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Purpose. To identify current trends in the implementation of circular economy principles in un-
derground coal mining through bibliometric and thematic analyzes of scientific publications, system-
atize global and Ukrainian practices of managing associated resource streams, and determine prom-
ising approaches to their integrated utilization in Ukrainian coal mines.

The methods. Bibliometric, network, thematic, and comparative analyzes were applied to scien-
tific publications indexed in the Scopus database for 2000-2025. A dataset of 2,931 unique publica-
tions was compiled using six thematic search strategies. VOSviewer 1.6.20 was employed to analyze
the co-occurrence of author keywords, visualize their relationships, and identify thematic clusters.
A content analysis of scientific publications was conducted to systematize international technological
practices and compare them with the experience of Ukrainian coal mines.

Findings. Eight thematic clusters were identified, and five main areas of circular resource utili-
zation in coal mining were systematized: mining waste recycling, mined-out area backfilling, mine
water utilization, coal mine methane recovery and utilization, and critical raw material extraction.
An increase in publication activity was observed across the investigated areas, and the main trends in
their technological development were identified. A comparison of international and Ukrainian prac-
tices demonstrated that mine water reuse and energy recovery from coal mine methane have already
been implemented at individual mines in Western Donbas, whereas underground waste rock retention
and critical element extraction require further development.

The originality. The thematic structure of research on circular resource utilization in coal mining
was established through bibliometric and thematic analyses. Relationships among eight thematic clus-
ters were identified, and five principal technological areas were systematized. Differences between
global research trends and the practical implementation of the corresponding technologies in Ukraine
were revealed.

Practical implementation. The findings can be used to identify promising approaches to the inte-
grated utilization of associated resources in Ukrainian coal mines. For the conditions of Western Donbas,
potential applications include underground waste rock retention, mine water reuse, energy recovery from
coal mine methane, and the extraction of critical elements from coal and associated mining products.

Keywords: underground coal mining, circular economy, bibliometric analysis, VOSviewer, waste
rock, mined-out area backfilling, critical raw materials, Western Donbas.
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Introduction. Modern industry is evolving amid increasingly stringent requirements
for the rational use of mineral resources, reduced environmental impacts, and a gradual
transition from the traditional linear production model towards the principles of a circular
economy. This transition is particularly relevant to underground coal mining, which gen-
erates substantial quantities of associated resources and waste streams in addition to coal,
including waste rock, coal-bearing waste, mine water, methane, and coal preparation by-
products. Under the conventional approach, most of these streams are primarily regarded
as waste and sources of adverse environmental impacts. In contrast, circular economy
principles promote their reuse and conversion into secondary material, energy, and
mineral resources.

The increasing extraction of mineral resources is accompanied by growing volumes
of mining waste, placing additional pressure on the environment and highlighting the need
for its reuse. According to projections [1], global mining waste generation could increase
from 227.3 billion tonnes in 2025 to 324.1 billion tonnes in 2034, representing a 42.6%
increase (Fig. 1).
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Fig. 1. Projected global mining waste generation by mining method, 2025-2034

Under these conditions, the implementation of circular economy principles aimed at
reducing waste generation, reusing associated resources, and improving resource-use ef-
ficiency becomes particularly important. In underground coal mining, this requires the
integrated utilization of resources.

Technologies aimed at achieving more comprehensive utilization of coal mine re-
sources are gradually being developed and implemented worldwide. These include the
processing and reuse of waste rock and coal-bearing waste, their application as backfill
materials in mined-out areas, mine water treatment and reuse, coal mine methane capture
and subsequent energy generation, and the recovery of valuable components from coal
and waste generated during its extraction and processing. These developments are trans-
forming the conventional concept of a coal mine, which can be regarded not merely as a
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coal extraction facility but as an integrated production system in which associated prod-
ucts and waste streams are reused as material, energy, and mineral resources.

The relevance of this transition is further reinforced by changes in the structure of
global demand for mineral resources. Alongside conventional waste management prac-
tices, increasing attention is being paid to the potential recovery of rare earth elements and
other critical elements from coal, coal-bearing rocks, coal ash and slag, and other second-
ary sources.

The bibliometric analysis conducted in this study confirms the significance of this
research area. At the same time, the results of thematic clustering indicate that the circular
economy in coal mining has not yet emerged as a distinct research field but is developing
at the intersection of several interconnected scientific and technological areas.

For Ukraine, this issue is of particular importance given the need to improve the ef-
ficiency of resource utilization in coal mines and reduce the volume of mining waste.
A promising approach involves moving beyond the conventional view of waste rock, mine
water, methane, and associated mineral components solely as by-products of coal extrac-
tion towards an integrated approach to their reuse, processing, and recovery. However, the
practical implementation of such an approach requires identifying the most promising
technological pathways, taking into account international experience and the specific op-
erating conditions of Ukrainian coal mining enterprises.

The aim of this study is to identify current trends in the implementation of circular
economy principles in underground coal mining through bibliometric and thematic ana-
lyzes of scientific publications, to systematically review international and Ukrainian prac-
tices for managing associated resource streams, and to identify promising approaches to
their integrated utilization in Ukrainian coal mines.

Research methodology. To achieve the study aim, bibliometric, network, compar-
ative, and content analyzes of scientific publications were conducted. The dataset was
compiled from the Scopus database for the period 2000-2025. Searches were performed
across titles, abstracts, and keywords (TITLE-ABS-KEY) using thematic search queries
related to the circular utilization of resource streams generated by coal mining.

The search for scientific publications was conducted in two stages. In the first stage,
a general dataset was compiled on the topic of Circular Economy + Coal Mining to ex-
amine the development of circular economy principles in coal mining. In the second stage,
five key technological areas were investigated separately: mining waste management,
mined-out area backfilling, mine water utilization, coal mine methane capture and utiliza-
tion, and critical raw material recovery. The search queries also included terms related to
waste reuse and recycling, the recovery and beneficiation of valuable components, and the
reintegration of recovered resources into the production cycle.

The search and export of bibliographic data from the Scopus database were con-
ducted on 24 August 2026. Publications from 2000 to 2025 were included in the analysis.
Following six search stages (Table 1), a combined dataset of 2,967 scientific publications
was compiled. After screening and removing 36 duplicate records based on DOls, other
bibliographic identifiers, and publication titles, the final dataset comprised 2,931 unique
publications.
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Table 1
Search strategy for the bibliometric study
Number of
No. Research area publications Search query
I | Circular economy 18 TITLE-ABS-KEY ("circular economy

AND ("coal mining" OR "coal mine"))
TITLE-ABS-KEY(("coal gangue" OR
629 "coal mine waste") AND (recycling OR
reuse OR utilization OR valorization))
Mined-out area TI.T.LE—ABS-KEY(("coal mine" OR."coal
3 backfilling 29 mining") AND (backfill OR backfilling)

AND (waste OR gangue OR "fly ash"))
TITLE-ABS-KEY(("coal mine water" OR
4 | Mine water utilization 107 "coal mine drainage") AND (reuse OR
treatment OR recovery OR utilization))
Coal mine methane TITLE-ABS-KEY(("coal mine methane"
5 e s 322 OR "ventilation air methane") AND
utilization (utilization OR recovery OR energy))
TITLE-ABS-KEY((coal OR "coal fly
Critical raw ash" OR "coal gal}gue") AND ("rare earth
6 material recovery 1862 elements" OR "critical elements" OR

germanium OR gallium) AND (recovery
OR extraction OR enrichment))

Mining waste
management

The thematic structure of the publications was analyzed using VOSviewer 1.6.20 based
on the co-occurrence of author keywords. Prior to the analysis, synonymous terms, abbrevi-
ations, and spelling variants were consolidated using a thesaurus. A total of 6,949 keyword
variants were identified. Applying a minimum occurrence threshold of 10,111 keywords were
selected for further analysis. The resulting network comprised 1,076 links with a total link
strength of 3,033, and the keywords were grouped into eight thematic clusters.

The identified bibliometric clusters were treated as thematic research groups formed
on the basis of relationships between keywords rather than as predefined areas of the cir-
cular economy. Analysis of the cluster structure and publication content enabled the sys-
tematization of technological solutions according to the main areas of circular resource
utilization in underground coal mining. Temporal changes in research topics were as-
sessed using the average publication year of the keywords, while international and Ukrain-
1an practices were compared in terms of the extent to which the respective technological
solutions have been implemented in practice.

Research results. The bibliometric analysis revealed that research on circular econ-
omy principles in coal mining encompasses a wide range of thematic areas. The term cir-
cular economy itself appears in relatively few publications in the context of coal mining.
However, individual aspects of circular resource utilization, including mining waste recy-
cling, mine water and methane utilization, and the recovery of valuable elements, have
already emerged as distinct fields of scientific research.
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To characterize the structure of this research field, a co-occurrence analysis of author
keywords was performed using VOSviewer. After consolidating synonymous terms and
applying a minimum occurrence threshold of 10, a total of 111 keywords were included
in the analysis. The resulting network comprised 1,076 links with a total link strength of
3,033, and eight thematic clusters were identified. The keyword co-occurrence network is
presented in Fig. 2.
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Fig. 2. Author keyword co-occurrence network in publications
on circular resource utilization in coal mining

The network analysis revealed that rare earth elements was the most prominent term,
with 546 occurrences, 89 links, and a total link strength of 817. Other prominent nodes
included coal (281 occurrences), coal gangue (265), trace elements (142), coal fly ash
(118), fly ash (101), coal mine methane (95), geochemistry (89), leaching (85), and
germanium (83).

The findings indicate that the recovery of valuable elements from coal and associated
mining and processing by-products is one of the major research areas. At the same time,
the high frequency of terms such as coal gangue, coal fly ash, fly ash, recycling, and
recovery reflects growing research activity in the processing of coal industry waste and its
utilization as secondary raw materials.
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Based on the clustering results, thematic groups were identified and characterized

according to their principal keywords and the patterns of relationships between them
(Table 2).

Table 2
Thematic characterization of clusters identified through VOSviewer analysis
Cluster Main keywords Thematic interpretation
coal, trace elements, geochemist :
’ » 8E0CH ty Coal geochemistry
1 models of occurrence, critical elements, .
e . : and critical elements
lithtum, minerals in coal
coal mine methane, coalbed methane, :
. ; . Coal mine methane
2 methane, mine water, coal mine drainage, ) N
. . e and mine water utilization
acid mine drainage, resource utilization
coal gangue, mechanical properties : e
gangue, Prop ’ | Recycling and utilization
3 compressive  strength,  geopolymer, >
) of coal mining waste
concrete, coal mine waste
rare earth elements, coal fly ash, recovery, | Recovery of valuable
4 recycling, extraction, acid leaching, | elements from mining and
bioleaching, hydrometallurgy processing waste
a : — Coal ash and coal-bearing
y ash, coal ash, germanium, lignite,
5 ) g . byproducts as secondary raw
bottom ash, yttrium, critical raw materials .
materials
circular economy, sustainability, waste | .
o Circular economy and
management, resource recovery, critical :
6 ; : sustainable resource
minerals, life cycle assessment, energy | ... .
i utilization
transition
: . : . | Technologies for the
adsorption, lanthanides, separation, magnetic g )
7 : ; recovery and separation of
separation, solvent extraction
valuable components
. . e Distribution, determination
gallium, enrichment, distribution, occurrence, S bg on, dete ation,
8 and enrichment of associated
ICP-MS
elements

Cluster 1 encompasses studies on the geochemical composition of coal and its
valuable element content. The main keywords are coal, trace elements, geochemistry,
models of occurrence, critical elements, and lithium. In particular, the term trace ele-
ments has 142 occurrences and a total link strength of 223, indicating significant re-
search interest in the concentrations, distribution, and modes of occurrence of valuable
elements in coal.

Cluster 2 encompasses studies on coal mine methane and mine water. The most
frequently occurring term is coal mine methane (95 occurrences), followed by coalbed
methane (28), gas (27), methane (16), acid mine drainage (33), coal mine drainage
(12), and mine water (15). These findings indicate significant research interest in coal
mine methane and mine water as associated resources that can be beneficially utilized
during coal mine operations.

99



G16 — Mining and Oil and Gas Technologies

Cluster 3 encompasses studies on the processing and reuse of mining coal waste.
The central term is coal gangue (265 occurrences), which is associated with mechani-
cal properties, compressive strength, microstructure, geopolymer, concrete, solid
waste utilization, and mining waste. These findings indicate that research in this cluster
on the utilization of waste rock as a secondary raw material, primarily for the produc-
tion of construction materials.

Clusters 4, 5, 7, and 8 comprehensive studies on the identification, concentration,
and recovery of valuable elements from coal and mining and processing waste. The
associations between the term rare elements and keywords such as recovery, extrac-
tion, leaching, bioleaching, and hydrometallurgy indicate a shift from determining the
concentrations and distribution of valuable elements towards developing technologies
for their practical recovery.

Cluster 6 links the term circular economy (30 occurrences) with keywords such
as sustainability, waste management, resource recovery, life cycle assessment, critical
minerals, and energy transition. These findings indicate that the circular economy in
coal mining encompasses several areas of sustainable resource utilization, including
waste recycling, material reuse, the recovery of valuable components, and the utiliza-
tion of energy resources.

Thus, the results of the cluster analysis demonstrate that the circular economy in
coal mining encompasses various approaches to the utilization of material, mineral,
and energy resources. Based on the identified thematic relationships, the subsequent
analysis focuses on the main areas of circular resource utilization, their development
in scientific research, and their practical implementation.

Mining waste management. According to Scopus data, 629 publications were
identified in the Mine Waste/Coal Gangue research area between 2000 and 2025, ap-
proximately 77% of which were published during 2020-2025 (Fig. 3). This indicates a
substantial increase in research interest in the recycling and reuse of coal mining waste.
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Fig. 3. Trends in the number of publications on mining waste management, 2000-2025
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These findings are consistent with the thematic structure identified using
VOSviewer. The term coal gangue has 265 occurrences and represents one of the larg-
est nodes in the resulting network. The same cluster also includes mechanical proper-
ties, compressive strength, microstructure, geopolymer, concrete, coal mining waste,
and solid waste utilization, indicating that current research is primarily focused on pro-
cessing waste rock and utilizing it as a secondary raw material, primarily for the pro-
duction of construction materials.

One of the fundamental studies in this field is [2], which examines the integrated
utilization of coal mining waste in China. Using the Jincheng Anthracite Mining Group
as a case study, the authors demonstrated the potential for establishing interconnected
production cycles in which waste rock is used to manufacture materials, ash serves as
a raw material for the construction industry, mine water is reused in industrial pro-
cesses, and coal mine methane is utilized as an energy resource. This approach pro-
motes the integrated utilization of coal mining by-products rather than their separate
disposal or stockpiling.

The most highly cited publication in the compiled dataset is the review [3], which
systematically examines the main approaches to the integrated utilization of coal
gangue and the associated environmental risks. The authors demonstrate that coal
gangue can be used as a secondary raw material for the production of construction
materials, energy generation, agricultural applications, and other purposes.

A substantial body of research has focused on the utilization of coal gangue as a
secondary raw material for cement and concrete production. Study [4] demonstrated
that untreated coal gangue exhibits low reactivity owing to the stable crystalline struc-
ture of its constituent minerals. Therefore, mechanical, thermal, or combined activation
methods are employed to enhance its suitability for use in construction materials.

A separate research area involves the preliminary recovery of residual coal from
mining waste, followed by the utilization of the remaining waste rock. Study [5] pro-
posed a two-stage process in which residual anthracite was first recovered from crushed
coal gangue by flotation, after which the resulting tailings were used to produce fired
bricks. Coal removal improved the mechanical properties of the bricks while reducing
their water absorption and porosity.

Another approach involves the use of coal gangue and fly ash for backfilling
mined-out areas [6]. Unlike surface disposal, this approach returns solid waste to the
underground mine workings. This reduces the volume of surface waste dumps while
allowing the backfill material to be used to control rock mass deformation and surface
subsidence.

Mined-out area backfilling. A total of 29 specialized publications on the back-
filling of mined-out areas in coal mines using secondary materials were identified in
the Scopus database. Trends in the number of publications over the period 20002025
are presented in Fig. 4.

One of the early approaches involved the use of coal gangue to form a backfill
mass, thereby reducing both surface waste disposal and coal losses in protective pillars
[7]. Subsequent studies demonstrated the potential for partially replacing conventional
backfill components with secondary raw materials. In particular, the use of fly ash as a
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partial cement replacement was investigated for the Barapukuria underground coal
mine (Dinajpur District, Bangladesh) [8], while technological solutions were devel-
oped for transporting coal gangue and achieving the required degree of backfilling in
steeply inclined coal seams [9].
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Fig. 4. Trends in the number of publications on mined-out area backfilling, 20002025

A significant advancement was the integration of underground separation of the
coal-rock stream with backfilling. This approach involves separating the waste rock
fraction directly underground and returning it to the mined-out area without transport-
ing it to the surface [10]. Further developments include systems in which coal extrac-
tion and backfilling are carried out simultaneously, enabling the disposal of solid waste
while controlling rock mass deformation.

Current research focuses on increasing the proportion of waste-derived compo-
nents in backfill mixtures. Blending systems incorporating coal gangue and various
industrial waste materials are being applied [11], while highly mineralized industrial
water has even been proposed as an activator [12]. However, increasing the proportion
of secondary raw materials requires assessment not only of the mechanical stability of
the backfill but also of the long-term migration of potentially hazardous elements into
groundwater [13].

A recent trend is the expansion of backfill functionality. In addition to waste uti-
lization and rock mass control, the integration of backfilling with mineral CO: seques-
tration i1s being investigated [14]. Thus, this research area is evolving from conven-
tional filling of mined-out areas towards multifunctional backfill systems that enable
the return of waste-derived materials to the underground production cycle, control rock
mass behavior, and potentially provide additional environmental benefits.

Mine water utilization. Mine water is a continuous by-product stream of under-
ground coal mining and can be utilized in industrial processes, as well as serving as a
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source of thermal energy and dissolved mineral components. The Scopus dataset com-
piled for the mine water research area comprised 107 publications, of which 57 (53.3%)
were published during 2020-2025. In the VOSviewer network, the terms acid mine
drainage (33 occurrences), mine water (15), coal mine drainage (12), and resource
utilization (21) belong to the same thematic cluster, reflecting a shift in research from
mine drainage treatment towards its utilization as a resource. Trends in the number of
publications are presented in Fig. 5.
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Fig. 5. Trends in the number of publications on mine water utilization, 2000-2025

Mine water treatment and reuse remain the primary focus of research. Experience
from coal mines indicates that the required level of treatment depends on the intended
end use of the water [15]. For more advanced treatment, membrane technologies are
employed. The combined application of forward and reverse osmosis has enabled more
than 80% of mine water to be recovered for reuse or discharged in compliance with
regulatory requirements [16].

Another research direction involves the recovery of valuable components from
mine water and the precipitates generated during its treatment. In particular, iron-rich
precipitates can be used to recover iron oxide [17] and produce inorganic pigments
[18], thereby serving as a secondary mineral resource.

Rare earth elements are of particular interest. In mine waters of the Appalachian
Coal Basin (USA), their concentrations were found to be 1-4 orders of magnitude
higher than those in natural waters, while treatment precipitates showed an additional
enrichment of approximately 10° -10* times relative to the original mine water [17].
Experimental studies have also demonstrated the feasibility of recovering rare earth
elements from acid mine drainage using ion-exchange resins [19].

Another promising area is the utilization of thermal energy from mine water. For
coal mines in the United Kingdom, the available thermal capacity of pumped mine
water has been estimated at approximately 47.5 MW, which could be harnessed for
heat supply using heat pumps [20]. For a flooded coal mine in Shandong Province,
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China, a mine water flow rate of 100 m*/h corresponded to an estimated thermal ca-
pacity of 697.3 kW [21]. These findings demonstrate the potential of mine water as a
source of thermal energy, particularly after mine closure.

An integrated approach to mine water utilization was investigated using Polish
coal mines as case studies [22]. The proposed circular water value indicator accounts
for the economic value not only of treated water but also of the products recovered
during its treatment. For the investigative sites, its value ranged from €2.5 to €6/m>. At
the same time, mine water reuse requires careful monitoring of water composition, as
changes in salinity, even after treatment, may adversely affect aquatic ecosystems [23].

Coal mine methane utilization. Coal mine methane simultaneously represents
an occupational safety hazard, a potent greenhouse gas, and a potential energy re-
source; therefore, its recovery and utilization can provide safety, environmental, and
energy benefits. In the compiled Scopus dataset, the term coal mine methane was iden-
tified in 322 publications, of which 149 (46.3%) were published during 2020-2025
(Fig. 6). In the VOSviewer network, coal mine methane has 95 occurrences, coalbed
methane 28, gas 27, and methane 16. The average publication year for coal mine me-
thane 1s 2017.47, compared with 2021.67 for circular economy, indicating that coal
mine methane utilization technologies had begun to develop before the circular econ-
omy concept became widely adopted in coal mining research.
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Fig. 6. Trends in the number of publications on coal mine methane utilization, 20002025

Utilization technologies are determined by the methane concentration and the sta-
bility of the methane—air mixture. Coal mines generate ventilation air containing ap-
proximately 0.1-1% CHa, high-concentration gas from pre-mining drainage (60-95%),
and methane from mined-out areas (30-95%) [24]. At sufficiently high concentrations,
drained methane can be used for electricity and heat generation or, after appropriate
treatment, as a gaseous fuel [25].
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Vacuum pressure swing adsorption can be used to improve the quality of drained
methane. This technology has been shown to increase the CH4 concentration from
55.2% to 96-98%, with a methane recovery rate of 86—91% [26]. For low-concentra-
tion methane streams and ventilation air methane, catalytic and thermal oxidation tech-
nologies are being investigated [27, 28], as well as electrochemical conversion tech-
nologies. In particular, the utilization of low-concentration methane in a solid oxide
fuel cell achieved an electrical efficiency of 38.2%, with stable system operation main-
tained for 400 h [29].

The efficiency of methane utilization as a resource largely depends on its recovery
from the coal-bearing rock mass. Modern technologies include underground methane
drainage, coal seam permeability enhancement, surface boreholes, and combined sys-
tems [30]. At the Luling coal mine, improvements in methane drainage were projected
to enable the recovery of up to 70 million m* of CHs per year, of which approximately
58 million m? could be beneficially utilized [31].

Recent estimates provide a particularly clear indication of the scale of this effect.
Study [32] analyzed coal mine methane (CMM) recovery and utilization in China in the
context of achieving carbon neutrality. In 2020, Chinese coal mines generated approxi-
mately 22.86 Tg of CHs, of which 7.26 Tg was recovered through methane drainage
systems and 5.46 Tg was actually utilized. According to the authors, the cumulative uti-
lization of CMM since 2005 has displaced approximately 53.21 million tonnes of stand-
ard coal equivalent, while simultaneously providing safety and climate benefits.

However, the availability of methane recovery technologies does not necessarily
guarantee actual emission reductions. Using GOSAT satellite data, study [33] found that
China’s methane emissions continued to increase by approximately 1.1 + 0.4 Tg CH4
per year during 2010-20135, despite regulatory requirements for CMM drainage and uti-
lization. A substantial share of this increase was attributed to coal mining. This indicates
that the effectiveness of a circular model should be assessed not by the mere presence of
methane drainage systems, but by the actual proportion of recovered methane that is
beneficially utilized. Accordingly, the circularity of the methane stream should be meas-
ured not by the volume of methane drained alone, but by the ratio of beneficially utilized
CHya to the total amount of methane generated during mining operations.

Recovery of critical raw materials. This research area is the largest among the
thematic datasets compiled in this study. The Scopus dataset comprises 1,862 publica-
tions for the period 2000-2025, of which 1,105, or 59.3%, were published during 2020-
2025 (Fig. 7). The highest publication activity was recorded in 2025, with 224 publi-
cations, followed by 220 in 2024, 194 in 2023, and 192 in 2022. This trend indicates a
sharp increase in research interest in coal and associated mining and processing by-
products as potential sources of critical and rare elements.

The results of the VOSviewer analysis confirm the dominance of this research
area within the overall thematic structure. The largest node in the network is rare earth
elements, with 546 occurrences, 89 links, and a total link strength of 817. Other highly
represented terms include germanium (83 occurrences), gallium (61), critical elements
(61), lithium (38), critical metals (30), and critical minerals (19). At the same time, the
terms recovery, leaching, extraction, separation, and resource recovery form a distinct
technological block, indicating a shift from geochemical characterization towards prac-
tical methods for recovering valuable components.
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Fig. 7. Trends in the number of publications on critical raw material recovery, 20002025

Content analysis of the dataset indicates that current research follows three suc-
cessful stages: identification of potential sources, determination of modes of occur-
rence and enrichment, and development of recovery technologies. This sequence pro-
vides the basis for transforming a geochemical anomaly into a viable secondary min-
eral resource.

Of fundamental importance to the first stage are studies [34-37], in which coal
and coal-related products are considered potential sources of critical, rare, and rare
earth elements. Study [34] summarized data on the occurrence of critical elements in
coal and demonstrated the potential for their recovery when present at sufficiently high
concentrations and in favorable modes of occurrence. Study [35] systematized data on
the occurrence, modes of occurrence, and promising recovery methods of rare earth
elements from coal and coal by-products. Subsequent studies [36, 37] further eluci-
dated the enrichment patterns and modes of occurrence of valuable elements in coal.

One of the best-known examples of germanium enrichment is the Wulantuga de-
posit in Inner Mongolia. Study [38] investigated the petrological, mineralogical, and
geochemical characteristics of Ge-enriched lignite from this deposit. The study con-
firmed that germanium can occur at concentrations of potential economic significance
directly within a coal seam and may be associated with specific organic and mineral
components. Such studies are essential for substantiating the transition from conven-
tional bulk mining towards the selective formation of enriched rock mass streams.

Elevated concentrations of gallium and rare earth elements have also been identi-
fied in coal and associated rocks from the Guanbanwusu deposit in the Jungar Coal-
field, China. Study [39] revealed anomalous enrichment of the coal in aluminum, gal-
lium, and rare earth elements. Thus, under favorable geological conditions, coal depos-
its may represent sources not only of energy coal but also of critical elements.
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Another important research area involves the use of coal ash and other coal com-
bustion products as secondary mineral resources. Study [40] investigated the potential
for recovering rare earth elements from coal fly ash, while study [41] examined the
prospects for its integrated processing to produce geopolymers, silica-based materials,
and other useful products. Thus, the resource potential of coal can be utilized not only
during its extraction and combustion but also through the subsequent processing of the
resulting waste materials.

Importantly, coal combustion can result in the relative concentration of non-com-
bustible mineral components in the resulting ash. Study [42] investigated rare earth
element concentrations in coal ash and demonstrated substantial variability depending
on the characteristics of the feed coal and technological conditions. Similarly, study
[43] examined six coal ash samples to assess their potential as sources of REEs. Thus,
the energy utilization of coal does not necessarily represent the end of its resource cy-
cle, as the resulting ash may constitute a secondary anthropogenic mineral resource.

Alongside studies of coal chemical composition, technologies for the recovery of
rare earth elements are being actively developed. Study [44] investigated their recovery
from coal and coal ash using acid leaching and demonstrated that preliminary thermal
treatment increases the accessibility of valuable elements for subsequent extraction.
Study [45] showed that roasting coal beneficiation middlings and coarse coal refuse
enhances the efficiency of rare earth element recovery. A similar approach was applied
in study [46], which investigated the acid leaching of rare earth elements directly from
[llinois Basin coal (USA) following preliminary chemical and thermal treatment.

However, acid leaching represents only the initial stage in rare earth element recov-
ery. Various technologies are subsequently applied for their concentration and separa-
tion. In particular, study [47] investigated the use of a TEHDGA-based sorbent for the
recovery of rare earth elements from coal ash. Study [48] examined the potential appli-
cation of nanofiltration and evaluated its technological and economic performance. An
alternative approach was proposed in study [49], where biosorption was applied for the
selective recovery of rare earth elements from coal utilization by-products.

Ukrainian practices and prospects for implementing circular economy prin-
ciples in coal mining. In Ukraine, an integrated approach to implementing circular
economy principles at the level of individual coal mining enterprises has not yet been
established. The Western Donbas has significant potential for the development of such
an approach, as mining operations in the region predominantly involve thin coal seams
and generate substantial streams of associated resources and waste. According to pre-
vious studies, more than 80% of the region’s industrial coal reserves are concentrated
in seams less than 0.8 m thick, whereas seams more than 1.0 m thick account for no
more than 3% of the reserves [50].

One of the most significant challenges is the generation of waste rock. In 2025,
the average geological thickness of the coal seams mined in the Western Donbas was
0.82 m, while the average operational ash content of the extracted rock mass reached
approximately 44%. Cutting of the surrounding rock during mechanized extraction of
thin coal seams additionally generated approximately 3.0-3.5 million tonnes of waste
rock annually, excluding waste rock produced during mine development operations.
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More than 130 million tonnes of waste rock have already accumulated on the sur-
face in the Western Donbas, occupying approximately 190 ha of land. The ongoing
monitoring of waste rock dumps operated by DTEK Pavlohradvuhillia PJSC confirms
that surface disposal of waste rock remains an integral part of the current coal mining
system [51].

A promising alternative is the selective mining of thin coal seams, with coal and
waste rock streams separated directly at the longwall face and the rock fraction left in
the mined-out area [52]. For the conditions of the Western Donbas, the feasibility of
placing the rock cut from the surrounding strata underground without transporting it to
the surface has been substantiated [53]. However, such technologies have not yet been
widely implemented on an industrial scale. At the same time, the use of coal-bearing
mine waste rock as a component of hardening mixtures for filling the space behind the
support in mine workings has been tested at the Heroiv Kosmosu mine [54], confirming
its potential for reuse as a technological material.

A higher level of practical implementation has been achieved in the utilization of
water resources. At DTEK enterprises, a portion of mine water is reused for operational
purposes, while coal preparation plants employ closed-loop water circulation systems
[55]. In particular, at the Pavlohradska central coal preparation plant, the use of filter
presses enables treated water to be returned to the technological cycle, thereby reducing
freshwater consumption.

One of the most illustrative examples of the beneficial utilization of associated
resources 1s coal mine methane recovery. At the Stepova mine, drained methane is used
as fuel in a 1.6 MW cogeneration unit that generates electricity and heat. In the fourth
quarter of 2020, 234 tonnes of methane were utilized, which, according to company
data, resulted in a reduction in greenhouse gas emissions of approximately 5.9 thou-
sand tonnes of CO2 equivalent [56].

There is also potential to scale up such solutions at other mines. According to the
Global Methane Initiative, the combined methane emissions from the Yuvileina, Zakhidno-
Donbaska, and Stepova mines were estimated at approximately 128 million m*/year, of
which about 37 million m®/year were captured by methane drainage systems [57]. Plans
to construct new methane drainage facilities at the Heroiv Kosmosu mine indicate the
further development of coal mine methane recovery systems, although they do not con-
firm its subsequent utilization for energy generation [58].

The least developed area at the industrial scale, yet one with significant potential,
is the recovery of critical elements from coal and associated mining products. For the
c7° coal seam at the Pavlohradska mine, the average germanium content was deter-
mined to be 17.62 g/t, which is 6.08 times higher than the global Clarke value for hard
coal reported by the authors [59]. Studies of germanium and its geochemical associa-
tions have also been conducted for other coal seams in the Western Donbas [60].

At the same time, industrial-scale recovery of germanium, gallium, scandium, or
rare earth elements from coal in the region has not yet been confirmed; therefore, this
research area remains primarily at the stage of geochemical investigation and resource
potential assessment. A promising approach involves identifying spatial patterns in the
distribution of valuable components, followed by the selective formation of enriched
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raw material streams. The relevance of such research is further reinforced by the inclu-
sion of several of these elements in Ukraine’s national lists of critical and strategic
mineral raw materials [61, 62].

Thus, the research areas examined in Ukraine are characterized by different levels
of practical implementation. Solutions already implemented include the reuse of mine
water and the utilization of coal mine methane for energy generation. Promising areas
include retaining waste rock underground, recovering critical elements and valuable
components from mine water, and utilizing the thermal energy of mine water. These
developments demonstrate significant potential for more comprehensive utilization of
associated resources from Ukrainian coal mines.

Conclusions. Based on the analysis of 2,931 Scopus publications from 2000 to
2025, eight thematic clusters were identified, and five major areas of circular resource
utilization in coal mining were distinguished: mining waste processing, mined-out area
backfilling, mine water utilization, coal mine methane utilization, and critical raw ma-
terial recovery.

The development of the research areas was found to be uneven. The largest number
of publications focused on critical raw materials (1,862), whereas mining waste man-
agement accounted for the highest share of publications during 20202025 (77%). Clus-
ter analysis showed that the circular economy integrates previously established techno-
logical areas focused on the reuse of associated resources generated by coal mining.

Analysis of international and Ukrainian experience revealed differences in the
practical implementation of these technologies. In Ukraine, mine water reuse and the
utilization of coal mine methane for energy generation have already been implemented
at individual enterprises, whereas retaining waste rock underground and recovering
critical elements require further development.

Thus, the study findings indicate the need to transition from individual waste uti-
lization technologies towards the integrated utilization of associated resources gener-
ated by coal mining. For Ukrainian coal mines, particularly those in the Western Don-
bas, this approach offers opportunities to reduce waste generation and environmental
impacts while obtaining additional material, energy, and mineral resources.
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AHOTAIIA
MeTta. BecraHoBieHHS CyyacHUX TEHACHIIN PO3BUTKY IPHHIHITIB HUPKYIAPHOT eKOHOMIKH ITPH ITi/13eM-
HOMY BHJOOYBaHHI BYTULISI Ha OCHOBI 0i0JIOMETPUYHOrO Ta TEMAaTHMYHOTO aHAJi3y HAyKOBHX
myOJTiKaLii, cucreMaTH3allis CBITOBUX 1 BITYM3HSHHUX MPAKTUK MOBOPKEHHS 3 CYIYTHIMU PECYpCHUMHU
MOTOKAMM Ta BU3HAYEHHS MEPCHEKTUBHUX HAMpPSMIB 1X KOMIUICKCHOTO BUKOPHUCTAHHSA HA BYTUTBHHX
miaxrax YKpaiHu.

MeToaunka. 3acTocoBaHO 0107TiOMETPUYHUN, MEPEKEBUN, TEMATUUHUH 1 TOPIBHAJIBHUNA aHaIi3 HAY-
KOBUX MyOumikariiii, iHmekcoBanux y 6a3i Scopus 3a 2000-2025 pp. ChopmoBano macus i3 2931
yHIKaJIbHOT MyOJiKalii 3a micThMa TEMaTHYHUMHM MOIIYKOBUMHU HampsiMamH. 3a JOIOMOTOI0 Ipo-
rpamHoro 3abesnedeHHss VOSviewer 1.6.20 mpoBeaeHO aHami3 CHUIBHOT MOSBU aBTOPCHKUX KITIO-
YOBUX CIIiB, TOOYIOBAaHO KapTy iX B3a€MO3B’A3KiB | BUKOHAHO TEMaTHUHY KiacTepu3anito. Ha ocHOBI
3MICTOBHOTO aHai3y IyOJiKaliii CHCTEMaTH30BaHO CBITOBI TEXHOJIOTIYHI MPAKTUKU Ta TMPOBEIECHO
X MOPIBHAHHSA 3 JIOCBIIOM BYT'UIBHUX IIAXT YKpaiHU.

Pe3yabTaTn. 3a pesynbraramu 0i0;110METPHYHOTO aHATI3y BUIUICHO BICIM TEMaTHYHHX KJIACTEPIB 1 CH-
CTEMATH30BaHO I1’SITh OCHOBHHX HAIPAMIB IIUPKYJIIPHOTO BUKOPUCTAHHS PECYpPCiB BYITIeBUAOOYBaHHS:
nepepoOIeHHs TIPHIYMX BiIXO/IB, 3aKIaJaHHs BUPOOJICHOTO MPOCTOPY, BUKOPUCTAHHS IIAXTHUX BO/,
yTUITI3a1lis METaHy Ta BUWIyYeHHS KPUTUYHO BaXKIIMBOI MiHEpaJIbHOI CUPOBUHU. BCTaHOBIICHO 3pOCTaHHS
myOJTiKaLiitHOT aKTUBHOCTI 3a IOCHIPKYBaHUMH HarpsMaMy Ta BU3HAYEHO OCOOJIMBOCTI IXHBOT'O TEXHO-
JIOTTYHOTO PO3BUTKY. [TOPIBHSAHHS CBITOBHX 1 BITYM3HIHUX MTPAKTHK ITOKA3aJ10, 10 Ha IIaXTaxX 3axi{HOro
JloHOacy Bke€ 3aCTOCOBYIOTHCSI TEXHOJIOT1] MOBTOPHOTO BUKOPUCTAHHS IIAXTHUX BOJI TA CHEPreTHYHOL
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yTUIII3aIii MeTaHy, TO/1 SK 3aJMIISHHS [aXTHOI ITOPOAM i/ 3eMJICIO i BUITyYSHHS KPUTUYHO BaXKIIUBHX
€JIEMEHTIB MOTPEOYIOTh MOJAIBIIONO PO3BHUTKY.

HayxoBa HoBu3Ha. Ha ocHOBI 6167110MEeTPpHYHOT0 aHaIi3y Ta TEMATUYHOTO aHAII3y BCTAHOBJIEHO CTPYK-
TYpy HAyKOBUX JOCHIPKEHb LUPKYJSIPHOTO BHKOPUCTaHHS PECYpPCiB BYIIIEBHIOOYBAaHHS, BU3HAUCHO
B32€EMO3B’SI3KM MK BICbMOMa TEeMaTHYHUMHU KJIACTEPaMH Ta CUCTEMAaTHU30BAHO I SITh OCHOBHUX TEXHO-
JIOTIYHHUX HanpsMiB. BUSBICHO BiIMIHHOCTI MiX CBITOBUMH TEHJIEHIISIMU JIOCITI/HKEHB 1 MPAKTUIHUM
3aCTOCYBaHHSM BiJIIIOBITHUX TEXHOJIOTiH B YKpaiHi.

IIpakTHyHa 3HAYUMICTh. Pe3ynbTaTi 1OCHKEHHSI MOXKYTh OyTH BUKOPHUCTAHI JUIs BU3HAYECHHS Tep-
CIIEKTHBHHX HAIPAMiB KOMIUIEKCHOTO BUKOPUCTAHHS CYITyTHIX PECypCiB BYTUIbHUX IIaXT YKpainu. J{ms
yMoB 3axinHoro JloHOacy BU3HAUEHO MOXIIMBOCTI 3aCTOCYBAHHS TEXHOJIOTIH 3aJIMIIIEHHS IAXTHOT TI0-
POAM i1 3eMJIet0, TOBTOPHOTO BUKOPHCTAHHS IAXTHUX BOJ, €HEPreTUYHOI YTUIII3AIlli METaHy Ta BUITY-
YEeHHS KPUTUYHO BKJIMBHX €JIEMEHTIB 13 ByTiUIs 1 IPOAYKTIB HOro BUIOOYBaHHS.

Knwuoei cnosa: niozemune 8u000y8aHHs 8y2ils, YUPKYIAPHA eKOHOMIKA, OIOIioMempuyHull anauis,
VOSviewer, wiaxmna nopooa, 3akna0anHs 6UpooIeH020 NPOCMOpy, KPUMUUHO 8AHCIUBA MIHEPATbHA CU-
posuna, 3axionui /lonbac.
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