MINING SCIENCE AND TECHNOLOGY (RUSSIA) elSSN 2500-0632
FOPHbIE HAYKU U TEXHOJIOMA https://mst.misis.ru/

2025;10(3):298-305 Nikitenko S. M. et al. Digital twins and digital technologies: specific features and prospects in the coal industry

DIGITAL TECHNOLOGIES AND ARTIFICIAL INTELLIGENCE

Research paper

https://doi.org/10.17073/2500-0632-2025-04-402
BY

UDC 681.5:004.021

Digital twins and digital technologies:
specific features and prospects in the coal industry

S.M. Nikitenko! >, E.V. Goosen! , A.A. Rozhkov?(:), M.K. Korolev'

! Federal Research Center for Coal and Coal Chemistry, Siberian Branch of the Russian Academy of Sciences,
Kemerovo, Russian Federation

2 Russian Energy Agency, Ministry of Energy of the Russian Federation, Moscow, Russian Federation
D nsm.nis@mail.ru

Abstract

Across all sectors of the Russian economy, the adoption of digital technologies (DT) is accelerating, with high-
tech industries leading the way. The coal industry, like other extractive sectors, has been slower to embrace
these solutions, yet digitalization is advancing both at the industry level and within individual companies.
One of the most dynamic areas of DT development is the adoption of digital twins (DTw), which form a core
element of integrated digital management systems—acting as an integrator for cross-cutting technologies
and sub-technologies. This article examines current approaches to studying and implementing digital twins
in the coal sector. The objective is to highlight the specific features of digitalization processes, identify
barriers, and outline promising directions for the adoption of DTw in the coal industry. To this end, the
article systematizes conceptual and applied approaches to DTw, proposes an original framework for defining,
structuring, and classifying digital twins based on maturity levels, and identifies both general and industry-
specific trends in the development of DT and DTw. The analysis demonstrates that digital twins are a critical
tool for managing value chains, and their effectiveness depends on the maturity of production and digital
technologies and on the degree of their interoperability. The study compares and evaluates international
and domestic experiences of DT and DTw adoption in mining and coal companies, as well as national-level
models. It identifies barriers to adoption in the coal sector and offers recommendations for overcoming
them. The research applies systems and comparative analysis, bibliographic review, generalization, and
expert surveys. Data sources included media reports, websites of leading coal and mining companies, expert
assessments, digital project case studies, consulting reports, and primary and secondary expert surveys.
The findings show that digital transformation in the coal industry, including the adoption of DTw, lags
behind other sectors. This gap is driven by both general and sector-specific factors: high costs and limited
resources, scale effects, the absence of a clear development model and digitalization strategy, low levels of
automation in production and management, insufficient digital infrastructure, and an acute shortage of
personnel with digital competencies, particularly among executives.
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LLUDPOBBIE TEXHO/TIOMMU U UCKYCCTBEHHbBIW UHTEJIJIEKT
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AHHOTauunA

B HacTosIIIee BpeMs IIMPOKO pa3BepHYIOCh BHeAPeHMe MG POoBbIX TexHOomoruit (IIT) Bo Bcex OTpacisix poc-
cuiickoit skoHoMYKK. Hanbosee aKTMBHO B 9T MTPOLIECCHI BOBJIEUEHBI BBICOKOTEXHOJIOTUHbBIE OTPAC/IN. YTOJTb-
Hasl OTpaciib, KaK U OCTAJIbHbBIE AOOBIBAIOIINE OTPAC/IN, OTCTAET BO BHeIpeHUM IM(MPOBBIX TeXHOIOTUi. Tem
He MeHee 3TU MPOoLEeCcChl YT KaK Ha YpOBHE BCeli OTpaciau, Tak M Ha YPOBHE OTHe/bHbIX KOMIIaHMii. OmHUM
13 HauboJsee MOMY/ISIPHBIX HaTIpaBieHuit pa3sutus LT siBasieTcst BHeApeHYE IU(PPOBBIX ABOTHUKOB, KOTOPBIE
SIBJISTFOTCSI YaCThIO eAMHO IMGPOBOI CUCTEMBI YITpaBIeHMS KOMITaHME — TEXHOJIOTME-MHTErPAaTOPOM BCEX
ckBO3HBIX LIT 1 cy6TexHonoruii. CraThs MOCBSIIEHAa aHAIM3Y COBPEMEHHBIX MOIX00B K M3YUEHUIO U TTPAKTHU-
Ke BHeJpeHUs [M(PPOBbIX JBOMHUKOB B YTOJMbHOI OTpaciu. Llenb cTraThy — MOKa3aTh 0COOEHHOCTH MTPOLIECCOB
MG POBU3aLY, BLIIBUTH Oapbephl U MEePCIIEKTUBHbBIE HAIIpaBieHUs BHeApeHus 1M poBbix ABoiiHMKOB (L)
B YTOABHOI OoTpaciu. [Ijig peannusaly 3TON LeU B CTaThe CUCTeMaTU3UPOBAHbI KOHLENTya/lbHbIE U MIPU-
KJIaJHbIe NTOAXOAbI K u3ydeHuo L1, mpenyioskeH aBTOPCKUI TOAXOZ, K OIpefielIeHUI0, CTPYKTYpPe ¥ TUTIONIOI U
LT Ha OCHOBE BBIJI€JIEHUS ITATIOB UX 3PEIOCTU. BBISIBJIEHBI 06IIIVE U OTpacieBble 3aKOHOMEPHOCTY Pa3BUTHUS
IUT m . JokaszaHo, uto LIl — 3TO BasKHENIMI MHCTPYMEHT YIIPaBJIeHUS [eNOYKaMu CO3L4aHUS CTOMMOCTU
(LICC), KOTOPBIIT 3aBUCUT OT CTETIEHN 3PEJIOCTU ITPOU3BOACTBEHHBIX U LG POBBIX TEXHOIOTHA, 8 TAK)KE CTeIe-
HU UX MHTeponepabenbHOCTHU. [IpOBeeHbI cpaBHeHMe U OlleHKa orbiTa BHeApenus LT u 111 B 3apy6eskHbIX
Y OTeUeCTBEHHbIX TOPHOOOBIBAIOIINX Y YTOJbHBIX KOMITAHUSIX U B CTPAaHOBbIE MOE/. BbIsB/IeHbI 6apbephbl
BHeapenus LT u LIl B yronbHOM OTpacin, MpenaoXkeHbl peKOMeHIaluy Mo UX yCTpaHeHU0. [Ipy moaroroBke
CTaThU UCIIOJIb30BaHbI CJIeAYIOIIVe HayuHble METObl: CUCTEMHBIN 1 CpaBHUTENbHBIN aHaMu3, 6ubanorpadm-
YyecKoe UcciefoBaHme, 06001eH1e, COIMOIOTUYECKIUIA OTIPOC IKCIEPTOB. VICTOUHMKAMY JaHHBIX MOCTYKUIU
matepuanbl CMU u caifToB Beaymnx 3apyOekHbIX ¥ OTeUeCTBEHHBIX YTOIbHBIX M TOPHOAOOBIBAIOIINX KOM-
TaHMii, SKCIIePTHbIE OlLleHKM, Keiic-cTaay 1MGbPOBbIX MPOEKTOB, aHATIUTUYECKNME OTUEThl KOHCAITUHTOBbIX
KOMITaHUIi, MaTepuaibl IEPBUYHOTO U BTOPMUYHOTO 3KCIIEPTHBIX ONPOCOB. [IpoBeieHHbIl aHa/IN3 MMoKasa,
yTO npoiecchl nudpoBoii TpaHchopmanuu 1 BHegpeHus LI]] B yroapHOI OTpacau OTCTAIOT OT APYTUX OTpac-
neit. [IpUuMHOI TOMY SIBISIIOTCSI 6aphepbl Kak 001IMe /1JIT BCeX 0Tpaciieii, Tak U CrienybUyYHbIe 1Sl yTOIbHOM
OTpac/u: BbICOKAs IieHa MUMPOBBIX TEXHOMOTUI ¥ HEXBATKA PECYPCOB, 3HAUMTENbHBIN 3ddekT MaciiTaba;
OTCYTCTBME YETKO BHICTPOEHHOI MO/ Pa3BUTHS YTOJIbHOI OTPaC/Iv U CTpaTerny ee UuQppoBU3aIU; HU3-
K1t ypOBEeHb aBTOMAaTHU3alMY IIPOMU3BOICTBA U YIIPABIEHNSI, HEOCTATOYHOCTH MG POBOI MHDPACTPYKTYPHI;
OCTpast HeXBaTKa KaJpoB U MM POBBIX KOMITETEHILIUI Y pYKOBOANUTEIEeH KOMITAaHMIA.
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TepThl, BHEAPEHME, IIETTOUKY CO3JaHMsI CTOMMOCTM, CTPAaHOBbIE MOJIEN, MH(PPACTPYKTYpa, yIIpaBaeHue
®duHaHcupoBaHue
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Introduction

The implementation of digital technologies (DT)
is now rapidly expanding across all sectors of the
Russian economy, with the most active engagement
observed in high-tech industries. The coal industry,
similar to other extractive sectors, lags behind in
adopting digital solutions. Nevertheless, digitaliza-
tion is progressing both at the industry-wide level and
within individual companies.

One of the most prominent directions of DT de-
velopment is the implementation of digital twins
(DTw), which serve as an integral component of a uni-
fied digital enterprise management system - a tech-
nology that integrates all cross-cutting digital solu-
tions and sub-technologies.

Recent advances in artificial intelligence (AI)
have accelerated the adoption of digital twins (DTw)
in extractive industries, including the coal sector.
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DTw now make it possible to automate all key stages
of value chains, support the integrated introduction
of advanced technologies for deposit exploration, se-
lective coal extraction, beneficiation, and the design
of project coal blends, as well as optimize routes for
coal transportation and processing.

The purpose of this article is to highlight the spe-
cific features of digitalization processes in the coal
industry, identify barriers, and outline promising di-
rections for DTw adoption. The objectives are as fol-
lows: 1 — To define digital twins and describe their
distinctive features and current level of adoption in
coal-producing countries; 2 — To identify and charac-
terize the basic national models of coal industry di-
gitalization management, and to determine the role
of digital twins within these models; 3 — To identi-
fy barriers to the adoption of digital technologies
and digital twins in the coal industry and to propose
measures for overcoming them.

Data and methods

The study applied systems and comparative ana-
lysis, bibliographic review, generalization, and expert
surveys.

Data were drawn from online and media sour-
ces, websites of leading international and domestic
coal and mining companies, expert assessments, case
studies of digital projects, consulting reports, and ma-
terials from primary and secondary expert surveys.

Research results

Since the early 2000s, the adoption of digital tech-
nologies (DT) and digital twins (DTw) has accelerated
in the mining and coal industries. The initial introduc-
tion of enterprise resource planning (ERP) platforms
made it possible to synchronize fragmented produc-
tion operations, corporate processes, and reporting,
significantly improving efficiency. This, in turn, drove
major global investments in digital software and infra-
structure aimed at developing local digital twins.

The term digital twin was first introduced into
academic discourse in 2003, but its interpretation re-
mains diverse [1]. Some authors define it narrowly as
software that models objects and outcomes [2, 3], while
others describe it as a key tool for monitoring and stra-
tegic management [4-6]. In international literature,
the most widely cited definition presents a DTw as
“...an integrated multiphysics, multiscale, probabilistic
simulation of a complex product, enabled by a digital
thread, that uses the best available physical models,
sensor data, and input information to mirror and pre-
dict the behavior of its corresponding physical twin
across its life cycle” [1]. More recent publications exa-
mine the role of DTw in managing companies, regions,
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and value chains, accounting not only for technological
but also for financial, organizational, and other aspects
of complex system management [7, 8]. In Russia, re-
search schools focusing on DT [9, 10] and DTw [11, 12]
have emerged more recently, including studies on their
application in the coal industry [15, 16].

In the authors’ view, a digital twin is a compre-
hensive management tool that creates a realistic vir-
tual model of a physical object, continuously updated
in real time.

Leading adopters of DT and DTw include major
mining and coal companies in Australia, China, the
United States, Canada, and Germany. These compa-
nies align DTw with priority digital technologies and
apply them not only to individual units, technologi-
cal stages, and mines, but also as tools for managing
the entire value chain. In this article, the value chain
refers to the full production sequence in the coal in-
dustry, from geological exploration to the sale of pro-
cessed coal products [17-19]. The primary goals are
to identify and maintain optimal operating modes in
order to maximize productivity and reliability. This
provides a basis for assessing the level of digital trans-
formation and DTw adoption (Table 1).

Analysis of official reports and websites of mining
and consulting companies allows for identification of
levels of DT and DTw adoption. Level 0 is defined as
the stage of standardization and automation of prima-
ry and auxiliary operations, marking the onset of basic
digital technology adoption. At this level, production
processes — including management — are extensively
automated, and virtual models of individual products
and operations, or quasi-digital twins, are introduced.
Level 1 corresponds to the stage of business process op-
timization and reengineering in line with the require-
ments of digital technologies. It involves creating local
digital twins (LDTw) for the most critical assets and
processes, and synchronizing digital models with real
business operations. Level 2 reflects the development
of integrated digital twins (IDTw), achieved through
the convergence of DTw with priority digital technolo-
gies. Level 3 represents the formation of a digital twin
of the entire value chain (VC), capable of managing all
its links and supporting both operational and strategic
decision-making.

Alongside these adoption levels, two governance
models of DT and DTw implementation in the coal in-
dustry have been identified: the corporate model, cha-
racteristic of developed economies (BHP, Anglo Ameri-
can, Glencore, and others), and the state-driven model,
exemplified by China (China Shenhua Energy Compa-
ny Limited, China Coal Energy Company Limited, etc.).
These models differ in the structure of value chains
and the maturity of DT and DTw (Table 2).
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Table 1
Features of DT and DTw adoption in major mining and coal companies, 2024
Autonomous Ir;{:lgnrgttgd Digital twins Artificial
Country of registration / mining . at asset, Intelligence Level
Company . . Operations AP P
Coal asset location equipment Centers process, and and of digitalization
and vehicles system levels | Generative Al
(IROC)
BHP UK, Australia / Australia + + + + 3
China Shenhua | China/China, Australia, + + + + 2-3
Energy Indonesia
China Coal China / China + + + + 2-3
Energy
Rio Tinto Australia / no coal assets + + + + 2-3
since 2018
Glencore UK / Australia, Colombia + + + - 2-3
Anglo American |UK/Australia + - + - 2
PT Adaro Energ |Indonesia/Indonesia + - + - 2
Vale Brazil / no current + - + - 2
coal assets (formerly
Mozambique, Australia)
Yankuang Energy | China / China, Australia + - + - 2
Group
Tata Steel India / India - - + - 1
ArcelorMittal Switzerland / USA, Bosnia - - + - 1
and Herzegovina, USA
Nippon Steel Japan / indirect coal assets - - + - 1
through joint ventures in
Australia and the USA
Teck Resources | Canada / British Columbia + - - - 1
Peabody Energy | USA /USA, Australia, + - - - 1
Venezuela
Coal India India / India - - 0

Source: Compiled by the authors based on official company reports and websites, and data from McKinsey and GlobalData.

Comparison of digitalization and DTw adoption in Australia, China, and Russia

Table 2

Criterion

Australia

China

Russia

Governance model

Private—corporate

State-driven

None (pilot projects only)

Structure of value

Open, horizontally diversified,

Closed, vertically integrated,

Closed, vertically integrated,

chains in the industry | global domestic market-oriented export-oriented

Level of adoption High Medium Initial

Core technologies Autonomous equipment, 10T, 5G, Al Sensors, GIS, ERP systems
blockchain

Safety Predictive safety monitoring Accident prediction models Local solutions

Efficiency +5-10% +15-20% +2-5%, often negative

Source: Compiled by the authors based on official company reports and websites, and data from McKinsey, Yakov & Partners, and

GlobalData.
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Another group of countries, including Indonesia,
Mongolia, and Russia, is still in the process of shaping
their digital transformation models.

In the corporate model, leading companies op-
erate globally and benefit from geographic and func-
tional diversification, which makes their value chains
more flexible and resilient. Such groups include en-
terprises engaged in the mining, transportation, and
processing of coal, ferrous and non-ferrous metals,
and diamonds. They also encompass service, finan-
cial, and research organizations, as well as dedicated
digitalization centers.

Case: BHP

BHP is the world’s largest diversified mining and
metallurgical company, with assets in more than 90 coun-
tries. Its sources of competitiveness include high-quality
assets, proximity to consumers, transnational scale of
operations, production and geographic diversification,
and effective corporate governance across the entire va-
lue chain.

BHP is a global leader in the adoption of DT and
DTw. The company has reached the third level of digi-
talization, completing the integration of IDTw, Al, and
predictive analytics through a unified Integrated Remote
Operations Center (IROC). This center functions as a lo-
cal industrial hub of digital expertise: it monitors and
analyzes trends in DT development, establishes stan-
dards for the use of DT and DTw, negotiates contracts
with partners, and selects and supervises DT projects
within both BHP and partner companies.

BHP collaborates with global leaders in DT and
mining, including AWS (data analytics, IoT platforms),
Siemens, and Schneider Electric (industrial automa-
tion). The company also engages in joint projects with
Rio Tinto and Vale to standardize digital solutions, while
investing in technology start-ups and the creation of in-
novation centers. In partnership with universities and
the national research agency CSIRO, IROC contributes
to the development of innovative digital and technologi-
cal solutions.

Source: Official company website, consulting
company data.

The BHP case represents one of the most success-
ful examples of an open, predominantly corporate-dri-
ven model of coal industry digitalization. This model
is based on close collaboration among leading global
companies, supported by national governments, which
provide the foundation for technological leadership.

In contrast, state-driven vertically integrated coal
companies in China rely on government support and
administrative resources to reduce operating costs and
accelerate the adoption of DT and DTw, thereby nar-
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rowing the gap with global leaders. The case of China
Shenhua Energy exemplifies a closed, predominant-
ly state-driven model of coal industry digitalization,
aimed at strengthening technological sovereignty and
economic security.

Case: China Shenhua Energy

China Shenhua Energy — is the largest coal company
in the world. It is part of the state-owned energy holding
China Energy Investment Corporation (CEIC). The com-
pany’s key sources of competitiveness include its scale of
operations, low production costs, strict vertical control of
the entire value chain (VC) — from exploration to trans-
portation, sales, and processing — state participation,
and a focus on a protected domestic market.

A major factor is its status as a “national energy
leader,” which allows the company to secure govern-
ment subsidies, preferential loans, reduced tax rates,
and guaranteed state contracts for coal and electricity.
The government grants China Shenhua Energy priority
access to the country’s largest coal deposits and pro-
vides infrastructure preferences, such as the construc-
tion of railway lines and ports at public expense (e.g.,
Huanghua Port), while restricting foreign companies
from entering the Chinese coal market. Through CEIC,
China Shenhua Energy actively participates in drafting
industry legislation and standards that reflect its inte-
rests. In implementing its projects, the company pri-
marily cooperates with national technology firms:
Huawei (5G technologies for “smart” mines), Alibaba
(cloud-based Al solutions), and XCMG (autonomous
mining equipment).

Source: Official company website, consulting
company data.

The Russian coal industry and Russian companies
lag far behind international leaders in terms of digi-
talization and DTw adoption!. To clarify the situation,
the authors conducted a survey in 2024 of ten experts
representing the largest coal companies operating in
the Kemerovo region. The results largely correspond
to those reported by Bratarchuk et al., who carried out
a similar survey in 2023 [15] (Table 3).

Experts agreed that Russian coal companies are
not yet ready to adopt full-scale digital twins, while
digital technologies are being introduced only in se-
lected segments of coal value chains, primarily logis-
tics and safety management (Table 4).

! Digitalization of the Russian Mining and Metallurgical
Industry in 2024: Long-Term Optimism and Ambitious Goals.
Moscow: Yakov & Partners, Tsifra Group; 2024. 20 p.
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Table 3

Level of digitalization of Russian coal companies, 2023-2024

Data from Bratarchuk et al., 2023 Authors’ survey data, 2024
Technology Share of investment in DT, Average age of deployed systems, Share of investment in DT,
% of total years % of total

APCS 7.2 124 8.4
GIS 5.4 8.6 6.2
SCADA 4.0 10.2 5.0
MES 3.2 6.8 3.8
Al 1.2 1.8 1.0
DTw 1.6 2.4 1.2

Source: Compiled by the authors based on Bratarchuk et al. [15], official company reports and websites, and expert survey data.

Table 4

Priority areas of digitalization implemented in Russian coal companies

Company

Priority areas of DT adoption

Russian Coal JSC

Wireless data transmission systems

East Mining Company LLC

Artificial intelligence technologies
Logistics management

CCKOLMARLLC

Kuzbassrazrezugol Coal Company JSC

SUEK JSC

Integrated MES-based business process management systems

Osinnikovskaya Mine (Raspadskaya Coal Company, EVRAZ coal assets) | Local digital twins

Autonomous robotic technologies

Barzasskoye Tovarishchestvo Open-Pit Mine (Stroyservice JSC)

Source: Compiled by the authors based on official company reports and websites, and expert survey data.

The adoption of DT and DTw in Russia remains
stuck between the first and second levels of digitaliza-
tion. The DTw currently being introduced are local in
scope and, even in large coal companies, fail to deliver
the expected results.

Discussion and conclusions

The analysis showed that digital transformation
and DTw adoption in the coal industry are lagging be-
hind other sectors. This is due to both cross-industry
barriers and challenges specific to coal mining, in-
cluding:

- high costs of digital technologies and resource
shortages, combined with significant scale effects;

— the absence of a coherent development model
for the coal industry and a dedicated digitalization
strategy;

- limited automation of production and man-
agement, combined with inadequate digital infra-
structure;

—an acute shortage of personnel and a lack of
digital competencies among company executives.

A further obstacle to DT and DTw adoption is the
difficulty of assessing the real effects of digital trans-
formation. At present, measurable indicators of objec-
tives, as well as methodologies for evaluating the ef-
ficiency and effectiveness of DT implementation, are
almost entirely absent. The indicators used for moni-
toring and ranking are largely oriented toward deve-
loped countries and remain unbalanced [20]. As a re-
sult, expert judgments and scoring-based evaluations
are increasingly applied, but their main drawback is
subjectivity. Without the development of national
standards and assessment methodologies, these is-
sues cannot be resolved.

In the authors’ view, overcoming these barriers
requires the development of a coal industry digita-
lization strategy, defining its key stakeholders, goals,
and mechanisms. Under conditions of sanctions and
heavy dependence on imported production and di-
gital technologies, this is impossible without active
state involvement. Since coal companies in Rus-
sia are privately owned, only a mixed model of DT
and DTw adoption is feasible. A suitable instrument
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for its implementation could be industrial compe-
tence centers (ICC) - a mechanism for collabora-
tion between the state, industries, and IT companies
launched in 2022. ICCs enable government, private
companies, and research and educational organiza-
tions to establish standards and priorities for indus-
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try digitalization, while co-financing and managing
projects. To date, 36 ICCs have been created under
the national project Effective and Competitive Econ-
omy in all key sectors of the economy on the princi-
ples of public—private partnership, but none yet in
the coal industry.
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