.39 %, ash content 5.23 %, volatile yield 62.30 %, strength
91.80 %, density 1358 .81 kg/m?, lowest calorific value 20 533.5 kJKg.

Table 3.6 — Thermal characteristics of briquettes made from sunflower
husks (fine fraction) and coke breeze

Sample B % = S| Ro|8E g

55 | B _|E.| 65| c8|lESRs
OX | AR | IR < | >3 06 >

Sunflower husks (fine

fractions): coke 897,38 | 56,28 | 1,99 | 6,25 | 26,65 | 24479,7

breeze (30 %:70 %)

Sunflower husks (fine

fractions): coke 943,29 | 57,32 | 2,61 | 5,23 | 31,99 | 23882,6

breeze (40 %:60 %)

Sunflower husks (fine

fractions): coke 957,24 | 63,61 | 3,31 | 2,44 | 44,00 | 22685,5

breeze (50 %:50 %)

Sunflower husks (fine

fractions): coke 976,81 | 74,60 | 3,75 | 1,99 | 53,71 | 21988,4

breeze (60 %:40 %)

Sunflower husks (fine

fractions): coke 1009,27 | 83,45 | 4,06 | 1,35 | 56,68 | 21391,3

breeze (70 %:30 %)
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Table 3.6 presents a comparative anaysis of the characteristics of
bricks made from sunflower husks (fine fraction) and coke breeze (dust). It
can be noted that briquettes containing 50 percent or more coke dust have
low density and strength. This can be explained by poor adhesion of the
mower dust to the components of the mixture. Coke dust has a fine
structure and low humidity. There are no binding elements in the
composition of coke dust. In addition, coke dust significantly increases the
ash content of the final briquette. Thus, the low strength of such briquettes
makes their production inappropriate. Despite the high heat of combustion
and low humidity, the determining criterion in this case will be strength.

Taking into account the analysis, the best briquette in this series was
selected. This is a sample of 70% sunflower husk and 30 % coke dust. It
has the following parameters. humidity 4.06 %, ash content 1.35 %,
volatile yield 56.68 %, strength 83.45%, density 1009.27 kg/m®, lower
calorific value 21391.3 kJkg. In addition to high density and strength, this
sampl e has the lowest ash content and high volatile yield.

Table 3.7 — Thermal characteristics of briquettes made from sunflower cake
and coke breeze

N = g
- s‘ ) (=} (&)
Sample 2 5 | B 5 =5 | g
2= 5 E 3 BS | 2858
86 = S o -& S0 oO®WT®
[aliv] [4)) I < >S5S 06 3

Cake: coke
breeze (30 1052,33 | 60,56 | 1,64 6,76 18,04 | 249318
%:70 %)

Cake: coke
breeze (40 1076,84 | 81,71 | 1,79 491 26,01 | 244854
%:60 %)

Cake: coke
breeze (50 1182,39 | 96,19 | 1,96 4,00 32,36 23739
%:50 %)

Cake: coke
breeze (60 129431 | 99,56 | 2,50 3,03 46,15 | 22892,6
%:40 %)

Cake: coke
breeze (70 1337,14 | 99,63 | 3,00 2,86 55,73 | 22346,2
%:30 %)
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The characteristics presented in table 3.7 have been carefully
anayzed. The analysis showed that with an increase in the proportion of
sunflower cake, the strength of the briquettes increases. The increased
content of oil components in sunflower cake and a small proportion of
lignin make it possible to firmly bind the fractions of coconut dust and cake
to each other. Therefore, from the point of view of strength, briquettes with
a high content of cake appear to be the most optimal.

Based on the comparative analysis, two samples were selected: 1)
briquette of 70 % cake and 30 % coke dust with the following parameters:
humidity 3.00 %, ash content 2.86 %, volatile yield 55.73 %, strength 99.63
% , density 1337.14 kg/m® lower calorific vaue 22346.2 kJKg;
20 briquettes of 60 % cake and 40% coke dust with parameters. humidity
2.50 %, ash content 3.03 %, volatile yield 46.15 %, strength 99.56%,
density 1294.31 kg/m?, lower calorific value 22892.6 kJkg. The selected
briquettes are characterized by high density and strength, low humidity,
low ash content, high yield of volatile substances, and high calorific value.

Table 3.8 — Thermal characteristics of briquettes made from buckwheat
husks (fine fraction) and coke dust

S g
. - > - >
Sample 2 5| T S| =25 5 =
2 e o S B 55
TS | 5 5| 53| 38 =
02| 8| TR < | >s5| 588
Buckwheat husk
(m. fraction). 1101,68 | 4512 | 3,00 | 550 | 29,74 | 23909,7
coke breeze (30
%:70 %)
Buckwheat husk
(m. fraction):
coke breeze (40 1123,82 | 53,67 | 358 | 520 | 37,76 | 23322,6
%:60 %)
Buckwheat husk
(m. fraction):
coke breeze (50 1148,47 | 66,42 | 4,00 4,80 | 40,31 | 222355
%:50 %)
Buckwheat husk 1156,79 | 72,06 | 4,52 4,20 | 47,62 | 20948,4
(m. fraction):
coke breeze (60
%:40 %)
Buckwheat husk 1164,55 | 75,91 | 5,00 4,00 | 51,04 | 19761,3
(m fraction): coke
breeze (70 %:30
%)
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These characteristics (table 3.8) were analyzed. The studied samples
showed an increased ash content and a low volatile yield. In terms of
strength, all samples are easily damaged and do not have good mechanical
strength. Thus, despite the good thermal characteristics of briquettes of this
composition, their further use is inappropriate

Based on the analysis of tables 3.3 — 3.8, briquettes were identified
that fully meet the quality requirements (table 3.9). These include
briquettes made only from plant materials and briquettes with the addition
of industrial waste.

Table 39 — Summary table of briquettes with the best thermal
characteristics

™ O
o =) =
é S > g 52
Sample = < 2 . > 83

2 5 E| 2| E | %y
8| 5| 2| %2 %¢ 3%

Buckwhesat

husk (red

fraction). 122835 | 7992 | 450 | 3,65 | 81,27 | 184617

sunflower

husk (30 %:70

%)

Buckwheat

husk (m.

fraction): 1252,93 | 90,78 4,16 540 | 59,16 | 19844,2

leaves (30

%:70 %)

Buckwheat

husk (m.

fraction): 1236,77 | 88,56 4,50 500 | 60,21 | 19323,6

leaves (40

%:60 %)

Leaves:

sunflower

husk (70 %:30 1358,81 | 91,80 3,39 523 | 62,30 | 20553,5

%)

Sunflower

husk (m.

fraction): coke | 1009,27 | 83,45 4,06 1,35 | 56,68 | 21391,3

breeze (70

%:30 %)
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continuation of table 3.9
Cake: coke 118239 | 96,19 | 1,96 | 4,00 | 32,36 | 23739
breeze (50
%:50 %)

Sunflower
cake: coke
breeze (60
%:40 %)

129431 | 99556 | 250 | 3,03 | 46,15 | 22892,6

Sunflower
cake: coke
breeze (70
%:30 %)

1337,14 | 99,63 | 3,00 | 2,86 | 5573 | 22346,2

Based on the characteristics of the briquettes (table 3.9), we can
conclude that most of these briquettes have good thermal characteristics.
The selection of the best samples will be made on the basis of strength
characteristics. Thus, the best examples are the following briquettes:

- buckwheat husk (fine fraction) and leaves (30%:70%);

- sunflower leaves and husks (70%:30%);

- sunflower cake and coke breeze (50%:50%);

- sunflower cake and coke breeze (60%:40%);

- sunflower cake and coke breeze (70%:30%).

An assessment of the characteristics of briquettes made from
agricultural waste showed the following:

- density is in the range from 790.00 to 1358.81 kg/m?;

- strength isin the range from 66.48 to 91.80 %;

- moisture content is in the range from 3.39 to 5.50 %;

- ash content isin the range from 3.00 to 5.40 %;

- theyield of volatilesisin the range from 59.16 to 81.27 %;

- calorific valueisin the range from 17.00 to 20.50 M Jkg.

Analysis of the thermal characteristics of briquettes made from
organic and industria waste showed the following:

- density isin the range from 897.38 to 1337.14 kg/m?®;

- strength isin the range from 45.12 to 99.63 %;

- moisture content isin the range from 1.64 to 5.00 %;

- ash content isin the range from 1.35 t0 6.76 %;

- theyield of volatilesisin the range from 18.04 to 56.68 %

- calorific valueisin the range from 19.96 to 24.93 MJkg.
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It should be noted that the moisture level in briquettes made from
agricultural and industrial waste increases with increasing proportion of
plant raw materials.

The yield of volatile substances will be significantly higher for
briquettes made from plant waste (from 59.16 to 81.27 %) than for samples
with the addition of coke dust (from 18.04 to 56.68 %).

The density of combined fuel briquettes will increase as they grow in
the composition of plant raw materias.

A comparative analysis of the thermal characteristics of briquettes
made it possible to determine briquettes with the best parameters in terms
of strength, moisture, ash content and calorific value:

- 30 % buckwheat husk (fine fraction) and 70 % leaves,

- 70 % leaves and 30 % sunflower husks,

- 50 % sunflower cake and 50 % coke dust;

- 60 % sunflower cake and 40 % coke dust;

- 70 % sunflower cake and 30 % coke dust.
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4 Study of the influence of the fractional composition of fuel
briguettes on the calorific value

4.1 Planning and conducting the experiment

From a genera philosophical point of view, experiment (from Latin
experimentium — test, experience) is a sensory-objective activity in science.
In a narrower sense of the word, an experiment is an experience,
reproduction of an object of study, testing of hypotheses, etc. [54].

Most scientific research involves experimentation. Recently, along
with physical models, computer models are increasingly being used, on
which one can perform simulation experiments and obtain new information
about the object of study.

It is known that when studying simple objects, it is enough to conduct
a one-factor experiment. With the increasing complexity of the research
object, a need arose to improve experimental research. The experiment
itself became a complex object of study.

Despite the fact that the objects of research are very diverse, al
methods of experimental research have much in common:

e any experiment (simple or complex) must begin with planning;

e to reduce the volume of an experiment, researchers always strive to
reduce the number of input factors being studied,;

e Researchers always try to control the progress of the experiment and
exclude the influence of random external factors.

Experimental planning is a branch of mathematical statistics that
studies the rational organization of measurements and observations [55].

Experimental planning consists of the procedure for selecting the
number and conditions for conducting experiments necessary and sufficient
to study an object with a given accuracy.

Planning an experiment makes it possible [56]:

e simultaneous change of all factors according to special rules;

e use of mathematical apparatus to formalize the actions of the
experimenter;

e choose a clear strategy that allows you to make informed decisions
after each series of experiments;

e minimize the number of experiences, resources (financial,
temporary, material, human).

The construction of empirical models is based on the theory of
multifactor experiment (MFE), developed by R. Fischer in the 30s. XX
century Fisher'stheory is based on the study of the behavior of the object of
study while ssimultaneously changing several input factors.
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It is known that according to the form of conducting and presenting
the results, experiments can be qudlitative or quantitative [55]. A
gualitative experiment establishes the very fact of the existence of an
object, process or phenomenon, but does not provide any quantitative
characteristics. A quantitative experiment not only records the very fact of
the existence of a particular object, process or phenomenon, but also makes
it possible to establish a relationship between the quantitative
characteristics of the behavior of the object under study and the quantitative
characteristics of external influence.

A factor is a variable quantity that at each moment of time takes on a
certain value from its domain of definition and reflects an external
influence on an object or its response to this influence. Factor level is a
specific value of a factor from its domain of definition during an
experimental study of an object.

When conducting experiments, an important point is to determine the
levels of factors that are of interest to the researcher. The following types
of factors are distinguished [55]:

e controlled and manageable — these are factors for which you can not
only determine their level, but adso set any possible value in each
experiment;

e controlled, but not controllable — these are factors whose levels can
only be recorded, but it is almost impossible to set a certain value in each
experiment;

e uncontrollable — these are factors whose levels are not recorded by
the researcher; he may not even be aware of their existence.

If the researcher has the ability to control and manipulate the levels of
factors, then such an experiment can be considered active. If the researcher
can only observe and record, but has no ability to control factor levels, then
it is apassive experiment.

During an experimental study, the object is viewed as a «black box»
(figure 4.1). The output factors in the experiment are called the response,
and the dependence Y) = f (X1, Xy, ... Xx), which they are trying to
establish, is the response function.

F
4

[nput factors “| Research object Output factors
("black box") .12, )
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i
b
k
h
=
—
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i
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Figure 4.1 — Object of study in general form
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Thermal technological processes are very complex in their physical
and chemical nature. There are still no universally accepted analytical
models that accurately describe the patterns of various thermo-
technological processes, especidly thermal processes, etc. Therefore,
empirical models are very often used. Empirical models are the result of
processing experimental data on the behavior of an object or process using
methods of mathematical statistical analysis.

Very often, to build models of objects based on the results of
experimental studies, the mathematical apparatus of regression and
correlation analysisis used.

4.2 Problem statement

An objective indicator of a high-quality briquette isits calorific value,
namely the lower calorific value. It is directly related to such characteristics
of briquettes as humidity, ash content and the content of combustible
elementsin the mixture,

This dependence can be considered random and anayzed using
probabilistic methods. For effective analysis, it is necessary to identify the
relationships between input factors and present them in quantitative form —
in the form of a mathematical model

O=004,X,.--0), (4.1)

where ¢ — the strength of briquettes, %;

X ,X ,...,x — factorsinfluencing the lower calorific value.

It is necessary to obtain not only the form of this dependence based on
experimental data, but also to evaluate the influence of each factor on the
calorific value of the briquette.

From physical considerations we can assume that the relationship
between expression (4.1) has the following form

“@”:QﬂgPX’ (4.2)

where b isthe free term equal to the output at x=0;
[y — regression coefficient.

We select as experimental factors: x; — briquette humidity, %; X, — ash
content of the briquette, %; x; — content of combustible elements in the
briquette, %.

Having determined the regression coefficients of this equation, we
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will get an idea of the influence of the factors under study on the value of
the net calorific value of the briquette. Regression coefficients are
calculated using the following formulas [57]

bj :%IJZ&JX‘ ..XL,i,ﬂ =12.n,

where ojis the value of the average output of the process in the j-th
variant;

X! — the value of the factor in the j-th variant.

To assess the significance of regression coefficients, it is necessary to

find their sample variance Sz[b] The significance of regression
coefficients is determined by the inequality

b >-30] tp(f), (4.4)

where tp(f)is the Student coefficient for a given reliability p and the

number of degrees of freedom T =(v—1)- .

Thus, the mathematical model of this process can be described quite
accurately using the interpolation formula (4.2), taking into account the
assessment of the influence of each of the experimental factors on the
target vaue.

(4.3)

4.3 Smulation results

Two experiments were carried out at each experimental point. To
calculate coefficient estimates, the arithmetic mean of these observations
for each point was used. Next, based on experimental data, coefficient
estimates were calculated using formulas (4.3). Thus, the form of
interpolation formula (4.2) is obtained. The last stage was to assess the
significance of the regression coefficients and check the adequacy of the
model.

Using the above methodology, we determine the regression
coefficients of the equation for manufactured fuel briquettes from organic
mass. Table 4.1 shows the experimental plan to study the influence of
various factors on the calorific value of biochar briquettes made from
sunflower husks and coal dust (Karazhyra) and its results. The process
yield values were obtained as aresult of experimental studies.
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Table 4.1 — Experiment planning matrix

Experiment Planning Lower caorific value,
number X0 X1 X2 X3 kJkg
1 + + + + 24675,23
2 + - + + 25703,86
3 + + - + 26689,98
4 n + 27948,49
5 + + + - 18663,74
6 + - + - 19463,87
7 + + - - 20303,61
8 + - - - 21166,83

Based on the resulting experiment planning matrix, the regression
coefficients of equation (4.2) were determined. The regression formula for
the dependence of the calorific value of briguettes on the parameters of the
briquettes took the following form

6 = 23076,95 — 493,81x, — 950,27x, + 3177,44 x. (4.5)

The analysis of dependence (4.5) revealed that the factor xs (the
combustible component, that is, the ratio of husk and coa dust in theinitial
briquetting mass) has the greatest influence on the value of the calorific
value. The heat of combustion isleast affected by humidity.

Let us check the adequacy of the model and the significance of
guadratic effects in both experiments.

For a given significance level of testing the hypothesis of adequacy,
a = 0.05 in accordance with the 95% F-distribution F¢: = 5.32. In our case,
F, =229 <F,=532and F, =1,00 <F, = 5,32. Thus, the adequacy check
showed that the proposed models are adequate, because errors
characterizing the accuracy of models do not exceed observational errors.

To assess the significance of regression coefficients, it is necessary to

find their sample variance R]. The significance of the regression
coefficients is determined by the inequality 1§ ~3i]-tp(f), where tp(f) is
the Student coefficient for a given reliability p and the number of degrees
of freedom T =(—1)-N.

Testing the significance of the coefficients showed that all coefficients
of these models are significant. Consequently, regression equations (4.5),
taking into account this remark, will remain in the same form.

In a similar way, regression dependencies were obtained for other
types of briquettes. All simulation results are summarized in table 4.2.
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Table 4.2 — Results of modeling the influence of thermal parameters of
biochar briquettes on the lower calorific value

Bun 6pukera Perpeccuonnas 3aBUCMMOCTb

Sunflower husk + coal dust

(Karazhyra) 6 = 23076,95 — 493,81x; — 950,27x, + 3177,44 x5
+

%ﬁﬂgﬁﬁ,;‘ usk+coddust | 5 _ 23661,51 — 291,45x; — 681,48x, + 3419,34 x;

Sunflower husk + cokedust | & = 22273,92 — 105,80x; — 218,54x, + 1849,72 x4
+

l('f:;/shygal dust 6 = 24461,98 — 647,89x, — 916,87x, + 2578,66 x5
+

(Lg‘ﬁjgjklj‘;""' dust 6 = 2427091 — 294,67x; — 424,81x, + 3022,03 x5

Analysis of the obtained dependencies showed the same nature of the
influence of the thermal characteristics of biochar briquettes on ther
calorific value. The factor x3 (combustible component, that is, the ratio of
husk and coal dust in theinitial briquetting mass) has the greatest influence
on the value of the heat of combustion. The heat of combustion is least
affected by humidity (two times less than the ash content).
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Conclusion

In the course of the study, a review of foreign literary sources was
carried out, which examined technologies for the production of fuel
briquettes from raw materias of plant and industrial origin, as well as their
thermal characteristics established in laboratory conditions.

An analysis of Kazakhstan's raw materia base for plant waste shows
that the country has a fairly developed agro-industrial complex and has a
sufficient number of cultivated grain and oilseed crops, the waste of which
isnot properly disposed of.

The analysis of the characteristics of plant and industria waste
showed that plant waste has good thermal parameters, allowing them to be
used as raw material for the production of briquettes. They are
characterized by low humidity and ash content up to 10 %, high volatile
yield over 60% and good calorific value from 15 to 21 MJkg. Industria
waste, in this case coke dust, despite its high ash content and low volatile
yield, has ahigh calorific value of 26 MJKkg.

In laboratory conditions, by pressing under a pressure of 25 MPa, fuel
briquettes weighing 10 g were produced without the use of binders with
different percentages of raw materials in the composition. The raw
materials for the production of briquettes were the following waste:
buckwheat husks, sunflower husks and cake, coke breeze. During
manufacturing, by mixing various raw materials with each other, the most
suitable combination of raw materialsin the briquette was determined:

- mixing leaves with their content in a mixture of more than 50% with
any of the waste considered (sunflower husks and cake, buckwheat husks
and coke dust) alows you to obtain strong and durable briquettes;

- mixing sunflower cake, with its content in the mixture above 50%,
with coke dust, due to the oiliness of the former, allows you to obtain a
durable briquette and facilitate the pressing process.

The study determined the thermal characteristics of manufactured fuel
briquettes from plant waste:

- humidity ranges from 3.39 to 5.50 %;

- ash content ranges from 3.00 to 5.40 %

- the yield of volatiles ranges from 59.16 to 81.27 %;

- density ranges from 789.58 to 1358.81 kg/m?;

- strength ranges from 66.48 to 91.80 %;

- calorific value ranges from 17.60 to 20.55 M Jkg.

Thermal characteristics of briquettes made from plant and industrial
waste:

- humidity ranges from 1.64 to 5.00 %;
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- ash content ranges from 1.10 to 9.50 %;

- the yield of volatiles ranges from 18.04 to 56.68 %;

- density ranges from 897.38 to 1337.14 kg/m?;

- strength ranges from 45.12 to 99.63 %;

- calorific value ranges from 19.96 to 24.93 MJkg.

Most of the resulting briquettes have good performance in terms of
moisture and ash content, and calorific value. However, high strength was
detected in asmall number of samples.

As a result of a comparative analysis of thermal characteristics
between briquettes from plant and industrial waste, the best samples were
selected in terms of thermal parameters and their compliance with the
requirements [34], [35]:

- 30 % buckwheat husk (fine fraction) and 70 % leaves with the
following parameters. humidity — 4.16 %, ash content — 5.40 %, calorific
value — 19.8 MJKkg, strength — 90.78 %;

- 70 % leaves and 30 % sunflower husk with the following
parameters. humidity — 3.39 %, ash content — 5.23 %, calorific value —
20.5 MJkg, strength — 91.80 %;

- 50 % sunflower cake and 50 % coke breeze with the following
parameters. humidity — 1.96 %, ash content — 4.00 %, calorific value —
23.7 MJKkg, strength — 96.19 %,

- 60 % sunflower cake and 40 % coke breeze with the following
parameters. humidity — 2.50 %, ash content — 3.03 %, calorific value —
22.8 MJkg, strength — 99.56 %

- 70 % sunflower cake and 30 % coke breeze with the following
parameters. humidity — 3.00 %, ash content — 2.86 %, calorific value —
22.3 MJkg, strength — 99.63 %.

While simulating the briquetting process:

- regression dependencies were obtained estimating its heat of
combustion;

- an analysis of the obtained dependencies was carried out, the
significance of the coefficients included in the model was checked,;

- the strength of the briquette is most influenced by the combustible
component, that is, the ratio of husks and coal dust in the initial briquetting
mass,

- the heat of combustion is |east affected by humidity;

- the adequacy of these models was checked, which showed that the
proposed models are adequate, because errors characterizing the accuracy
of the model do not exceed observational errors.
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