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POSSIBILITIES OF COMPREHENSIVE PROCESSING OF ASH AND SLAG WASTE
FROM THERMAL POWER PLANTS OF UKRAINE AS A CONDITION

FOR THE IMPLEMENTATION OF THE TRANSITION TO A CIRCULAR ECONOMY
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Abstract. Simultaneously with the generation of energy at thermal power plants (TPPs) and combined heat and
power plants (CHPPs), as a result of the combustion of solid fuel, ash and slag waste (ASW) is generated, which is
produced in large quantities and poses a serious environmental hazard. At the same time, the waste accumulated over
many years has a huge resource potential, a unique mineral composition, a complex distribution of useful components,
which is not typical for natural deposits, representing, in fact, man-made deposits. It is necessary to use the experience
of industrially developed countries in the maximum extraction of secondary resources and their use in industrial
production instead of natural mineral raw materials. Integrated use of waste is a condition for the implementation of the
transition to a circular economy. An analysis of previous studies of the properties of slags and fly ash, the possibility of
extracting useful components from them is performed. The main directions for reducing the amount of waste and
eliminating storage facilities are established. The possibility and feasibility of complex processing of ASW was revealed
using the example of improving the technology and equipment of the Chernihiv and Darnytsia CHPPs. The properties of
daily ash collected under the electrostatic precipitators of the Chernihiv and Darnytsia CHPPs were studied. The size
classes with the highest carbon content and the possibilities of its extraction were determined. The range of changes in
the amount of carbon in the slag was studied and the obtained results were analyzed. The possibility of separating the
finest classes containing clay and dust particles by boundary size of 0.02 mm and extracting various useful components
from the ash was established using a vibratory impact screen. The carbon obtained from the ash can be used for
combustion at TPPs and CHPPs. The magnetic concentrate extracted in the form of powder can be used for metallurgy,
production of ferrosilicon, cast iron and steel. To obtain an aluminosilicate product, such a dry processing method as
electrostatic separation can be used. Complex processing of ash is advantageous from both an economic and
environmental point of view. It will reduce the amount of waste sent to storage facilities, reduce the territories that are
alienated for them and become unsuitable for living. Thermal power plants will be able to earn money on this. According
to experts, ash processing can provide an increase in the profitability of enterprises by 10-20%. This approach will solve
a set of social, economic and environmental problems, significantly save natural resources and reduce the deficit of
various materials.

Keywords: power plants, coal combustion products, waste, ash, slag, processing, classification, extraction,
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1. Introduction

Over the last decade, the consumption of electricity and heat produced by fuel and
energy complex enterprises has increased in Ukraine. Simultaneously with the
generation of energy at TPPs and CHPPs, as a result of the combustion of solid fuel,
ash and slag waste (in foreign literature, coal combustion products - CCPs) are
formed, which are produced in large quantities and pose a serious environmental
hazard [1-18].

There are 39 TPP ASW storage facilities in Ukraine. They contain about 360
million tons of ash and slag on an area of over 3,170 hectares. The existing storage
facilities are constantly being replenished (about 8—10 million tons are accumulated
annually) [1-6]. For example, a power plant with a capacity of one million kilowatts
burns about 10,000 tons of coal per day, producing 1,000 tons of slag and ash (with
an ash content of 10% on average). About one hectare of land is required to dispose
of such an amount of waste. For example, according to reports, about 500 thousand
tons of ash and slag are generated annually on the territory of the Ladyzhyn TPP
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(Vinnitsa region). Currently, the storage facility contains 30 million tons of ASW on
an area of 120 hectares [1, 2].

As of 2021, twelve thermal power plants in the territory controlled by Ukraine
produced 9.56 million tons of waste, including 7.64 million tons of ash and 1.53
million tons of slag. The distribution of ash and slag was 84:16 (%) [1-6, 9, 10].

Storage of ASW is a significant environmental and economic problem, since
existing storage facilities are overloaded, have large areas and require significant
operating costs, which affect the increase in the cost of electricity production (up to
25-30%) [9, 10]. Storage facilities are potentially dangerous sources of
environmental pollution and create risks for the health of the population living in
adjacent areas [1-15]. A detailed assessment of the impact of waste on the
environment and improving the level of environmental safety are considered in [16—
18].

At the same time, ASW accumulated over many years has a huge resource
potential, a unique mineral composition, a complex distribution of useful
components, which is not typical for natural deposits, and is, in fact, a man-made
deposit [11, 12]. Therefore, the processing of ASW from coal TPP is a pressing
problem, the solution of which will reduce operating costs for the maintenance of
storage facilities, obtain new types of products, and reduce the impact on the
environment [9—18].

In industrially developed countries such as the European Union (EU), the USA,
etc., the utilization of ASW is an integral part of the technological process of coal
thermal power plants, which involves the involvement of various types of waste in
new technological cycles or their use for other useful purposes. Much attention is
paid to this problem, which is the most important link in the overall chain of creating
waste-free production systems [19-21].

In the conditions of the energy crisis and environmental problems related to the
pollution of territories, Ukraine, taking into account its desire to join the EU, should
use the experience of industrially developed countries:

— on changing waste management systems;

— comprehensive processing of ASW;

— focusing on the maximum extraction of secondary resources and their use in
industrial production instead of natural mineral raw materials;

— on the transition to the conditions of a circular economy.

Comprehensive use of energy complex waste is an urgent need not only for
Ukraine, but for any economically developed country.

2. Methods

The following methods were used in this study: analytical review of literature
sources, comparative analysis; experimental studies; study of the composition of fly
ash, granulometric analysis, as well as the possibilities and prospects of its use. The
granulometric composition of ash was determined using DST 12536-2014 by the
mass content of particles of different sizes, expressed as a percentage of the mass of
the dry sample taken for analysis. The residue on the sieve was weighed on an
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electronic scale with an error of £0.05 g. Information resources of the Internet were
used in the analysis of the state of the issue.

The aim of the work is to study the possibilities of complex processing of ash and
slag waste from thermal power plants of Ukraine as a condition for the
implementation of the transition to a circular economy.

Research object: processing of ash and slag waste from TPPs and CHPPs.

To achieve the set goal, the following tasks were solved:

— previous studies of the properties of slag and fly ash and the possibility of
extracting useful components from them were analyze;

— the possibilities and problems of the integrated use of ASW of TPPs of Ukraine
was established;

— the feasibility of integrated processing of ASW using the example of various
improvements in the technology and equipment of the Chernihiv and Darnytsia
CHPPs was identified;

— the properties of daily ash collected under the electrostatic precipitators of the
Chernihiv and Darnytsia CHPPs was studied;

— the range of changes in the amount of carbon in slag and ash of the Chernihiv
and Darnytsia CHPPs and to analyze the obtained results was studied;

— promising areas for extracting useful components from ASW was determined.

3. Theoretical and experimental parts

Analysis of previous studies

Circular economy (closed-loop economy) [22, 23] is an economic development
model that is an alternative to the linear economy (creation, use, disposal of waste).
Focusing on products and services that minimize waste and other types of pollution,
it provides for recovery, reuse, rational consumption of resources and allows for the
creation of additional value through new services and intelligent solutions. In
developed countries, programs to promote a circular economy have been adopted at
the legislative level. These new concepts of national development provide for a
radical change in waste management systems, a focus on the maximum extraction of
secondary resources from waste and their use in industrial production to replace
natural mineral raw materials. This model is based on large volumes of cheap, readily
available materials and energy. The circular economy keeps products, parts and
materials in economic circulation for as long as possible, using as few resources as
possible. This concept was presented in a document published by the European
Commission [22]. Its implementation should help reduce the negative impact of
ASW on the economy not only in environmental but also in socio-economic aspects.
The transformation of waste, especially ASW, into a useful product is an integral part
of increasing the efficiency of resource use [23]. As a result of this approach, the
rationality of resource use, including natural resources, will increase as a whole, the
economy will become more transparent, predictable, and its development will be
rapid and systematic [22]. This solution saves natural resources, reduces the cost of
finished products and the level of environmental pollution.
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In developed countries, ASW has proven itself as a valuable raw material for the
production of building structures and materials, strengthening of mines, railways, etc.
Their functional advantages have allowed them to be used as a replacement for
energy- and resource-intensive materials such as cement, sand and fillers, since they
not only ensure the conservation of natural resources, reduction of the cost of finished
products and the level of environmental pollution, but also contribute to the principles
of cyclicality of products and structures where they are used (circular economy
conditions) [24-27]. The use of ASW has a number of advantages over the use of
conventional building materials: no costs for extraction and initial processing;
proximity to infrastructure allows for significant savings on transportation costs. It
follows that ASW processing is an important area of research [9—15]. The most
voluminous of ASW are slag and fly ash. During coal combustion, more than 80% of
its mineral composition passes into fly ash (FA), and up to 20% into slag. FA is a
finely dispersed material formed from the mineral part of coal and is the most widely
used abroad [28].

The papers [16—-18] analyze foreign experience in processing TPP ASW. In
industrially developed and developing countries, coal combustion technologies make
it possible to obtain a commercial product from ASW that is practically ready for use.
The main areas of ASW use are construction, agriculture, energy, and road
maintenance. In order to increase the level of ASW utilization, their use was
stimulated at the state level, which had a positive effect on the results. Many TPPs
have reservoirs with a capacity of up to 40-60 thousand tons with a daily and two-
day capacity. Samples are taken from them for ash analysis in the laboratory, then a
product is created from it using mixing and volumetric dosing, which, in terms of
fractional composition, acquires characteristics that meet regulatory requirements. At
the end of the process, the ash is transferred to storage in the appropriate reservoirs
and then shipped to the consumer. As a result, there is no need to maintain ASW
storage facilities, and TPPs receive additional profit from the sale of these products.

Today, in the US and the EU, about 70-95% of coal waste is recycled, and in the
Netherlands and Denmark — 100%. The waste recycling rate in Ukraine is only about
15%, which is extremely low compared to EU countries [19-21].

The papers [16—18] analyze the factors that hinder the large-scale use of ASW in
Ukraine. One of the main reasons is the lack of cost-effective technologies and
insufficient study of the raw materials. Obsolete thermal power plants (technologies
and equipment) - significant physical wear and tear, irregular repairs led to a partial
loss of the design indicators of efficiency, maneuverability, productivity and, thus,
reduced the reliability of the power units as a whole. The efficiency of pulverized
coal boilers is only 75-80% with a design value of 91-92% [29]. As a result, the
ashes of coal-fired thermal power plants in Ukraine contain unburned matter (carbon)
in an amount of 5 to 30% [9—-14, 28]. The increased content of unburned matter in the
ash and the complex granulometric composition do not allow for the wide use of ash
in the construction industry in large volumes (for concrete - prohibited by standards)
[9, 10, 28]. Therefore, it is necessary to improve or create technologies and
equipment for efficient combustion of coal [30, 31] and additional enrichment of ash
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quality to the indicators required by standards for widespread use in the construction
industry [16-18].

It should be noted that at the TES there is dry fresh (daily) ash obtained
immediately after burning coal, i.e., before its storage, and perennial waterlogged
(stale) ash from storage facilities. The technologies for processing daily and stale ash
are different. Daily ash is a dry finished product for processing and subsequent
disposal. Ash from storage facilities has caked in dumps over many years; it must
first be crushed and dehydrated. Obviously, in order to eliminate the replenishment of
the storage facility, it is advisable to start processing with dry ash, and consider ash
storage facilities as man-made and suitable for subsequent complex processing [11,
12].

Cost-effective methods of processing thermal power plant waste both in the form
of current dry products, such as ash and slag, and stale ash will reduce the load on
existing storage facilities, reduce the severity of reconstruction and land allocation
problems, produce new types of products, and improve the state of the environment
[1-15, 32].

Since the ash from Ukrainian thermal power plants has a high carbon content, the
work of domestic authors was mainly devoted to its extraction and the study of the
properties of the ash.

The paper [33] presents the results of the analysis of the methods of processing
daily (dry, collected from the electrostatic precipitator bins) ash and stagnant water-
saturated ash from the storage tanks of the DTEK Prydniprovska and Kramatorsk
TPPs. For the daily ash of the DTEK Prydniprovska TPP, the yield of classes of -
0.04 mm was about 40%. A larger size of dry ash was established compared to the
lying ash. With an increase in the sampling depth from the storage tank, the
percentage of the enclosing fraction decreased. A tendency towards a decrease in the
coal content in narrow size classes was established. In the samples from the storage
tank of the Kramatorsk TPP, coal is concentrated to a greater extent in classes larger
than 0.05 mm, and its content decreases with decreasing size. A conclusion was made
about the prospects of dry screening of daily ash; when processing lying ash, it
should be taken into account that its moisture content can reach 45-50%.

The publication [9] presents studies of the granulometric composition of waste —
daily dry ash, slag and ash from storage tanks — using the example of the DTEK
Prydniprovska and Kurakhivska TPPs. It was found that the daily ash at the DTEK
Prydniprovska and Kurakhivska TPPs differs in granulometric composition due to
different grain sizes and ash content of coal, different temperature conditions,
blowing conditions, flue gas removal, etc. At the DTEK Prydniprovska TPP, the
content of -0.074 mm fractions in fresh ash is 47.7%, and in stale ash — 78.4%. At the
Kurakhivska TPP, the content of -0.05 mm in fresh ash i1s 54.8%, and in stale ash —
84.5%. The distribution of ash and slag in fresh ash is approximately 80:20, but the
slag has practically no fine classes. Ash analysis indicates a larger particle size of
daily ash compared to stale ash. For both storage facilities, the number of large
classes of +0.25 mm does not exceed 1%, and the ratio of +0.074 mm to -0.074 mm
um is estimated at 20:80. The reasons for waste grinding during long-term wet
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storage are annual temperature fluctuations, chemical phenomena, mechanical
stresses under the weight of raw material layers and during layer movement due to
feed and drainage flows, etc. The possibility of identifying individual narrow classes
of size with a high content of unburned coal by fine classification has been
established. The physical and technical characteristics of the DTEK Prydniprovska
TPP slag, its granulometric composition and iron content have been determined,
which create the possibility of its direct use as medium-strength crushed stone of the
M600 brand in construction. The slag is similar in strength to crushed stone of the
M600 brand. The content of magnetic inclusions is 8.5%, which does not exceed 6%
of the total iron. TPP slag can be divided into slag sand (grain size from 0.315 to 5
mm) and slag crushed stone with a particle size of more than 5 mm in a ratio of 58.4:
37.2 (%). They meet the building standards GOST 25592-91, GOST 26644-85,
DSTU 9043:2020 for the production of concrete, cinder blocks, road construction and
are finished commercial products.

The paper [10] considers the possibility of processing ash by mechanical
classification by size. Two most common types of raw materials were studied: with
low carbon content in large and fine classes and with high carbon content in all size
classes except fine. It was found that the method of obtaining a rich intermediate
product by combining rich close classes is quite effective and allows doubling the
coal concentration. For stale ash of the DTEK Prydniprovska and Kurakhivska TPPs,
the intermediate product contained about 40% carbon with a content in waste of 12—
15%. For stale ash of the Chernihiv TPP, the carbon content in the intermediate
product is about 57%, the carbon content in the waste is about 20%. The advantage of
the obtained intermediate product in the absence of fine classes is easy enrichment.
The waste 1s small in size. In terms of carbon content, they meet the standards for the
use of fly ash from TPPs for lightweight concrete. They can be used in industry. The
waste yield is from 45 to 80% of the original raw material. Selective extraction of
rich raw materials with a carbon content of more than 35% of the accumulator is a
promising technology. This allows obtaining a finished coal product with a yield of
22-25% and a carbon content of 70—72%. The waste contains about 25% carbon. In
this case, the industrial product is ready for use as pulverized fuel for combustion at
thermal power plants. It is also possible to use it in the form of coal briquettes. The
initial assessment shows that this technology is cost-effective, since the costs of the
raw material lifting process, as well as the drying and vibration screening process, do
not exceed the costs of the processes of coal mining, transportation and preparation
for combustion at thermal power plants. Considering that today there are about
360 million tons of ASW in accumulators, and the ash of thermal power plants
contains, on average, up to 20% of unburned carbon [10], the processing of existing
accumulators will allow extracting about 70 million tons of coal. This raw material is
small-sized and suitable for reuse at thermal power plants. Given the high cost of the
original coal, the process of its transportation and preparation for combustion, the
extraction of carbon from stale fly ash is a pressing issue. Processing of ASW allows
extending the service life of storage facilities and improving environmental safety.
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The publication [34] presents data on the properties of daily ash (smoke filtrate)
collected at various points in the technological scheme of the DTEK Prydniprovska
TPP (under different boilers and sections). As a result of the analysis, it was found
that the unburned carbon remaining in the ash is distributed unevenly across the size
classes of the original product; the samples contain from 18.53% to 30.48% unburned
coal. If the +0.05-0.2 mm class is extracted from the ash, an oversize product

containing coal can be obtained C, from 6.05% to 14.6% with ash content C, from
2.41% to 24.87 %, which corresponds to the standard indicators for coal supplied to
thermal power plants (the ash content of the product should not exceed 27%). During
laboratory tests, it was noted that there is a significant portion of clay in the
+0-0.02 mm classes. It was found that the ashiest part is contained in the +0-0.02 mm
class from 44.97 to 81.47%. If the classification is carried out according to the
boundary size of 0.02 mm, an additional 5 to 7% of carbon can be extracted with the
standard ash content. As a result of separation, the carbon content in the undersize
product (silicate part with a particle size of less than 0.02 mm) can be reduced to 5—
6% (corresponds to the standard requirements), i.e., 4-5 times less than in the original
product.

Despite the large number of publications, they do not pay enough attention to the
extraction of associated elements from ASW, including rare earth minerals. Given the
diversity of rocks containing coal seams, their mineralogical composition, the
development of fly ash enrichment for the purpose of extracting useful minerals and
metals is of practical interest. For example, it is known that the host rocks contain
aluminum, germanium, iron in quantities of industrial interest. Additional research is
needed to improve and develop ASW processing, develop enrichment technologies,
and conduct a feasibility study directly for each man-made storage facility [35]. It is
necessary to search for new directions and areas of their use.

The work [36] shows the average chemical composition of the mineral part of
TPP ash and slag. The main mass is made up of silicon oxides — 45-60%, calcium —
2.5-9.6%, iron — 4.1-10.6%, magnesium — 0.5-4.8%, aluminum — 10.1-21.8%. The
content of a number of components of ash and slag can significantly exceed their
concentration in the earth's crust. For example, the content of MgO in ash and slag
can be 2-3 times higher than the Clarke value, Al,O3; — 2 times, Fe,Os — 1.5-3 times,
CaO — 4-12 times.

To take into account all these features, it is necessary to carry out a set of studies
to determine the elemental composition and properties of ash in order to use it as an
additional source for the extraction of valuable metals and the production of
commercial products. Depending on the grades of burnt coal and the rocks containing
them, in addition to residual carbon, the so-called "underburnt", the ash contains a
high content of silicon oxide (up to 60%), iron oxides (with their magnetically
susceptible varieties making up from 7% to 20%), aluminum oxides (contained
within the range of 10% to 24%) [37]. Coal-fired thermal power plant ash is a
potential raw material for the complex extraction of silica, aluminum oxide, iron and
rare earth minerals into commercial products. For example, the extraction of alumina
for the subsequent production of aluminum, given that the aluminum oxide content in
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the ash of some types of coal can reach 30% [36, 37]. Thus, ASW are man-made
deposits of industrial interest that require complex technology in each specific case,
depending on the grades of coal burned.

Recently, publications have appeared devoted to the extraction of not only carbon
and silicates from ash, but also other components of industrial interest [38—48].
A number of works by both domestic and foreign specialists are devoted to the issues
of complex processing of ash and slag using chemical methods [38—43].

The papers [44—48] consider the possibilities of complex processing of ash and
slag using chemical methods. Technological data on acid, alkaline and fluoride
processing of ash and slag are provided. The chemical composition of ash and slag in
the Dnipropetrovsk region has been determined. Mineral acid processing
technologies are used to separate magnetic and non-magnetic fractions. In addition, it
is possible to remove liquid and dispersed elements. Using alkaline processing
technology, it is possible to extract scandium, gallium and alumina. Using fluoride
technology, aluminosilicate compounds can be processed more completely due to the
extraction of silicon, which makes it possible to gradually obtain aluminum and iron
from waste. Despite the positive results, it should be noted that chemical methods are
expensive and themselves require subsequent disposal, which also requires expenses.

Efficient and cost-effective methods for processing ASW are needed.

The works [11, 14] present the results of ash studies using chemical analysis and
magnetic separation methods, which showed that it contains up to 20% unburned
carbon in individual size classes (underburnt) and up to 30% magnetically susceptible
iron (in aggregates). It was found that the remains of unburned carbon and iron
aggregates in the ash under study are not distributed uniformly. The highest carbon
content is in size classes from 0.05 mm to 0.25 mm. However, the total share of these
classes from the sample weight is about 8%. These same size classes have the highest
iron content, i.e., they are of interest for processing. This indicates the feasibility of
its comprehensive processing in order to extract carbon, iron and the silicate part with
subsequent utilization of these products.

The paper [49] presents the results of studies on the possibility of extracting
carbon from ash from the Chernigiv TPP using an experimental pneumatic flotation
machine and then enriching it using wet magnetic separation to isolate the magnetic
product. A study was conducted of the properties of ash on a sample taken from the
Chernigiv TPP storage tank in the amount of 30 kg for enrichment under laboratory
conditions. The amount of particle size greater than 0.8 mm was less than 0.1%, so it
was not processed and was not taken into account in the calculations. The results of
the granulometric analysis of the averaged source material are presented in Table 1.
The moisture content of the source material was 22%.

As can be seen from Table 1, the yield of fine-grained material with a size of less
than +0-0.05 mm is 80.98%; the content of the coarse-grained component (fraction
+0.315-0.8 mm) is 0.44%. The content of fraction +0.2-0.315 mm is 0.48%, fraction -
0.2+0.08 1s 5.95%, fraction +0.05-0.08 mm is 12.15%. Material with a size of
+0-0.80 mm was enriched using wet magnetic separation, as a result of which the
yield of magnetic product was 6.91%, non-magnetic - 89.98%. Since the ash content
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of fine-grained material less than 0.05 mm was 79.7%, with a yield of more than
80%, it became advisable to separate by size of 0.05 mm in order to separate high-ash
fine tailings into the discharge product using a hydrocyclone with a diameter of
30 mm (GC30). Then the sand fraction was subjected to flotation, as a result of which
two products were obtained: carbon (yield 8.25% with an ash content of 25.1%) and a
silicate part (yield 29.95% with an ash content of 95%) [49].

Table 1 — Granulometric composition of the ash sample from the Chernigiv TPP [49]

Particle size d, mm Output of classes y, % Ash content of class, %
+0.315-0.8 0.44 96.2
+0.2-0.315 0.48 51.5
+0.08-0.2 5.95 37.2
+0.05-0.08 12.15 45.8

+0-0.05 80.98 79.7
z 100.00 62.08

At the same time, as follows from publications [9-12, 14, 37], ash has an unstable
chemical, granulometric and elemental composition, the yield of size classes and the
content of useful components in them are also different, which indicates the
impossibility of using the results obtained from one storage facility for others. This
also indicates the need to create and implement various fly ash enrichment schemes.
Therefore, before developing a storage facility, it is necessary to study the
physicochemical properties of the utilized components and the resulting commercial
products, develop a processing scheme and determine promising areas for their use. It
should also be noted that the authors of publications [7, 12, 14, 37] indicate the need
for preliminary separation of the finest classes of +0-0.05 mm in size during ash
processing, since these classes are characterized by high ash content and a significant
amount of dust and clay particles, which, in the presence of water, become soaked,
stick together in the form of lumps, clog the working areas of the equipment, made in
the form of narrow gaps (for example, magnetic separation) and reduce its operating
efficiency. The presence of clay particles also worsens flotation indicators.

Experimental part

This paper examines the feasibility of complex processing of ASW using the
example of Chernihiv and Darnytsia CHPPs, built according to the same design and
operating on the same fuel. The difference in their operation is as follows. In order to
reduce waste and minimize the harmful impact on the environment, Chernithiv CHPP
constantly carries out repair work, and Darnitsa has improved its coal combustion
technology and modernized its gas cleaning equipment.

To assess these differences, a study was conducted of the properties of fly slag
and ash, selected from the area of the storage facilities of the Chernihiv and Darnytsia
CHPPs.

Chernigiv CHPP (capacity 210 MW and 625 Gcal) has been operating for about
47 years. The main fuel of the CHPP was Donetsk coal ASH and heating oil. Since
2008, 100% coal has been used. Its equipment is from 1963-1964, which is
constantly being repaired. For the disposal of waste — fly ash (at the moment, 30% of
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the burned coal turns into ash), the enterprise uses storage tank No. 1 Chernigiv
CHPP of TechNova LLC, located in the second belt of the sanitary protection zone of
the Desna River at a distance of 1 km from the enterprise. A hydraulic ash removal
system is in operation. To clean flue gases from ash, the BKZ-210-140 PT boilers are
equipped with wet ash collecting units MV-MT1 3100 (4 pcs. on each). The storage
facility, with a design capacity of 1,822 thousand tons, has been in operation since
1961, and more than 2 million tons of ash are stored there. As a result of an
emergency and the destruction of the dam, the ash could end up in the Desna River.
Therefore, the ash from the old storage facility is being transferred to the new one —
about 600 tons of ash have already been removed. The enterprise constantly carries
out repair work and improves the cleaning system in order to minimize the harmful
impact on the environment. The management of the thermal power plant has planned
a program for the construction of a new combined heat and power plant, which will
consist of two units. Other types of capacity will be installed, new technologies with
a higher efficiency factor will be used, which will reduce the impact on the
environment [50].

Darnytsia CHPP (capacity 160 MW and 1080 Gcal/h) is the oldest of the
currently operating thermal power plants in Kyiv. The main fuel is Donetsk coal
ASH, the buffer fuel is natural gas. In recent years, Darnytsia CHPP, Kyiv TPP 4,
Euro-Reconstruction LLC have been constantly working to improve coal combustion
technology and modernize gas cleaning equipment. The construction of highly
efficient electrostatic precipitators has already reduced dust emissions by tens of
times. In addition to modern filters, the enterprise has also built a dry ash silo, where
it ends up after cleaning. The design of the filter provides for this ash to be collected
in dry form in bunkers under the filter, then transported to the silo with compressed
air using a pneumatic ash removal system. In the future, this dry ash can be used in
the construction industry. By the end of the reconstruction, there will be 12 such
structures, which will stop dumping ash into the storage facility [51].

For many years M.C. Poliakov Institute of Geotechnical Mechanics under the
National Academy of Science of Ukraine (IGTM NASU) has been conducting
research into the properties of mineral raw materials from man-made deposits,
including waste from thermal power plants.

From the analysis of previous studies [9-12, 11, 14, 33], it was established that
ash was classified according to the boundary size of 0.05 and 0.074 mm. At the same
time, as follows from work [34], a significant amount of carbon can be contained in
finer classes of +0.02-0.05 mm. Appropriate equipment is required to extract them.

For this purpose, a new vibratory impact screen [52, 53] has been developed at the
Institute of Geotechnical Mechanics, which allows for the effective classification of
fine-grained materials. The boundary size of the material separators is 0.02 mm, pulp
— 0.05 mm. Laboratory tests have been carried out, in which the use of such screens
for fine classification allows for the maximum amount of coal mass to be obtained
from ash and used to ensure stability.

In order to clarify the content of ash and coal in fine particle sizes, it is necessary
to detail their distribution. For this purpose, specialists from the IGTM NASU
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additionally conducted studies of the fractional composition and properties in

laboratory conditions.

Figures 1-2 show the results of studies averaged over the results of 10 samples of
slag and ash sample characteristics, performed in laboratory conditions at the IGTM

NASU (the following notations are used in the graphs: C. — coal content in class,
C4 — ash content in class, C, = 27-28% — (regulatory requirements) — maximum

permissible ash content in the original coal for use in thermal power plants).
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As can be seen from the graphs (Fig. 1, 2), in the slag samples, unburned carbon
is distributed among size classes with low content: Chernthiv CHPP (Fig. 1a) from
0.04 to 0.24%, in Darnytsia CHPP (Fig. 2a) from 0.06 to 0.3%. The quality of this
product meets regulatory requirements and can be used for the production of building
structures and materials, for laying roads, railways, etc.

In the ash samples of the Chernigiv CHPP (Fig. 1 b, ¢) the content of coal C. in

classes varies from 0.02 to 29.42%, and ash content C, from 0.01 to 59.16%. The
largest amount of coal is in classes less than 0.2 mm. If you separate the class

+0.05-0.2 mm, you can get an oversize product with coal content C, from 8,14 to
9,06%, which corresponds to the standard indicators for coal supplied to thermal
power plants (the ash content of the product must not exceed 27%).

It should be noted that the largest amount of coal is in the +0-0.05 mm class —
from 21.18 to 29.42% with an ash content of 48.14 to 59.16%. Experiments have
shown that the ashiest part is in the +0-0.02 mm class (clay and dust particles). If the
classification is carried out by the boundary size of 0.02 mm, it is possible to
additionally extract 7 to 10% of carbon with a standard ash content. The +0-0.02 mm
class still contains a fairly large amount of carbon. This product can be used as a
pulverized fuel for combustion at thermal power plants. The return of up to 20% of
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the carbon extracted from the ash, with a daily consumption at a thermal power plant
of about a thousand tons, allows for a reduction in the amount of purchased coal and
transportation costs for its delivery from the station [9-12, 36, 37]. It can also be used
in the form of coal briquettes. The initial assessment shows that this technology
appears to be cost-effective, since the costs of raw material lifting, drying and
vibratory screening do not exceed the costs of coal mining, transportation and
preparation for combustion at thermal power plants.

In size classes from +0.2-5 mm, the carbon content is from 1.05 to 1.82%, which
also meets regulatory requirements and can find its application in the construction
industry.

The ash sample from the Darnytsia CHPP (Fig. 2 b) contains coal C. in classes
varies from 0.001 to 3.02%, and ash content C, from 0,01 to 91,23%. The largest
amount of carbon 3.02% is contained in the class +0-0.05mm. This product can be
used in construction, as it meets the standard indicators.

Thus, in the slag of the Chernihiv and Darnytsia CHPP s, the amount of unburned
carbon does not exceed the standard indicators, this is a commercial product
practically ready for use.

As follows from the graphs, the ash of the Chernihiv TPP contains up to 29.42%
of unburned carbon, i.e., repair work carried out at the plant does not reduce its
amount to standard indicators. Improved coal combustion technology and
modernized gas cleaning equipment of the Darnytsia CHPP allow obtaining a
commercial product ready for use in the construction sector.

For complex processing of ASW, slag (it must first be crushed) and part of the ash
after separating carbon and class +0-0.02 mm can be additionally processed using
magnetic and electrical separation, flotation and others, to extract useful elements of
strategic importance, such as magnetite, alumina for subsequent production of
aluminum, aluminosilicate microspheres (also called "cenospheres" in the literature)
[54], etc.

Magnetic concentrate extracted by magnetic separation in powder form can be
used to produce briquettes, which are feedstock for metallurgy, ferrosilicon, cast iron
and steel production. It can also serve as feedstock for powder metallurgy. The non-
magnetic part can be used as feedstock for carbon-aluminum composite materials
[55, 56]. To obtain an aluminosilicate product containing 1.5-4.5% carbon
(regulatory requirements) [11, 12], a dry processing method such as electrostatic
separation is used. In the work [57], when involving ash and slag in enrichment, a
complex technology is proposed with the production of vanadium and aluminum by
hydrometallurgical extraction from vanadium- and aluminum-containing products of
mechanical enrichment. The concentration of elements obtained by mechanical
enrichment methods corresponds to the conditions for the raw materials sent to the
hydrometallurgical stage, and amounts to Al,O3 — 19 %, to V,0s5 — 0,36 %.

Additional studies are needed to determine the mineralogical composition of the
ash, its value and the feasibility of including it in the technology of complex
processing for subsequent disposal.
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Fig. 3 shows one of the variants of ash processing schemes. The scheme uses
structural elements of graphic materials presented in [58].

Taking into account the different grades of coal and the composition of host rocks
in coal, the technology and equipment in each specific case should be adjusted for
maximum screening efficiency.

Comprehensive processing of ash-slag waste is beneficial from both an economic
and environmental point of view. Firstly, it will reduce the territories that are
currently alienated for storage facilities and become unsuitable for living. Secondly,
thermal power plants will be able to earn money on this - according to expert
estimates, ash processing can provide an increase in the profitability of the enterprise
by 10-20%. Thirdly, the reduction of this type of waste will reduce the negative
impact on the environment and public health. Fourthly, the comprehensive use of
waste 1s an opportunity to implement the transition to a circular economy.

4. Conclusions

Simultaneously with the generation of energy at thermal power plants and
combined heat and power plants, ASW is generated, which is produced in large
quantities and poses a serious environmental hazard. At the same time, waste
accumulated over many years has a huge resource potential, a unique mineral
composition, a complex distribution of useful components, which is not typical for
natural deposits, representing, in fact, man-made deposits. It is necessary to use the
experience of industrially developed countries in the transition to the conditions of a
circular economy: maximum extraction of secondary resources and their use in
industrial production instead of natural mineral raw materials. Complex use of waste
is a condition for the implementation of the transition to a circular economy.

An analysis of previous studies of the properties of slags and fly ash, the
possibility of extracting useful components from them was performed. The main
directions for reducing the amount of waste and eliminating storage facilities were
established: improving coal combustion technology, processing daily ash without
dumping it into the storage facility and stale ash from the storage facility.

The possibility and expediency of complex processing of ash-slag waste have
been revealed using the example of improving the technology and equipment of the
Chernihiv and Darnytsia CHPPs. The properties of daily ash collected under the
electrostatic precipitators of the Chernihiv and Darnytsia CHPPs have been studied.

The size classes with the highest carbon content and the possibility of its
extraction have been established. The range of changes in the amount of carbon in
slag has been studied and the obtained results have been analyzed.

The possibility has been established of separating the finest classes containing
clay and dust particles by fine classification according to the boundary size of
0.02 mm using a vibratory impact screen and extracting various useful components
from ash-slag waste. The carbon obtained from ash can be used for combustion at
TPPs. The magnetic concentrate extracted in the form of powder can be used for
metallurgy, production of ferrosilicon, cast iron and steel. To obtain an
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aluminosilicate product, such a dry processing method as electrostatic separation can
be used.
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Complex processing of ash waste is beneficial from both an economic and

environmental point of view. It will reduce the amount of waste sent to storage
facilities, reduce the areas that are currently alienated for them and become unsuitable
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for living. Thermal power plants will be able to make money on this - according to
experts, ash processing can provide an increase in the profitability of enterprises by
10-20%. This approach will solve a set of social, economic and environmental
problems, significantly save natural resources and reduce the deficit of various
materials.
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MOXIMBOCTI KOMMNEKCHOI NEPEPOBKW 30JIOLWNTAKOBUX BIOAXOAIB TEL| YKPAIHU AK YMOBW
PEANI3ALII NEPEXOAOY A0 LUPKYNAPHOI EKOHOMIKK
Jlanwun €., lllesyeHko O.

AHoTauifi. OgHouacHo 3 BMPobneHHsM eHeprii Ha Tennosux enektpoctaHuisx (TEC) i TennoenekTpoLeHTpansx
(TEL}) ytBOptotoTbCs 3onowwnakosi Bigxogu (3LUB), ski BUpobNsoToCS Y BEMMKMX KINbKOCTSX | CTAHOBASTb CEPMO3HY
ekonoriyHy Hebesneky. Pasom 3 TuM, BIiOXOAM, LO HAKOMMYYKOTLCS MPOTArOM GaraTbOX POKiB, MatoTb BENMYE3HUIA
PEeCYpCHUIA NOTeHLian, YHiKanbHUA MiHepanbHUA CKNag, CKNagHUA po3nogin KOPUCHWX KOMMOHEHTIB, HE XapaKTepHWi
AN NPUPOAHMX POLOBWLY, SBNSAOYM COBOK, MO CYTi, TEXHOreHHi pogosuila. HeobXxigHO BMKOPMCTOBYBATW LOCBIL
NPOMWUCIOBO PO3BMHEHWUX KpalH LOAO MaKCUMarbHOMO BWUIYYEHHS BTOPWHHUX PECYPCIB Ta X BUKOPUCTAHHS Y
NPOMMUCNOBOMY BUPOBHULTBI 3aMiCTb NPUPOLHOI MiHeparbHOi CMPOBUHK. KOMMNEKCHe BUKOPUCTaHHS BigXOAIB — yMOBa
peanisauii novatky UMpKYNapHOI ekoHoMmili. BukoHaHO aHanis nonepefHix AOCMiLXeHb BMAcTMBOCTENW LUMakiB Ta
NeTIYOT 3011, MOXNUBOCTI BUIMYYEHHS 3 HUX KOPUCHWUX KOMMNOHEHTIB. BCTAHOBNEHO OCHOBHI HANPSMKY LLOZIO 3HWXKEHHS
KiNbKOCTI BiAX0ZiB Ta Niksigayii HakonuuyyBauiB. BusBneHo MOXIMBICTb Ta AOLINBHICTb KOMNAEKCHOT nepepobku 3B Ha
NpVKnagi BAOCKOHANEHHs1 TexHornorii Ta 0bnagHaHHsa YepHiriscbkoi Ta dapHuupkoi TELL. lMpoBegeHo AOCTImKEHHS
BriacTMBoCTEN J0BOBOI 301K, BigibpaHoi nig enexkTpodinbTpamu YepHiriscbkoi Ta apHuubskoi TEL|. BctaHoBneHo knacu
KPYMHOCTi 3 HanbinbLUMM BMICTOM BYTMELI0 Ta MOXIMBOCTI 10T0 BUAYYEHHS. BUBYEHO Aiana3oH 3MiH KifbKOCTi BYrmneLo
B LUMAKY Ta BUKOHAHO aHani3 OTpUMaHKX pesynbTaTis. BCcTaHOBNEHO MOXIMBICTL 3a JONOMOrOK BibpoyaapHOro rypkoTy
LUSXOM TOHKOI Knacudikadii no rpanmyHin kpynHocTi 0,02 MM BigAineHHs HAUTOHLLKX KNacis, WO MICTATb MMUHUCTI Ta
NWUNONoLibHI YaCTWHKK, Ta BuryYeHHs i3 3LUB pi3HNX KOPUCHWUX KOMMOHEHTIB. OTpUMaHwit i3 30nM Byrnelb Moxe ByTu
3acTocoBaHui ans cnanoaHHs Ha TEC i TEL|. MarHiTHWA KOHLeEHTpaT, Wwo B1aobyBaeTLCa y BUMNSAI MOPOLLKY, MOXeE
OyTV BUKOPUCTAHWI ANt MEeTanyprii, BUpoOHULUTBA doepocunilito, YaByHy Ta cTani. [Ang OTpUMaHHs antoMOCUITIKaTHOMO
NPOZYKTY MOXE BUKOPUCTOBYBATUCA CyXWn METOA Nepepobku, sk enekTpocTaTiyHa cenapalis. KomnnekcHa nepepobka
3B BurigHa Sk 3 eKOHOMIYHOI, TaK i 3 €KONOriYHOT TOYKM 30py. BoHa [O3BONUTL 3HW3WUTW KIMbKICTb BigXogdis, LIO
CNPAMOBYIOTECS B HAKOMMYyBaYi, 3MEHLUMTN TEPUTOPII, SKi BiQYYXYOTbCH NS HUAX | CTATb HENPUOATHUMMW 4NS KUTTS.
TEC 3mOXyTb Ha LbOMy 3apobnsatu. 3a nigpaxyHkamu ekcnepTiB nepepobka 30nu Moxe 3abe3neynTyt 3pocTaHHs
peHTabenbHocTi mignpuemcte Big 10-20%. Takui nigxig A03BONMTL BUPIWKTKM KOMMMEKC 3aBAaHb COLjanbHOro,
€KOHOMIYHOrO Ta eKOMOriYHOro XapakTepy, 3HauyHo 30epert MpUpOAHi PECcYpCH Ta CKOPOTUTW AeqilnT pisHMX
maTepiarnis.

KntouoBi cnoBa: enekTpocTaHLii, NpoAyKTW 3ropsiHHs BYTiNns, Bigxoau, 3ona, Lnak, nepepobka, knacudikayis,
BUMYYeHHs, BTOPUHHA CMPOBWHA
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