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Abstract

The study critically analyzes the innovation challenges faced by mining enterprises in Kazakhstan, focusing on key issues and
potential opportunities related to the adoption of Industry 4.0 technologies. The research highlights that the strategic goal
of Kazakhstan's mining sector is its integration into the global economy through digitalization, which aims to address the
sector’s limited production of high-value goods. Despite the potential of digital transformation, the current level of
digitalization across enterprises remains insufficient, requiring more structured implementation of engineering and economic
processes. A statistical analysis using political, economic, social, technological, environmental and legal (PESTEL), regression,
and factor analysis, alongside a questionnaire survey, revealed low capital productivity as a major issue. The findings suggest
that the complexity of mining operations necessitates improved innovation strategies tailored to specific resource extraction
conditions. Furthermore, the digitalization focus is gradually shifting from production to areas like geology, ecology, and
industrial safety. Digitalization has resulted in a 15% increase in productivity and efficiency. The study offers a framework for
evaluating mining enterprises against international standards and serves as a valuable reference for both domestic and

international investors interested in the evolving information technology (IT) landscape of Kazakhstan's mining sector.
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1. Introduction

The current structure of Kazakhstan’s economy, which is
among the countries with the highest energy intensity, and the
technological backwardness of the conservative mining sector
are the main reasons that the economy has a pronounced raw
material orientation.

The decline in the quality of extracted ores and the
complication of mining and geological conditions require the
advanced development of new stages in the mining sector,
which is under the strong influence of state ownership and
becomes a driver for the import of new technologies into the
country.["?) The lack of sufficient processing in the industry
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and the depletion of local raw material reserves are constraints
for the integration of innovations into the production process
and the transfer of digital technologies.

Despite lagging behind world leaders in technological
advancements, Kazakhstan's mining sector plays a crucial role
in the global economy as a major exporter and borrower of
capital.’# The domestic market, while prioritizing local value
chains, still faces significant challenges in increasing
intellectual assets and driving innovation. These difficulties
are evident in the country’s investment attractiveness, which
has been hampered by slow progress toward low-carbon
development and the adoption of international standards such
as the Committee for Mineral Reserves International
Reporting Standards (CRIRSCO) and the Global Reporting
Initiative (GRI). Additionally, the sector must align with
environmental, social, and governance (ESG) trends to remain
competitive.13

For Kazakhstan, a developing economy, it is particularly
important to understand the barriers to the introduction of
digital technologies that are common in both developed and
developing countries. Research shows that digital production
is a key driver of productivity, and the development of new
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technologies is essential for catching up with global leaders.!'+
19]

The main aim of this study is to develop recommendations
for implementing digital technologies to enhance the
efficiency of Kazakhstan's mining sector. By addressing these
key challenges, the research emphasizes how digitalization
can enhance Kazakhstan's competitiveness in the global
market while promoting sustainable development. The
insights gathered from this study are intended to benefit both
domestic and international stakeholders who seek to invest in
or collaborate with Kazakhstan’s mining sector.

Historically, innovation has not been a priority for
Kazakhstan’s mining sector due to a strong presence of state
ownership, limited competition, and chronic underinvestment.
However, these challenges have become more pressing with
fluctuating demand for natural resources and the necessity for
companies to adapt to market conditions while reducing costs
and managing value chain priorities. This issue is compounded
by geopolitical tensions and the complexity of integrating both
software and hardware solutions into mining management.
Key concerns include replenishing the mineral resource base,
increasing the value of in-country production, and improving
raw material processing, all of which require advancements in
engineering technology.

As digital transformation accelerates, integrating digital
solutions within Kazakhstan's resource-based economy
becomes essential for diversification and maintaining global
competitiveness. The study offers recommendations to
support government initiatives aimed at sustainable
development and enhancing the country's investment appeal,
particularly for those targeting rare and precious metals, which
are critical to the global transition to green energy.
Additionally, achieving technological independence in this
transformation will necessitate collaboration between
domestic and foreign players, especially in geological
exploration.

By contributing to the international dialogue on digital
transformation in resource-rich economies, the authors hope
that Kazakhstan’s experience will offer valuable insights to
other nations facing similar challenges and further strengthen
the competitive positioning of its mining sector.

The global demand for digital tools in enterprise operations
confirms the relevance of addressing current industry
challenges in the context of technological advancements.
Many studies discuss and debate these issues.?"! Authors have
explored the impact of new technologies on the energy sector's
value chain,?'! assessed the role of advanced technologies in
achieving industrial sustainability,?! and examined the
influence of conceptual innovations on the competitive
standing of mining industries within lean production
frameworks.? The effects of adopting video analytics and
computer vision for automated safety data collection are also
investigated in several studies.>>?7]

The increasing role of innovation in the value chains of
emerging economies is of growing scholarly interest.l®
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Enterprises are aiming to build their own ecosystems focused
on production processes and direct connections with end
consumers. The importance of new technical solutions and
technological innovations, especially in enhancing labor
productivity and aligning with global trends, is emphasized in
various studies.”” To succeed, enterprises must adopt
technologies that boost strategic business value and improve
access to corporate governance information. 3032

For Kazakhstan, the digitalization of the mining sector is
particularly relevant in the context of import substitution,
which requires collaborative action among market participants,
software developers, and government agencies to address the
identified challenges.

Approaches to comparing the rate of change in the value of
extracted natural capital with the rate of change in other
resources are discussed.’3#] There is a growing realisation
that inefficient mining is a factor in environmental pollution.**
In recent years, Kazakhstan has become the main transport and
logistics hub of Central Asia, the country aims to become the
leading technological and information technology (IT) hub on
the Eurasian continent, aims at large-scale cooperation in areas
such as R&D projects, startups, education to create new
complex IT projects, especially in the field of artificial
intelligence. Therefore, the accumulated global experience
demonstrating information exchange within the ecosystem of
digital technologies, creation of digital platforms, including
extraction, processing, logistics, and marketing, is important
for Kazakhstan, especially taking into account the growth of
cyberattacks.[*] Emphasis should be placed on ensuring both
uniform standards in operations and speeding up production
processes, as well as privacy and security.[*#*! Interesting
studies where Raki¢ et al. focus on risk situations
accompanying the introduction of innovative technologies.>"
The above allows us to conclude that in the future, the mining
sector of Kazakhstan should prioritize the improvement of
innovative solutions and should aim to cover all assets and
processes of the enterprise through the development of a
digital transformation strategy and a unified cloud platform."
This will make it possible to model intraproduction processes,
improve customer relations, and achieve a new level of
integration of digital, physical, and social areas.>>54

This approach will require accelerated mastering of
international standards, co-operation with leading IT industry
players to build up the competencies of employees of
enterprises in the IT sphere, and to form a holistic perception
of innovations.’>¢!l Digital integration in the form of
interaction between science, suppliers, manufacturers of
digital solutions, and their consumers is considered to be a key
vector of industry development in the future.[>4

As demand for essential minerals, including rare earths, a
critical resource, grows, new opportunities are opening up for
Kazakhstan. Efficient handling of previously undeveloped
mineral resources requires a turn towards sustainable
development ideology and practice, combined with socio-
political and organizational-economic approaches. The
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authors conclude that interest in various innovative aspects of
the industry is growing and requires an in-depth study. Despite
the peculiarities of the country’s innovative development,
there are common methodological techniques that Kazakhstan
can borrow to develop its own approach to the digitalization
of the mining sector.

2. Materials and methods

This study utilizes a structured methodology to explore the
digitalization challenges in Kazakhstan's mining sector. A
combination of retrospective and prospective analysis
methods was applied, including logical-theoretical
comparison and the examination of publicly available
statistical data. This framework was designed to identify key
trends and barriers in the sector's digital transformation.

The primary sources of data were obtained from official
databases, including the Bureau of National Statistics of the
Agency for Strategic Planning and Reforms of the Republic of
Kazakhstan and the Kazakhstan Center for Industry and
Export “Qazindustry”.[*] Additionally, the Taldau Information
and Analytical System and data from the Autonomous Cluster
Fund "Park of Innovative Technologies" were utilized to
provide detailed information on industry performance from
2005 to 2023.166-68)

During the post-Soviet period, enterprises created a
diversified portfolio of assets, became strategic partners for
investors, and strengthened their competitive advantage in the
field of data due to their platform component. Using
customised innovative solutions, digital models were designed
with a focus on ESG principles and the increase in efficiency
of management processes.

Despite the fact that in Kazakhstan the transfer of mineral
reserves to international standards was hampered by
organizational fragmentation, low capacity and narrow focus
of geological structures, the country was the first in the post-
Soviet space since 2016 to master the standards CRIRSCO,
developed a national standard (KAZRC), adopted into the
CRIRSCO family.[”7" The currently relevant standards are
united for the assessment of enterprises in the context of
international requirements (Fig. 1).

Two major mining complexes were selected for the study:
Kazakhmys Corporation LLP and QARMET JSC. These
enterprises were chosen due to their significant role in the
national mining industry and their advancements in integrating
digital technologies.!”"’ Both companies are involved in large-
scale digital initiatives aimed at improving operational
efficiency, including the adoption of SAP ERP and other
digital platforms.[7!-74l

The empirical base of the study is represented by official
data from the Bureau of National Statistics of the Agency for
Strategic Planning and Reforms of the Republic of Kazakhstan,
the Kazakhstan Center for Industry and Export
“Quazindustry”, information and analytical system “Taldau”,
autonomous cluster fund “Park of Innovative Technologies”,
long-term author’s research.

Clarified the number of experts (15) and their professional
categories (engineers, managers, researchers, regulatory
representatives).  Included main interview  topics:
technological challenges, opportunities for innovation, and
implementation strategies. Added specifics about the
interview duration (60-90 minutes) and analysis methodology.

To gather qualitative insights into the challenges and

Assessment of the enterprise's activities in the context of compliance with international standards

Geological and economic assessment

Compliance of enterprises with the international set of
standards GRI, ESG principles

v v
) Establishing compliance
Mineral reserve with KAZRC
assessment D ; .
standards and7 the JORC Occupational
Code, 2012 Prafitability Enql‘g)[ health and
V v assessment M —Mfm

Determining compliance with international
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Gradation of enterprises taking into account
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Fig. 1: Assessment of mining enterprises considering international standards.
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opportunities of digitalization in Kazakhstan's mining sector,
we conducted expert interviews with 15 professionals from
various sectors of the industry. The participants included 5
engineers, 4 managers, 3 researchers, and 3 representatives of
regulatory agencies. These experts were selected based on
their extensive experience in areas such as mining operations,
digital technology implementation, and policy development.
The interviews focused on three main topics:

1. Technological Challenges: Experts were asked to identify
key barriers to the adoption of digital technologies in their
enterprises, including infrastructure limitations, software
integration issues, and workforce readiness.

2. Opportunities for Innovation: Discussions explored the
potential benefits of digital transformation, such as increased
operational efficiency, cost reduction, and alignment with
global ESG trends.

3. Implementation Strategies: Participants shared their
perspectives on the practical steps needed to accelerate
digitalization, including training programs, investment
priorities, and partnerships with technology providers.

The interviews were conducted over a two-month period,
with each session lasting approximately 60—90 minutes. All
interviews were transcribed and analyzed to identify common
themes and actionable recommendations for the study.
Regression and factor analysis methods were used to quantify
the impact of technological and economic factors on mining
enterprise performance. A three-factor regression model was
developed to assess how material inputs, labor compensation,
and fixed capital influence output, with adjustments made to
ensure comparability of statistical indicators.”” Political,
economic, social, technological, environmental and legal
(PESTEL) analysis was applied to examine external factors
such as political, economic, and technological influences on
the sector's digitalization.!”!7¢]

Currently, each field in Kazakhstan has created its own
database, including archival data (mainly paper version) and
information collected during the acquisition of subsoil use
rights. Since the potential of Kazakhstan’s subsoil is huge (99
out of 105 elements of the Mendeleev table have been
discovered, 70 have been explored, 60 are being extracted), it
will be necessary to digitize paper carriers, identify documents
and systematize them into a single database. The state plans to
increase the area of geological and geophysical exploration
from the current 1.5 million to at least 2.2 million square
kilometers by 2026, and to create a national repository based
on the experience of Western Australia.

In addition to quantitative analysis, expert interviews were
conducted with industry professionals from Kazakhmys
Corporation LLP and QARMET JSC to gather qualitative
insights into the digitalization process. These interviews
focused on understanding technological challenges, workforce
readiness, and integration with international standards.[7>""

The analysis was supported by the use of several digital
tools. Software such as Statistica and MS Excel was utilized
to process the collected data, while SAP ERP systems were
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employed for modeling business processes within Kazakhmys
Corporation LLP and QARMET JSC.I"3781 Additionally, the
MINEFRAME system facilitated geological modeling and
resource estimation at the Verkhnee Espe deposit.[)

The study encountered several limitations that affected the
ability to fully substantiate conclusions and recommendations.
First, the reporting provided by Kazakhstan under the
international Extractive Industries Transparency Initiative
(EITI) is fragmented and inconsistent. Second, there is a lack
of reliable statistical data on innovation expenditures for the
post-Soviet period, which is a result of Kazakhstan's industrial
development history. Additionally, some of the necessary
information is confidential, and the process of digitizing data
from the Soviet era presents extra challenges. This data
requires systematization and reinterpretation using modern
geological concepts, such as stratigraphic and geodynamic
frameworks, to confirm the potential of the deposits. These
issues contribute to market opacity and limit the availability of
information for potential investors.l” As a result, these factors
created unavoidable methodological inconsistencies in the
study.

One significant limitation of this study was the incomplete
nature of historical data, particularly regarding innovation
expenditures. Furthermore, some corporate data remained
confidential, restricting the scope of certain analyses.
Nevertheless, these challenges were mitigated through a
comprehensive literature review and expert interviews,
ensuring robust conclusions based on available data.[*-$?]

3. Results

The conducted research allowed us to conclude that, in general,
the level of implementation of digital technologies in medium
and small enterprises is low: most entities are provided with
primary digital infrastructure, but this infrastructure is mainly
involved in solving managerial tasks. To develop digital
platforms, enterprises use a set of frameworks that allow them
to select certain components, taking into account a given IT
landscape. Only 21% of fields are equipped with modern
equipment and developed data transmission networks, 56% of
fields have no networks, and 23% require complete
replacement of equipment.

A three-factor regression model describing the impact of
resources (material inputs X1, labor compensation X2, and
fixed capital X3) on output showed a very high degree of
correlation. A two-factor regression model including such
factors of reproduction as labor remuneration and fixed capital
also showed a very high degree of correlation between these
factors and the final results. However, the degree of
significance of the totality of these factors is lower than in the
three-factor model (Table 1).

The correlation coefficient (R?) indicates the strength and
direction of the relationship between the independent variables
(e.g., material inputs, labor compensation, and fixed capital)
and the dependent variable (production output). In the case of
the three-factor model, the high R? values, ranging from 0.85
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Table 1: Assessment of the degree of influence of factors on production output.
Coefficient of determination Coefficient significance F F- critical

Model of the
influence of

. 2005 2010 2015 2023 2005 2010 2015 2023 2005 2010 2015 2023
production resources

Energy plant JSC " QARMET"
3-factor by
production resources
Y=03817X:1+
0.1936X> -1.0282X3
2-factor for factors
of reproduction of
labor and capital Y =
0.0013X> +0.2045X3
1-factor: material
costs

Y =0.0025X?
+0.2838

Plant KLMZ JSC " QARMET"
3-factor by
production resources
Y =0.0721X:
+1.1283X2-0.0391X3
2-factor for factors
of reproduction of
labor and capital Y 09115  0.8815 0.8798  0.9003 413 411 404 421 85 117 94 125
=0.1036X 2

+0.0313X3

1-factor: material

costs

Y =0.0384X; 2

+0.0481

Balkhash Mining and Metallurgical Plant Kazakhmys Corporation LLP

3-factor by
production resources
Y =0.9252X1 +
0.02816X2-0.9184X3
2-factor for factors
of reproduction of
labor and capital Y= 0.7915  0.7785  0.7845  0.7703 43 59 61 57 196 199 213 207
0.0141X,2

+0.5036X3

1-factor: material

costs

Y =0.0259X; 2

+0.0305

"Maker" Kazakhmys Corporation LLP

3-factor by
production resources
Y =0.0813X; 2
+0.0581X2-0.0692X3
2-factor for factors
of reproduction of
labor and capital 0.7845  0.7313  0.7003  0.7499 261 314 322 294 103 127 110 125
Y =0.0395X> 2

+0.0293X3

1-factor: material

costs

Y =0.0134X; 2

+0.0492

0.8915  0.8703  0.8612  0.8740 413 407 409 411 213 215 193 197

0.8113  0.7814  0.7217  0.7746 62 57 64 63 205 211 216 210

0.8003  0.7915  0.7993  0.8052 383 375 377 381 217 215 209 213

0.9003  0.9314 09015 09117 427 431 435 429 227 239 237 249

0.7815  0.8303 08172  0.7918 285 291 288 296 233 215 227 216

0.1785  0.8405  0.8611 0.8810 371 344 358 305 197 201 195 198

0.8505  0.8747  0.8605  0.8503 211 241 238 229 173 184 178 182

0.8451 0.8003  0.7914  0.8351 382 361 357 375 221 205 200 213

0.8113  0.8051  0.7915  0.7803 200 211 235 215 195 189 197 199
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to 0.93 across enterprises and years, demonstrate a strong
positive relationship. This implies that production output is
highly influenced by the considered factors. Specifically,
material costs have the largest impact, as indicated by their
significant coefficients, suggesting that fluctuations in
material input efficiency directly affect overall production
performance.

These findings underscore the need for enterprises to
optimize material use and reduce wastage to achieve greater
productivity. Additionally, the weaker influence of fixed
capital highlights the necessity of modernizing equipment and
improving capital investment efficiency to enhance
production processes. By understanding these relationships,
companies can prioritize resource allocation and operational
strategies that maximize output while minimizing costs.

The assessment of the degree of influence of each of the
factors confirmed the predominant influence of material costs.
They practically suppress other influences, tend to maintain
and sometimes increase in importance. The weight of the fixed
capital factor has the smallest indicator among those
considered factors, which indicates a low return on fixed
capital. Enterprises are losing competitive positions not only
because of the depletion of high-quality reserves, high levels
of carbon dioxide emissions and difficulties in field
exploration, but also because of the existing technical level.

However, despite the initially low level of automation,
enterprises are striving to create sustainable and infrastructure
for archiving and storing raw data, developing mining and
geological charts of deposits for qualitative economic
evaluation. During 2020-2023, there was an increase in
enterprises’ expenditures on servers, data storage systems and
IT network infrastructure. The introduction of new
technologies and increased spending on cloud services were
fueled by high prices for metals and hydrocarbons. In the
medium term, non-cloud spending may be reduced, and as
physical IT infrastructure becomes obsolete, enterprises will
consider migrating to cloud infrastructure.

At the same time, in many cases, the level of development
of data analysis subsystems is low, there is no integration of
subsystems among themselves, the emphasis is on traditional
business processes, mainly office programs, customer
relationship management (CRM), business process
management (BPM), information security management (ISM)
systems are used.

69 72
&0 55
60 41
30 34 37
20 2 23
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20
10
0
g 5 % _ = %
= 5 =} s & 2
CR- - £z El
©3

Difficulties in the field of predictive analytics have been
identified: automated analytical systems do not allow to
anticipate a problem in advance and make the required
management decision in advance. One of the main problems
is related to the lack of domestic digital equipment: the market
is represented by developments that do not cover the entire
range of tasks, from geological and economic modeling to
operational production planning and supply management.

Australian and North American software products
endowed with the specified functionality are not used by
enterprises due to the high price, lack of a Russian-language
interface, and examples of positive adaptation in post-Soviet
countries. The most significant factors affecting the
technological improvement of geological research and the
build-up of scientific support for the exploration process are
summarized in Tables 2 and 3.

With regard to new technologies, experts focused on the
state of the external business environment, the need for a
systematic approach to digital technologies, and the transition
from process management to data-based management. The
World Bank draws attention to the fact that Kazakhstan
consistently allocates fewer funds for R&D than other
comparable countries in terms of economic situation. It is
important for enterprises to increase business transparency,
productivity and operational efficiency, and reduce production
costs.

Particular attention is paid to the formation of a unified
digital ecosystem, achieving vertical integration of business
partners’ processes across the value chain, from mining and
processing of minerals to manufacturing of the final product.
For example, in order to develop metal processing and create
clusters, it is more appropriate to incentivise companies to
process natural resources domestically. For this purpose, at
higher conversion rates, the state could reduce mineral
extraction tax rates. The situation improved when subsoil
users began to allocate 1% of their own extraction costs for
R&D and independently choose scientific and educational
organizations for their financing.!**

In the medium term, the priority remains the digitalization
of production, where technologies with a long payback period
are expected to be introduced, but the range of digital solutions
will expand, with a consistent shift in focus to geology,
environment and industrial safety (Fig. 2).

Developed by the authors in Refs. [1,73,78,82], used the

4346
2022 1719 21
B B B |
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i g
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Fig. 2: Priorities of mining companies in the spectrum of digital decisions by areas of activity, %.
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Table 2: PESTEL analysis of mining enterprises.!”")
PESTEL analysis
Political Economic

— international positioning, degree of globalization
and openness of Kazakhstan;

- diversification of energy supplies to world markets,
search for alternative routes and new markets;

— stimulating private investment and developing
public-private partnerships to attract global
geological exploration and mining companies to
cooperation on the basis of state geological
exploration of subsurface resources;

— establishment of the National geological survey to
declassify and provide investors with open access to
geological data.

— Kazakhstan’s commitment to combat climate change;

- difficulties in creating conditions for new investment in exploration and
production, including by foreign junior exploration companies;

- dependence on foreign equipment suppliers;

- tax policy (tariffs and incentives);

- completion of the transition to the CRIRSCO international system of
certification of mineral reserves and introduction of KAZRC;

—— - depletion and non-recovery of some high-quality reserves, low operating
efficiency;

- legacy unprofitable fields and obsolete facilities;

- high concentration of large state-affiliated enterprises in the industry;

- few new geological discoveries;

- shortage of experienced professionals.data

Social

- development of model agreements on social
support for persons affected by the Ministry of
Mineral Resources;

— preparation of rules for resettlement of persons
affected by the mining enterprise;

— compensation and redress for damage to private

lands caused by exploration activities.

Technological

— technological changes in the industry, taking into account the availability
and transfer of exploration, extraction, and processing technologies; inter-
industry co-operation; collaborations with scientific and educational
institutions;

— degree of use, implementation, and transfer of geological survey
technologies and expansion of the mineral resource base;

R&D expenditure;

- production capacity and readiness of enterprises to integrate external digital
solutions;

- dependence on foreign software against the background of a lack of effective
Kazakhstani developments comparable to Western technologies, difficulties in
adapting standard software solutions to the needs of the enterprise;

- lack of unified standards of work with mining and geological-economic
information for detailed exploration and commercial exploitation of deposits,

- lack of a unified information and analytical industry platform.

Environmental

- complexity of the procedure for obtaining
environmental permits for exploration;

- transition to environmentally friendly alternative
energy sources;

- the environmental situation in the regions where
the mining company operates;

- implementation of the decarbonization strategy;
- development of ESG standards for the mining
industry.

- transition to the principles of the best available
technologies (Best Available Techniques, BAT).

Legal

-legislative regulation of research and development (R&D) of practical
orientation (BAT);
- Regulatory and legal regulation of information disclosure in the mining

sector.

Table 3: Influence of technological factors of PESTEL analysis.[!73.7882]

Factor

Expert judgement with
weight adjustment

Technological sectoral changes, taking into account the availability and transfer of exploration, extraction and

0.093

processing technologies; inter-industry co-operation; collaboration with scientific and educational institutions;
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Factor

Expert judgement with
weight adjustment

Extent of use, implementation and transfer of geological survey technologies and expansion of the mineral

0.071
resource base
Research and development expenses (R&D) 0.062
Production capacity and readiness of enterprises to integrate external digital solutions 0.053
Dependence on foreign software and difficulties in adapting standard software solutions to the needs of the 0.046
enterprise '
Lack of unified standards work with mining and geological-economic information for detailed exploration and 0.034
commercial exploitation of deposits '
Lack of a unified information and analytical industry platform 0.026
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Fig. 3: Geological map of the Verkhnee Espe deposit, scale 1:5000.
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Fig. 4: Geological section of the Verkhnee Espe deposit along the A-B line, scale 1:50,000.

results of the authors’ research based on the results of full-featured mining and geological information system for

interviews with industry top managers and surveys of integrated automation

of geological,

surveying and

respondents of enterprises of the mining sector of Kazakhstan. technological tasks in a single digital enterprise space (GGIS)

One of the most popular software products in recent years isa MINEFRAME.
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The object of our research is the Verkhnee Espe deposit, The geological section (Fig. 4) illustrates the stratigraphic
one of the promising sites for the development of rare earth structure and the position of the main ore-bearing horizons,
metal extraction in Central Kazakhstan. Verkhnee Espe is providing a clear representation of the internal structure of the
associated with carbonatite massifs and magmatic processes, deposit.
which create a rich mineralogical composition. It contains Based on geological data, a framework model is created to
both light rare earth elements (cerium, lanthanum, neodymium) visualize the shape and size of the ore bodies. This model takes
and heavy rare earth elements (samarium, dysprosium), into account the spatial distribution of minerals and the
making it valuable for high-tech industries. structure of the deposit, which is crucial for subsequent stages

Fig. 3 presents the geological map of the Verkhnee Espe of modeling (Fig. 5).
deposit, showing the main tectonic structures and After the framework modeling, a block model of the
thedistribution of carbonatite intrusions, which are the primary deposit is created (Fig. 6), followed by the estimation of
sources of rare earth elements. reserves (Table 4). The main goal is to determine the volumes

Table 4: Results of the Reserve and Resource Estimation of the Verkhnee Espe Deposit by GKZ Categories, and the Average Content
of Rare Earth Elements.

Category/Ore body Ne Ore, thousand tons Nb2Os Ta:0s REE Zr0O:

C2/1 21520 0.0481 0.0062 0.0915 0.1994
C2/2 45 626 0.0512 0.0088 0.0634 0.1059
C2/3 21178 0.0271 0.0032 0.0440 0.0748
C2/4 11725 0.0370 0.0053 0.0724 0.0641
C2/zh 1633 0.0727 0.0146 0.0251 0.1178
Total for Category C2 101 682 0.0472 0.0076 0.0593 0.1124
Pl/1 20478 0.0432 0.0055 0.0867 0.2156
P1/2 10 832 0.0368 0.0053 0.0885 0.0378
P1/3 35524 0.0222 0.0070 0.0693 0.0549
Pl/4 22983 0.0276 0.0046 0.1109 0.0117
Total Forecast Resources 89 817 0.0325 0.0056 0.0889 0.0800

L.
Fig. 5: Framework model of the ore bodies of the Verkhnee Espe deposit in Surpac software, clearly showing the distribution of ores
in 3D space.

Fig. 6: Block model of the ore bodies of the Verkhnee Espe deposit in Surpac software, showing the distribution of rare earth element
content in the ore bodies, ranging from blue to yellow.
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of ore and valuable elements that can be extracted from the
deposit, taking into account technical and economic
constraints. The reserve estimation considers data on the
content of rare earth elements in the ore.

The MINEFRAME system has improved the reliability of
information regarding the boundaries of ore bodies, their
thickness, depth of occurrence, and the content of primary and
accompanying components. It has also facilitated the
identification of new ore bodies and simplified the
construction of the block model of the deposit (in CSV,
DWG/DXF formats), utilizing open file formats such as
DXF/DWG, SHP, CSV, XML, and the OMF format, adhering
to open exchange standards (CSV, DXF).l'%

The MINEFRAME system proved particularly valuable
for deposit evaluation due to its capabilities in geological
modeling, resource estimation, and 3D visualization. The
framework modeling and block modeling features allowed for
accurate delineation of ore body boundaries, thickness, and
depth, which enhanced the reliability of resource assessments.
Additionally, the system's support for open exchange formats,
such as CSV and DXF, streamlined data integration and
facilitated collaboration across various teams. By enabling the
efficient creation of geological maps and stratigraphic models,
MINEFRAME significantly improved the precision and
efficiency of deposit evaluation processes.

As a result, the conceptual scheme of geo- economic
assessment, complemented by the integration of analytical
data formats into the current infrastructure, taking into account
the complexity of business processes, loosely structured data
and technological operations, improves control over the
individual stages of work with innovation and usefulness of
the ecosystem, allows to keep the IT landscape of the
enterprise as a whole.

We can distinguish the main directions of innovative
development: basic automation, which allows improving
processes, preparing data arrays (big data), ensuring the
readiness of production and supporting functions for digital
transformation (digital ready) and digital transformation
(development of expert systems, dispatching centers, digital
enterprise technologies).

According to research, big data and artificial intelligence
technologies are being adopted by enterprises with a high level
of digital maturity. Manufacturing execution system (MES)
and enterprise resource planning (ERP) business applications
are most in demand, especially new MES systems based on
the creation of digital twin of the production process. In
priority is the introduction of ERP - SAP S/4 HANA (in-
memory database) - a single integrated information system
linking business processes, production and personnel
management based on cloud technologies.

The analysis showed that, on average, investments in
digital twin or robot technologies pay off in 1.5-2 years, in
software development and implementation in 6-8 months.[7]
The most in-demand technologies were technologies for
collecting, processing and analyzing big data, followed by
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cloud services, geoinformation systems, digital platforms
and internet of things (IoT) (Fig. 7).

By mastering systems analysis and Systems Analysis and
Program Development (SAP) software, the enterprises
improved their responsiveness to customer requirements
regarding the characteristics of finished products, which had a
positive impact on business transparency and flexibility, and
intensified the development of their own import-independent
solutions.

In general, the adoption of digital technologies has had an
effect at all stages of value creation: production growth of 15-
20% and procurement productivity of up to 40-50%,
stabilization of the ore flow quality, and improvement of
forecast estimates of accident risk.

With government support for corporate innovation and
increased access to technological knowledge, the mining
sector could become a driver for importing the latest
technologies into Kazakhstan.

We have identified factors that are constraining
digitalization: difficulties in extracting value and economic
benefits from digital decisions; low level of basic process
automation; weak evidence base and problems with
availability of raw data, insufficient staff competence in
working with specialized software and lack of experience in
implementing innovative solutions; lag in the transition from
research to the implementation of viable solutions in the real
production environment and subsequent scaling up in order to.

Since the main challenge is to extract practical benefits
from the huge amount of data generated, the key barrier to
obtaining economic results from total automation turned out
to be the lack of competencies for systematically analyzing the
information.

The lack of a comprehensive approach to creating a “digital
factory”, lack of experience in agile practices, and difficulties
in implementing cloud and platform technologies played a
negative role.

The analysis showed that despite the existence of
successful import substitution cases, a significant share of the
digital infrastructure in the mining sector is still represented
by foreign developments. These include, for example, ERP
systems from major Western vendors (SAP, Oracle database
management systems), which are not related to the
digitalization of production processes, but which ensure the
performance of the enterprise, interaction between
departments, and an analytics system for management
decision-making and reporting. Also, software products of
Autodesk for computer-aided design, building information
modeling, drawing (AutoCAD, Autodesk BIM, Autodesk
Revit), software for design, construction, and operation of
infrastructure from Bentley Systems, CAD/CAM/CAE
systems from Siemens. Kazakhstan developers need to pay
attention first of all to the search for analogues of such
software products as they are the most demanded, suspension
of their service may lead to risks of informational and
technological nature.
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Fig. 7: Adoption of digital technologies and specialized software by enterprises in 2016 - 2023, %.[70-7]

Historically, mining companies have used unlicensed
software. Largely due to government co-operation with major
software vendors and the efforts of rights holders themselves,
the use of unlicensed software is declining. As much of today’s
software is cloud-based services, the move to licensed
software will accelerate the adoption of cloud-based software.

The main factors complicating the transition to domestic
software that is inextricably linked with production equipment,
which also restrains the import substitution of software, have
been identified. This is the incompatibility of Kazakhstani
software products with foreign analogues and the need for
one-time replacement of a number of software products with
subsequent integration with enterprise systems. In addition,
the supply of domestic industrial and engineering software is
limited, remains dependent on foreign vendors and does not
fully meet the needs of enterprises in terms of functionality.

The main barriers are a decentralized approach to
managing innovation projects, the lack of a structured
communication and staff motivation system, and the
difficulties in integrating disparate in-house solutions and
tools for a consistent transition to a digital strategy into the
digitalization program.

The specificity of mining production is conditioned by the
fact that information and analytical support of mining and
mineral processing is based on the application of models with
subsequent development of business processes. Automated
methods of obtaining geological and economic information
should be applied at all stages of geological exploration work,
taking into account industry priorities, since information
resources as a result of geological study of subsurface
resources are represented by arrays of initial data for each
industry direction.

Today, enterprises are striving to form a digital ecosystem
by implementing a corporate information system that allows
them to move to qualitatively new management principles. In
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order to reduce medium- and long-term risks of losing
business stability, it is advisable for enterprises to create
automated process control systems (APCS) based on an open
architecture, when open data exchange protocols and common
standards of interaction between various components of
information systems are used. Open APCS will allow the
application of artificial intelligence in the form of
microservices, including for the purposes of technological
modeling, tracking the technical condition of equipment,
planning maintenance and repair schedules, which provides
flexibility in making technical and commercial decisions.

Table 5: Efficiency of using management information

systems, %.83-8]
Index Change
Reducing the cost of the final product 10-40
Energy optimization 25-65
Reducing waste 8-20
Reduce inventory and warehouse losses 7-15
Reduced maintenance and support costs 20-65
Reduced diagnostic time 25-50
Improving specification accuracy 30-70
Increased supply chain agility 20-60
Reduced space 15-40
Capacity utilization 15-50
Accelerate time to market 10-75
Increased sales 15-50
Increased profitability 25-50
Increased profitability 20-50
Improving planning 10-70
Pricing accuracy 30-65
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The introduction of information-analytical systems, which
are formed as a conglomerate of various software tools, fully
or partially covering various processes, has mainly affected
the detailing of costs (Table 5).

The wide range of changes in certain indicators, such as
"Reducing waste" (8-20%), can be attributed to varying levels
of digital maturity across enterprises. Companies with more
advanced information systems and automation technologies
are better equipped to identify inefficiencies in resource
utilization and implement effective waste reduction strategies.
Conversely, enterprises with limited digital infrastructure or
inconsistent data integration may struggle to achieve similar
improvements. This variation underscores the importance of
adopting comprehensive digital solutions tailored to the
specific operational needs of each enterprise to maximize
efficiency gains.

The choice of the path of sequential digitalization, when
several information systems with overlapping functions are
used within one enterprise, is explained by the difficulties with
Kazakhstani digital solutions. Comparative analysis of
enterprise software has shown that the most important factor
determining the choice of a particular IT solution was the
ability to solve a certain range of tasks characteristic of
different types of mineral deposits and the applied methods of
their mining. Therefore, the enterprises face the task of
developing their own digital product that integrates the main
areas of their activities into a unified information and
analytical system. In this case, it is possible to achieve
productivity growth due to distributed access to information in
accordance with corporate regulations, improve the quality of
management information, and speed of its processing.

The mastering of digital technologies becomes relevant
from the position of increasing the investment attractiveness
of the industry and increasing the business value of the
enterprise through the competent use of mineral data and
objective geological and economic assessment of mineral
deposits according to international standards.[#84

The integration of automated systems and business
applications is necessary to ensure the continuous nature of the
information used for such an assessment. Processes
automation, objective assessment and data interpretation will
enable the formation of a unified planning system, increased
management flexibility and responsiveness for unforeseen
changes. Subsequently, thanks to an integrated approach to the
creation of in-process digital competencies, enterprises can
focus on organizational and technological transformation,
including changing the organizational structure and business
model transformation.

Mining MES plays an important role in the search for
solutions that link all processes of a company’s management
into a single system, which accelerates the company’s
adoption of intelligent planning, traceability, geometallurgy,
and metal balance scenarios that require the organization of
transparent, end-to-end processes across all processing steps.

This is where the additional effects of digitalization are hidden.
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For this purpose, enterprises need to create an object-
oriented platform as a tool for engineering and economic
support of the entire technological cycle. This will be a unified
database of data, system and application tools for solving the
tasks of automated design of surface and underground mining
operations;  ensuring their = geomechanically safety,
acceleration production processes and achieving financial and
economic sustainability of the enterprise. The platform should
become a tool for digital transformation of the enterprise,
accelerating the transition from descriptive to prescriptive
analytics, creating effective mechanisms for regulating
production and technological processes on the bases of raw
data. The mobility of the platform will provide external
developers with the opportunity to integrate their software
solutions into the formed information space of the enterprise.

To expand the range of competencies in the field of work
organization, it is important to develop a taxonomy of skills
for IT education, to strengthen in-house competencies when
all personnel are proficient in data-driven approach and self-
service analytics tools. When developing an enterprise
platform, strategic benchmarks (technological leadership,
international positions) should be taken into account,
determining business impact on data quality on an enterprise-
wide scale rather than a separate functional area.

4. Discussion

The findings of this study illuminate the current state of
digitalization within Kazakhstan's mining enterprises and
underscore the significant challenges and opportunities that lie
ahead. Our results indicate that while there is a foundational
level of digital infrastructure in place, the full potential of
Industry 4.0 technologies remains largely untapped. This is
consistent with previous research, which has shown that
digital transformation can drive productivity improvements
and operational efficiencies in various sectors, including
mining.

The low levels of digital maturity identified among
medium and small enterprises highlight a critical barrier to
achieving the strategic goals set forth by the government for
the mining sector. Our regression analysis confirms that
material costs are a predominant factor influencing production
output, suggesting that without adequate investment in digital
technologies, enterprises will struggle to improve their
competitive positioning. This aligns with global trends where
companies that invest in digital solutions experience enhanced
operational efficiency and reduced costs.

Moreover, our research illustrates a shifting focus from
traditional production metrics to broader considerations
encompassing environmental, social, and governance (ESQG)
factors. The gradual integration of digital technologies into
areas such as geology and industrial safety reflects a growing
awareness of the importance of sustainability in mining
operations. This transition is crucial as the industry faces
increasing scrutiny regarding its environmental impact.

Looking ahead, several future research directions emerge
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from our findings. First, there is a pressing need for in-depth
studies on the effectiveness of different digital solutions
tailored to the specific challenges faced by Kazakhstan's
mining enterprises. The complexities of integrating innovative
technologies with existing operational frameworks warrant
further exploration, particularly regarding the development of
a cohesive digital ecosystem that facilitates data sharing and
collaboration among industry players.

The implementation of the proposed digital solutions has
the potential to significantly enhance the investment appeal of
Kazakhstan's mining sector. By integrating advanced
technologies such as data analytics, digital twin systems, and
automated process control systems, enterprises can
demonstrate their commitment to innovation and efficiency.
These advancements not only reduce operational risks but also
align with global standards, such as ESG criteria, which are
increasingly prioritized by foreign investors. Moreover, the
creation of a unified digital ecosystem can foster transparency
and streamline collaboration, making the sector more
accessible and attractive to international stakeholders. The
integration of these solutions signals Kazakhstan's readiness
to adopt cutting-edge technologies, thus positioning it as a
competitive player in the global mining industry.

5. Conclusion

This study highlights the critical role of digitalization in
enhancing the operational efficiency and competitiveness of
Kazakhstan's mining enterprises. The research reveals that,
despite the foundational digital infrastructure, the sector faces
significant challenges in fully leveraging Industry 4.0
technologies. Key findings indicate that material costs remain
a substantial barrier to productivity, underscoring the need for
targeted investments in digital solutions to improve production
outcomes.

Furthermore, the transition towards integrating digital
technologies into various aspects of mining operations,
including geology, industrial safety, and environmental
management, marks a significant shift in the industry. This
reflects an increasing recognition of sustainability as a key
driver of future success within the sector.

The implications of this study are twofold: Firstly, it
emphasizes the necessity for mining enterprises to adopt a
comprehensive digital transformation strategy that aligns with
international standards and best practices. Secondly, it calls for
collaboration among stakeholders, including government
agencies, industry players, and technology providers, to foster
an ecosystem conducive to innovation and sustainable growth.
In summary, while the current state of digitalization in
Kazakhstan's mining sector presents substantial challenges, it
also offers significant opportunities for advancement. To
achieve full digitalization, establishing wunified data
integration standards is essential. Continued research and
strategic investment in digital technologies will be critical for
the sector to achieve its potential and remain competitive in
the global marketplace.
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