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Abstract

Purpose. To substantiate solutions for improving energy efficiency in the mining industry through the integration of
renewable energy sources (RES), energy management systems (EMS), and hybrid energy technologies, considering their
energy, environmental, and economic performance.

Methods. The study used theoretical analysis, comparative assessment, mathematical calculations, and data processing
based on scientific publications and international reports. The main indicators of RES, EMS, and hybrid systems were
compared using common energy, environmental, and economic parameters. Calculations were performed using Python with
NumPy and Pandas libraries and SMath Solver. Three scenarios were considered: conventional energy consumption, RES
integration, and hybrid energy supply.

Findings. The results indicate that RES integration can reduce energy consumption by 10-30%, while hybrid systems
provide a reduction of 15-35% and reported system-efficiency values of 70-90%. EMS can reduce energy consumption by
8-25%, peak loads by 10-30%, and CO, emissions by 6-20%. Total investment costs for RES projects were estimated at
57.5-156 million USD. For hybrid systems, the required investment ranges from USD 2.5 to 7.5 million, with annual savings
of USD 0.5 to 1.2 million and a payback period of up to 10 years, whereas EMS require substantially lower capital investment
and have a payback period of up to 6 years.

Originality. A comparative assessment of RES, EMS, and hybrid energy technologies was performed using a common
set of energy, environmental, and economic indicators, which made it possible to identify differences in their efficiency,
investment requirements, and implementation conditions.

Practical implications. The obtained results can be used to support the selection of energy-efficiency solutions for mining
enterprises depending on production scale, investment capacity, infrastructure readiness, and expected energy savings.

Keywords: renewable energy sources; energy management systems; hybrid energy systems; energy efficiency; mining
industry; CO; emissions, energy savings, economic efficiency

1. Introduction fore, improving energy efficiency should be considered as a
system-wide task covering mineral extraction, processing,

1.I. Background and problem statement transportation, ventilation, pumping, and auxiliary operations.

Energy efficiency is currently an important issue world- practice, substantial improvements require not only the
wide, and the mining industry plays a significant role in this  modernization of energy-intensive equipment but also better
context due to its high energy demand. Global mining pro-  ¢oordination of technological processes and energy supply.
duction accounts for about 10% of total energy consumption, Previous studies have considered different aspects of
with mineral processing and transportation being among the  transport equipment and infrastructure, including locomo-
most energy-intensive processes [1], [2]. tive-track interaction, freight-car dynamics, the operation of

The growing scale and complexity of mining operations, heavy-freight rolling stock, and the influence of railway
increasing mechanization and electrification, and stricter envi-  vehicles on track structures [3]-[7]. Other research has fo-
ronmental requirements make efficient energy use an increa-  cysed on the performance and power transmission character-

singly important operational priority. Energy consumption jstics of vehicle transmissions, as well as on the optimization
directly affects production costs, technological stability, and  of transport routes and cyclic schedules [8]-[10]. Together,
the environmental performance of mining enterprises. There-  thege studies show that improvements in transport efficiency
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depend not only on the condition and reliability of individual
vehicles, but also on drivetrain performance, infrastructure
interaction, and the organization of transportation processes.
In 2021, the mining industry consumed approximately
5.5 billion MWh of energy worldwide, about 60% of which
was used for mineral extraction and processing [11], [12].
Mining activities also contribute to carbon dioxide emissions,
which increases the environmental pressure associated with
mineral extraction and processing [13], [14]. The environmen-
tal consequences of mining also extend to post-mining and
post-industrial landscapes, where the assessment of ecosystem
services and the functioning of novel ecosystems can support
more sustainable approaches to land redevelopment and envi-
ronmental management [15]. In addition to energy consump-
tion and emissions, environmental challenges in the mining
sector include wastewater treatment, for which electrical-
discharge technologies have also been investigated [16]-[18].
Complementary environmental approaches include ultraviolet-
based methods for investigating and treating surface wa-
ters [19]. The main energy consumption and environmental
impacts of the mining industry are summarized in Figure 1.
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Figure 1. Energy consumption and environmental impact of the
mining industry

Improving energy efficiency can also increase the eco-
nomic performance of mining enterprises. A 10% reduction
in energy consumption can lead to an average reduction of
3-5% in production costs. Therefore, the application of new
energy management approaches and innovative technological
solutions can provide significant economic benefits. One of
the promising directions is the integration of renewable ener-
gy sources (RES). In 2020, renewable energy accounted for
only about 2-3% of the energy used in the global mining
industry, while available studies indicate the possibility
of increasing this share to approximately 20%, with corre-
sponding economic and environmental benefits [20]-[23].

In addition to renewable energy integration, improvements
in the energy performance of mining and mineral-processing
systems can be achieved through the modernization of tech-
nological equipment and the introduction of alternative ener-
gy-conversion and storage solutions. In-situ method of extrac-
tion been investigated as an approach for converting coal
resources directly within the geological formation, including
applications to steeply dipping coal seams [24], [25]. At the
equipment level, the modernization of electrically driven
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mining systems, including electromagnetic lifting installa-
tions, can contribute to more reliable operation of mine infra-
structure [26]. Energy-storage technologies also represent an
important component of modern energy systems, particularly
where renewable generation is combined with variable loads.
In this context, recent studies have focused on improving the
electrochemical performance of supercapacitor electrode
materials for advanced energy-storage applications [27].
These developments indicate that improving the energy per-
formance of mining operations should involve not only
changes in energy supply but also technological moderniza-
tion, energy conversion, and energy-storage solutions.

Energy efficiency should also be considered within the
broader framework of resource efficiency and environmental
performance in mining and mineral-processing operations.
Considerable attention has therefore been given to the recovery
and reuse of technogenic materials, including ore-processing
wastes, flotation tailings, metallurgical slags, and drilling
wastes. Recent studies have investigated the utilization of
industrial mineral wastes in composite materials [28], the
separation and treatment of waste drilling muds [29], and the
recovery of valuable components from ore and flotation
tailings using bioleaching approaches [30], [31]. Other studies
have considered the processing of copper-smelting slags [32]
and the use of Kazakhstan ore-dressing wastes as secondary
raw materials for the production of functional materials [33],
[34]. Although these technologies are primarily aimed at mate-
rial recovery and environmental protection, they reflect the
wider transition toward more resource-efficient mining sys-
tems, in which energy consumption, waste generation, and
secondary-resource utilization should be considered jointly.

Energy management systems (EMS) represent another
approach to reducing energy consumption in mining opera-
tions. Previous studies report that the implementation of
EMS can reduce energy costs by approximately 12% [35]-
[38]. Similar approaches involving energy-saving measures
and renewable energy technologies are also being developed
in Kazakhstan [39]-[41]. The transition to green energy in
Kazakhstan has also been considered at the national level,
with particular attention to the challenges and possible solu-
tions associated with the wider implementation of renewable
energy technologies [42].

The reduction of environmental impacts is particularly
relevant for the mining sector of Kazakhstan. In 2019, CO,
emissions associated with the mining industry exceeded
80 million tons and accounted for about 10% of the country’s
total emissions [43]-[45]. Thus, improving energy efficiency
is important not only for reducing operating costs but also for
decreasing the environmental impact of mining operations.
The importance of emission-reduction measures in Kazakh-
stan is also confirmed by studies of diesel road transport,
where the use of exhaust-gas cleaning technologies has been
considered for reducing harmful emissions and assessing
CO; emissions [46]. Broader sustainability improvements in
Kazakhstan’s mining industry are also associated with the
optimization of reverse supply chains and the recovery of
value from mining waste, which can improve resource utili-
zation and reduce environmental impacts [47].

Accordingly, the development and assessment of innova-
tive energy-efficiency solutions remain relevant for the
mining industry. Particular attention should be paid to the
combined application of renewable energy sources, energy
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management systems, and hybrid technologies, taking into
account both their potential benefits and the economic and
infrastructural limitations of their implementation.

1.2. Literature review

Improving energy efficiency in the mining industry has
received considerable attention in recent years. The main
research directions include the integration of renewable energy
sources, optimization of technological processes, implemen-
tation of energy management systems, and development of
hybrid energy solutions. Process-level optimization has also
been used to determine rational energy-power parameters
and reduce energy consumption in industrial material-
processing operations [48]. At the same time, the large-scale
application of these technologies remains constrained by
economic, technical, and infrastructural factors. The main
solutions and challenges associated with improving energy
efficiency in the mining industry are summarized in Figure 2.
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Figure 2. Solutions and challenges in improving energy efficiency
in the mining industry

Information and visualization tools can also support the
assessment and monitoring of renewable energy resources. In
Kazakhstan, approaches based on geographic information
systems have been proposed for the visualization and moni-
toring of renewable energy potential [49].

Pouresmaieli et al. [5S0] showed that the integration of re-
newable energy sources combined with strategic planning
can improve energy efficiency and support sustainable de-
velopment in the mining industry. However, high initial
capital costs and the need for infrastructure modernization
remain major barriers to implementation. Herrington [51]
also emphasized the role of renewable energy in reducing
CO, emissions associated with mining activities, while not-
ing the technical and economic difficulties related to large-
scale deployment. The main indicators reported in these
studies are compared in Table 1.

The reported improvement in energy efficiency ranges
from 15 to 30%, while initial capital costs vary from 50 to
120 million USD. The estimated energy savings range from
250 to 400 GWh/year. These values indicate the considera-
ble potential of renewable energy integration, but also
demonstrate the substantial investment requirements asso-
ciated with such projects.

Igogo et al. [52] reported that renewable energy integration
in mining operations can reduce CO; emissions by up to 20%,
although high capital requirements and infrastructure con-
straints remain important barriers. Li et al. [53] considered
clean-energy development pathways for mining projects using
big-data approaches and also identified financial and technical
limitations affecting their practical implementation. Selected
parameters reported in these studies are presented in Table 2.

According to the reported data, project implementation
may require approximately 4-7 years, which confirms the
need to consider not only energy performance but also eco-
nomic and organizational factors.

Table 1. Energy efficiency and CO: reduction in the mining industry

. .\ . Infrastructure . Renewable .
Energy efficiency  Initial capital . CO2 emissions . Energy savings,
Research source . o o renovation R energy capacity,
improvement, % cost, million USD . o reduction, % GWh/year
required, % GWh
Pouresmaieli et al. [50] 20-30 50-100 15-25 — 15002000 300400
Herrington [51] 15-25 60-120 20-30 10-15 12001800 250350

Table 2. Renewable energy integration in mining (key parameters)

Renewable ener:
Research source gy

Energy savings cost,

Additional labor Project completion

used, MW USD/MW challenges time, years
Igogo et al. [52] 2000-2500 30000-40000 High 5-7
Li et al. [53] 2500-3000 35000-45000 Medium 4-6

The reliable operation and monitoring of electrical infra-
structure are also important for energy-management applica-
tions in mining. Methods for determining insulation parame-
ters in electrical networks have been developed specifically
for mining enterprises [54], [55]. Energy management sys-
tems provide another approach to improving the efficiency of
mining operations. Laayati et al. [56] developed a monitoring
and forecasting system for peak energy loads in open-pit
mining. Their results demonstrate the potential of real-time
monitoring and forecasting to reduce energy consumption
and peak loads. Laayati et al. [S7] also emphasized the im-
portance of energy metering, monitoring, and forecasting for
mining enterprises. Nevertheless, the large-scale implemen-
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tation of such systems is still affected by financial constraints
and infrastructure requirements. The main performance indi-
cators reported in these studies are presented in Table 3.
According to Table 3, energy management systems can re-
duce energy consumption by 8-25%, peak loads by 10-30%,
and CO, emissions by 6-20%. At the same time, implementa-
tion costs range from 30 to 200 thousand USD, while the esti-
mated payback period varies from 2 to 6 years. Infrastructure
complexity and financial constraints therefore remain important
factors affecting the wider implementation of EMS. Anvari and
Benndorf [58] reviewed recent developments in real-time min-
ing and highlighted the importance of digital and real-time
management systems for improving mining performance.
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Table 3. Performance indicators and characteristics of energy
management systems in mining

Laayati, Laayati,
No. Indicator etal., etal.,
[56] [57]
1 Energy consumption reduction, % 10-25 8-20
2 Peak load reduction, % 15-30 10-22
3 Prediction accuracy, % 85-95 80-90
4 Monitoring frequency, s 1-5 5-10
5 Data acquisition interval, min 1-15 5-30
6 Load balancing efficiency, % 12-28 8-18
7 Energy loss reduction, % 10-24 7-18
8 CO; emission reduction, % 8-20 6-15
9 Equipment efficiency increase, % 10-22 8-16
10 Emergency downtime reduction, % 12-25 8-18
11 System implementation cost, thousand USD  50-200  30-120
12 Sensor share in system cost, % 20-35 15-30
13 Software share in system cost, % 15-25 10-20
14 Infrastructure cost share, % 30-45 25-40
15 Annual maintenance cost, % 5-12 4-10
16 Infrastructure complexity, points (1-10) 7-10 6-9
17 Financial constraint level, points (1-10) 8-10 7-9
18 Technical barrier level, points (1-10) 7-9 6-8
19 Payback period, years 2-5 3-6
20 Large-scale adoption potential, % 55-75 45-65

However, further assessment of their economic efficiency
and scalability is still required. Dikgwatlhe et al. [59]
analyzed the integration of clean energy technologies in
mining and also identified challenges related to the assess-
ment and large-scale implementation of energy-efficiency
measures. A comparison of selected indicators reported in
these studies is shown in Figure 3.

307

251

Percentage, %

Energy
reduction

Efficiency CO2
increase reduction

Figure 3. Comparative analysis of energy efficiency metrics
in the mining industry: 1— Anvari & Benndorf [58];
2 — Dikgwatlhe et al. [59]

The comparison shows differences between the reported
values of energy consumption reduction, efficiency improve-
ment, and CO; reduction. These differences indicate that the
effectiveness of energy-efficiency measures can vary depen-
ding on the technological solution and operating conditions.

Nepsha et al. [60] investigated renewable energy integra-
tion at coal-mining enterprises and showed that its implemen-
tation is affected by financial, technical, and economic con-
straints. Roemer et al. [61] reviewed energy consumption,
decarbonization pathways, and renewable energy integration
in the mining industry and confirmed the potential for substan-
tial emission reduction. At the same time, they emphasized the
need to overcome financial and technical barriers. Issa et
al. [62], based on the Canadian mining industry, also high-
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lighted the importance of economic and policy support for the
implementation of renewable energy technologies. The main
indicators reported in these studies are summarized in Table 4.
The data presented in Table 4 indicate that renewable energy
integration may reduce energy consumption by 10-30% and
CO; emissions by 12-40%. However, relatively high implemen-
tation costs and long payback periods remain important factors
limiting the large-scale introduction of these technologies.

Table 4. Key indicators of renewable energy integration in the

mining industry

Nepsha, Roemer, Issa et

No. Indicator etal., etal., al.,

[60] [61] [62]
1 Energy consumption reduction, % 10-20  15-30  12-25
2 CO2 emissions reduction, % 12-22  20-40 18-35
3 Renewable integration level, % 20-35 25-50  30-55
4 Implementation cost, million USD 2.0-5.5 3.0-8.0 2.5-6.5

5 Payback period, years 4-8 5-10 4-9
6 Implementation rate, % 20-40  25-45  30-50
7 Government support level, % 30-50  40-65 50-75
8 Economic efficiency, % 15-30  20-35 18-32
9 Risk level, % 45-65  40-60  35-55
10 Infrastructure readiness, % 30-55  35-60 40-70

Hybrid energy systems represent another promising
direction, particularly for remote mining operations. Kronja
and Gali¢ [63] examined the integration of renewable energy
sources to improve the sustainability and resilience of remote
mines and identified both economic and logistical challenges.
Feng and Dong [64] considered energy management in large
hybrid electric mining trucks, focusing on fuel economy and
battery life. Selected parameters characterizing these
approaches are compared in Figure 4.

Economic
Logistic
Battery life
Fuel efficiency

Sustainability

T T T T T T T T

0 10 20 30 40 50 60 70 80
Relative score, %
Figure 4. Multi-parameter assessment of energy management
and integration in mining: 1— Kronja & Gali¢ [63];
2 —Feng & Dong [64]

Li et al. [65], [66] investigated energy management and op-
timization approaches for hydraulic hybrid mining trucks and
demonstrated their potential to reduce energy consumption.
However, high costs and scalability remain important limita-
tions. Nkambule et al. [67] performed a techno-economic anal-
ysis of hybrid renewable energy systems for the South African
mining industry and showed that such systems can improve
energy efficiency, although their economic feasibility depends
strongly on investment conditions. The main performance
indicators reported in these studies are summarized in Table 5.
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Table 5. Key performance indicators of hybrid energy systems in
the mining industry

Lietal., [65], Nkambule

No. Indicator Lietal, [66] etal,[67]
1 Energy consumption reduction, % 15-30 20-35
2 Energy efficiency improvement, % 18-32 22-38
3 System efficiency, % 70-85 75-90
4 Implementation cost, million USD 2.5-6.0 3.0-7.5
5 Payback period, years 4-9 5-10
6 Scalability level, % 40-65 45-70
7 Technology adoption level, % 30-50 35-60
8 Economic efficiency, % 20-35 25-40
9 Risk level, % 40-60 35-55
10 Infrastructure readiness, % 35-60 40-65

According to Table 5, hybrid systems can reduce energy
consumption by 15-35%, while the reported system efficien-
cy ranges from 70 to 90%. Their implementation costs are
estimated at 2.5-7.5 million USD, with a payback period of
approximately 4-10 years. These values indicate considerable
potential for improving energy performance, although in-
vestment costs and infrastructure readiness may limit large-
scale implementation.

Kalantari et al. [68] proposed a hybrid renewable hydro-
gen-based energy solution for remote mines and showed its
potential for improving energy accessibility and sustainability.
However, the long-term feasibility and practical implementa-
tion of such systems require further investigation. Hydroge-n-
assisted combustion has also been investigated as an alterna-
tive approach for internal combustion engines, with experi-
mental results indicating reductions in fuel consumption and
exhaust emissions [69]. Overall, previous studies demonstrate
the considerable potential of RES, EMS, and hybrid systems
for reducing energy consumption and environmental impacts
in mining. At the same time, these approaches are commonly
considered separately, while their comparative energy, envi-
ronmental, and economic characteristics vary considerably
between studies. In addition, high initial costs, infrastructure
limitations, scalability, and payback periods remain important
barriers to their wider application. Therefore, a comparative
assessment of these solutions using a common set of energy,
environmental, and economic indicators is required to identify
their potential applicability in mining operations [70].

1.3. Aim and objectives of the study

The aim of the study is to substantiate innovative solu-
tions for improving energy efficiency in the mining industry
through the integration of renewable energy sources, energy
management systems, and hybrid technologies.

To achieve this aim, the following objectives are set:

—to analyze the current level of energy consumption in
the mining industry and assess modern technologies aimed at
improving energy efficiency, including renewable energy
sources and energy management systems;

—to evaluate the energy performance, economic feasibil-
ity, and practical applicability of renewable energy sources,
energy management systems, and hybrid energy solutions in
mining operations.

2. Materials and methods

This study used an integrated analytical approach to
assess solutions for improving energy efficiency in the
mining industry. The methodological framework included
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theoretical analysis, comparative assessment, mathematical
calculations, and data processing. The initial parameters were
selected based on the scientific literature and international
reports reviewed in the study.

As a baseline, the total annual energy consumption of the
global mining industry was taken as approximately 5.5 billion
MWh, of which about 60% is associated with mineral extrac-
tion and processing. The sectoral distribution of energy con-
sumption used in the calculations is presented in Figure 5.

Infrastructure and

auxiliary services pe

Transportation

B

Extraction and
mineral processing

Other processes
(ventilation, lighting,
pumping, etc.)

a Extraction and mineral processing
‘ account for = 60%

of total energy consumption

Global mining industry:
Energy consumption = 5.5 billion MWh/year

Figure 5. Sectoral distribution of total energy consumption in the
mining industry

More than 30 scientific articles and international reports
were considered to determine the ranges of the main parame-
ters used in the comparative assessment. Based on the
reviewed sources, the calculations considered an energy
efficiency improvement of 10-30%, energy savings of
250-400 GWh/year, renewable energy values ranging from
120 to 3000 GWh, and a reduction in CO; emissions of
10-40%. In addition, the reported CO; emissions of the min-
ing sector in Kazakhstan, exceeding 80 million tons, were
considered as an environmental reference indicator.

The technological solutions considered in the study in-
cluded renewable energy sources (RES), energy management
systems (EMS), and hybrid energy systems. Their energy,
environmental, and economic characteristics were compared
using the parameter ranges obtained from the analyzed litera-
ture. Particular attention was paid to investment costs, infra-
structure requirements, energy consumption reduction, CO»
emission reduction, system efficiency, and payback period.

For renewable energy projects, the total investment cost
was determined as the sum of the initial investment and in-
frastructure modernization costs:

Coorat = Conit + G,

init infra > (1 )

otal =

where:

Crowr — total investment cost;

Cinit — initial investment cost, ranging from 50 to 120 mil-
lion USD;

Cinfia — infrastructure modernization cost.

According to the adopted assumptions, infrastructure
modernization costs accounted for 15-30% of the initial
investment. Therefore, Equation (2) can be expressed as:

Crorat = Cinir +(0.15-0.30)C,

total init init *

)

This relationship was used to estimate the total capital re-
quirements for renewable energy integration under different
implementation conditions. The corresponding parameter rang-
es were derived from the literature reviewed in Section 1.2. The
economic performance of hybrid energy systems and EMS
was additionally evaluated using the simple payback period:
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C

_ T system
Tpayback - S > (3)
annual
where:

Thayback — payback period,;

Cyysiem — total system cost;

Sannual — annual economic saving.

The system cost was considered within the range of
2.5-7.5 million USD for hybrid systems and 30-200 thousand
USD for energy management systems. Maintenance costs of
approximately 4-12% per year were also taken into account
when assessing economic performance.

To compare the performance of the considered energy-
efficiency solutions, an integrated indicator was used. It com-
bines the reduction in energy consumption, peak load, CO>
emissions, and the improvement in equipment efficiency:

Moy = HAE +a, AP +a3ACO, + ayAn,, 4

where:

AFE — reduction in energy consumption;

AP — reduction in peak load;

ACO; — reduction in carbon dioxide emissions;

A¥neq — improvement in equipment efficiency;

a; — weighting coefficients reflecting the relative contri-
bution of the considered indicators.

The ranges used for the comparative assessment were
8-25% for energy consumption reduction, 10-30% for peak
load reduction, 6-20% for CO, emission reduction, and
8-22% for equipment efficiency improvement.

The operational performance of EMS was additionally
characterized by prediction accuracy, data acquisition inter-
val, and monitoring frequency:

Q = f(Apred, Tduta, fmon) s

where:
Aprea — prediction accuracy, ranging from 80 to 95%;
Tiata — data acquisition interval, ranging from 1 to 30 min;
fmon — monitoring interval, ranging from 1 to 10 s.
These parameters characterize the ability of the system to
provide timely information for operational energy management.
The overall system performance was represented as:

nsys =77e,7'Q,

©)

(6)

where:

Nsys — characterizes the combined energy and operational
performance of the considered system.

This expression was used as a general comparative repre-
sentation rather than as an independent physical efficiency
coefficient. The calculations and comparative data pro-
cessing were performed using Python with the NumPy and
Pandas libraries, while the considered energy consumption
scenarios were evaluated using SMath Solver. To assess
the stability of the obtained results, the main input parame-
ters were varied within a range of 10-20%, and a sensitivity
analysis was performed.

Three calculation scenarios were considered:

—a conventional energy consumption scenario represen-
ting the baseline conditions;

—a scenario with the integration of renewable energy
sources, with the RES share increased up to 20%;

—a hybrid energy scenario combining conventional and
renewable energy technologies.
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For each scenario, energy savings, economic parameters,
and environmental indicators were compared. The calculated
values were also compared with the ranges reported in pre-
vious studies, including an energy efficiency improvement of
15-30% and a CO, emission reduction of 12-40%.

The study was based on analytical and comparative eva-
luation and did not include industrial-scale experiments. The
considered project implementation period was 4-7 years, the
estimated payback period ranged from 2 to 6 years for EMS
and up to 4-10 years for hybrid systems, while the reported
potential for large-scale implementation ranged from 55 to
75%. These assumptions were used to compare the technical
and economic characteristics of the considered energy-
efficiency solutions under a common analytical framework.

3. Results and discussion

3.1. Analysis of energy consumption levels and energy
efficiency improvement technologies in mining

The analysis showed that the total annual energy consump-
tion of the mining industry is approximately 5.5 billion MWh.
About 3.3 billion MWh, or 60%, is associated with mineral
extraction and processing, while the remaining 2.2 billion
MWh is consumed by transportation, ventilation, and auxiliary
operations. This distribution confirms that extraction and pro-
cessing represent the main areas in which energy-efficiency
measures can provide the greatest potential effect (Fig. 6).

Transportation, ventilation,
nd auxiliary operation

\
Mineral extraction
and processing

Figure 6. Share of energy consumption across processes in the
mining industry

The scenario-based calculations indicate that the imple-
mentation of energy management systems can reduce energy
consumption by 8-25%. Under the considered baseline con-
ditions, total annual energy consumption decreases from
5.5 billion MWh to approximately 4.4-5.06 billion MWh,
corresponding to energy savings of 0.44-1.1 billion
MWh/year. Peak load reduction is estimated at 10-30%,
while CO; emissions decrease from 80 million tons to ap-
proximately 64-75.2 million tons. In addition, equipment
efficiency can increase by 8-22%. The ranges obtained for
the main EMS indicators are presented in Figure 7.

The integration of renewable energy sources also
demonstrates considerable potential. Increasing the RES
share from approximately 2-3% to 20% corresponds to
an increase in renewable energy use from about
110-165 million MWh to approximately 1.1 billion MWh.
Within the adopted calculation assumptions, energy con-
sumption can be reduced by 10-30%, corresponding to ener-
gy savings of 0.55-1.65 billion MWh/year. The estimated
reduction in CO; emissions ranges from 12 to 40%.
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Figure 7. Comparison of energy management system results:
1 — upper range; 2 — lower range

At the same time, renewable energy integration requires
substantial capital expenditure. The initial investment is
estimated at 50-120 million USD, while infrastructure mod-
ernization costs range from approximately 7.5 to 36 million
USD. Thus, the total economic effect of RES implementation
depends not only on energy savings and emission reduction,
but also on the required level of infrastructure renewal.
The corresponding changes in energy, environmental, and
investment indicators are presented in Figure 8.

Investment costs | 2 1

COz2 emisions reduction {

Energy consumption
reduction

Renewable
energy share

0 i() 40 60 80 100 120
Value

Figure 8. Changes in energy consumption, CO: emissions, and
investment costs due to the integration of renewable
energy sources: 1 — upper range; 2 — lower range

Hybrid energy systems showed the highest reported sys-
tem-efficiency values among the considered solutions. Their
system efficiency ranges from 70 to 90%, while the reduction
in energy consumption is estimated at 15-35%. Under the
adopted baseline conditions, this corresponds to annual ener-
gy savings of approximately 0.825-1.925 billion MWh.
These results indicate that combining conventional and re-
newable energy sources with energy-management approach-
es can provide substantial energy and environmental benefits.

However, the wider implementation of such systems remains
limited by investment costs and infrastructure complexity.

Overall, the obtained results indicate that EMS, RES, and
hybrid technologies can all contribute to improving the ener-
gy performance of mining operations. Their effectiveness,
however, differs depending on the technological configura-
tion, implementation scale, and economic conditions.

3.2. Evaluation of the economic efficiency and
practical application of the proposed solutions

The economic assessment showed that the total invest-
ment cost of renewable energy projects ranges from appro-
ximately 57.5 to 156 million USD. This includes initial in-
vestments of 50-120 million USD and infrastructure moder-
nization costs of 7.5-36 million USD. The obtained values
indicate that capital requirements remain one of the main
limitations for the large-scale implementation of renewable
energy technologies in mining. The main economic parame-
ters of hybrid systems and energy management systems are
presented in Table 6. For hybrid systems, the considered
project cost ranges from 2.5 to 7.5 million USD, while annual
savings range from approximately 0.5 to 1.2 million USD.
The estimated payback period is 4-10 years. Energy con-
sumption reduction is within the range of 8-25%, while peak-
load reduction can reach 10-30%.

For energy management systems, the implementation
cost ranges from approximately 30 to 200 thousand USD,
while annual savings are estimated at 10-80 thousand USD.
The corresponding payback period varies from 2 to 6 years.
Compared with hybrid energy systems, EMS therefore
require substantially lower initial capital expenditure, alt-
hough their total energy effect is also more limited.

The efficiency and implementation characteristics of the
considered systems are summarized in Table 7.

According to the obtained results, CO, emission reduc-
tion ranges from 6 to 20%, while equipment efficiency im-
provement reaches 8-22%. The integrated efficiency indica-
tor considered in the calculations ranges from approximately
15 to 26%, while the values reported for individual hybrid
energy systems can be considerably higher depending on the
applied technological configuration. Infrastructure complexi-
ty is estimated at 6-10 points, risk level at 35-65%, and fea-
sibility of implementation in remote areas at 45-75%.

The comparison also shows considerable differences be-
tween hybrid systems and EMS in terms of investment re-
quirements. Hybrid systems are characterized by higher
capital costs but can provide higher energy savings, while
EMS are less expensive and can be implemented with a
shorter payback period.

Table 6. Initial parameters of hybrid systems and energy management systems

System type Pr.oj‘ect cost, Anr}ugl savings, Payback period, Energy copsumption Peak.load
million USD million USD years reduction, % reduction, %
Hybrid systems 2.5-7.5 0.5-1.2 4-10 8-25 10-30
Energy management systems 0.03-0.20 0.01-0.08 2-6 — -

Table 7. Efficiency and implementation parameters of hybrid systems and energy management systems

Equipment

Overall

Implementation  Infrastructure Remote-area

System type Crgéfcrg;ssl?]/r:s efficiency efficiency, cost, million complexity, 165;151(% implementation
’ improvement, % % USD points ’ feasibility, %
Hybrid systems 6-20 8-22 15-26 0.03-7.5 6-10 35-65 45-75
Energy manage- B _ 20-35 _ _ _ _

ment systems
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Therefore, the choice between these approaches should
depend on the scale of the mining operation, available infra-
structure, investment capacity, and the required level of
energy-efficiency improvement.

The calculations were performed using Python and
SMath Solver, which made it possible to compare the main
energy and economic parameters of the considered solutions
under common assumptions. The results indicate that both
hybrid systems and EMS can be practically applicable,
although their implementation conditions differ significantly.

3.3. Discussion

The results obtained in this study generally confirm the
conclusions reported in previous research on energy-
efficiency improvement in the mining industry. The main
considered directions — renewable energy sources, energy
management systems, and hybrid technologies — demonstrate
different levels of energy savings, environmental benefits,
and economic feasibility.

The integration of renewable energy sources, which cur-
rently represents only a limited share of total energy use in
mining, can provide a substantial contribution to reducing
conventional energy demand and CO, emissions. Under the
adopted assumptions, the increase in RES integration is asso-
ciated with energy savings of 0.55-1.65 billion MWh/year
and a reduction in CO; emissions of up to 40%. These results
are generally consistent with the findings of Pouresmaieli et
al. [50], who emphasized the potential role of renewable
energy in increasing energy efficiency and supporting sus-
tainable development in mining.

Similar conclusions were reported by Li et al. [S3] and
Roemer et al. [61], who showed that renewable energy inte-
gration can improve the energy and environmental perfor-
mance of mining operations. At the same time, all these stud-
ies indicate that high investment requirements and infrastruc-
ture limitations remain major barriers to practical implemen-
tation. The present analysis provides similar results, with
initial capital costs of 50-120 million USD and infrastructure
modernization requirements of approximately 15-30%.

The results obtained for hybrid energy systems also agree
with previous studies. Hybrid configurations combining
renewable and conventional energy sources show system-
efficiency values of approximately 70-90% and energy-
consumption reductions of 15-35%. These results support the
potential use of hybrid solutions, especially for remote
mining operations where access to centralized energy infra-
structure may be limited.

At the same time, the economic comparison shows that
the implementation conditions differ considerably between
the considered technologies. Hybrid systems require higher
initial investment but can provide greater energy savings,
while EMS generally have lower implementation costs
and shorter payback periods. Therefore, no single techno-
logical solution can be considered universally optimal for
all mining enterprises.

The study also has several limitations. First, the assess-
ment is based mainly on literature-derived parameters and
analytical calculations rather than on direct industrial expe-
riments. As a result, the obtained values represent estimated
ranges and may vary depending on mine type, production
scale, local energy prices, technological readiness, and infra-
structure conditions.
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Second, the calculations assume relatively favorable
implementation conditions for RES, EMS, and hybrid sys-
tems. In real mining operations, environmental conditions,
regulatory requirements, equipment availability, and local
infrastructure may significantly affect both technical and
economic performance.

Another limitation is related to the scalability of the pro-
posed approaches. The effectiveness of hybrid systems and
renewable energy integration may differ between small,
medium, and large mining enterprises. Therefore, the ob-
tained results should be considered as a comparative analyti-
cal assessment rather than as fixed values applicable to all
mining operations.

Further research should focus on the experimental vali-
dation of the considered approaches using real operating
data from mining enterprises. Pilot projects and real-time
monitoring could provide more accurate estimates of ener-
gy savings, emission reduction, investment efficiency, and
payback periods.

Future studies may also consider the integration of hy-
drogen-based energy technologies, as proposed by Kalantari
et al. [68], as well as predictive energy-management ap-
proaches based on machine-learning methods. Such devel-
opments could improve the adaptability and operational
efficiency of energy systems under changing mining condi-
tions. Future studies may also consider predictive energy-
management approaches based on machine-learning methods
and broader Al-supported management frameworks for sus-
tainable digital transformation [71].

Overall, the results indicate that improving energy effi-
ciency in the mining industry requires an integrated approach
combining technological, economic, and environmental con-
siderations. Renewable energy sources, EMS, and hybrid
systems all demonstrate considerable potential, but their
practical implementation depends on investment capacity,
infrastructure readiness, and operating conditions.

4. Conclusions

The analysis showed that the mining industry is charac-
terized by high energy consumption, with approximately
60% of total energy use associated with mineral extraction
and processing. The considered energy-efficiency solutions
demonstrate different levels of potential improvement. The
integration of renewable energy sources is associated with an
energy consumption reduction of 10-30%, while hybrid en-
ergy systems can provide a reduction of 15-35% and reported
system-efficiency values of 70-90%. Energy management
systems can reduce energy consumption by 8-25%, peak
loads by 10-30%, and CO, emissions by 6-20%. These re-
sults indicate that RES, EMS, and hybrid technologies can all
contribute to improving the energy and environmental per-
formance of mining operations.

The economic assessment showed considerable differ-
rences between the considered solutions. Renewable energy
projects require the highest capital investment, with total
costs ranging from approximately 57.5 to 156 million USD
when infrastructure modernization is included. Hybrid sys-
tems require investments of approximately 2.5-7.5 million
USD and can provide annual savings of 0.5-1.2 million USD,
with a payback period of 4-10 years. Energy management
systems require substantially lower investment, approximate-
ly 30-200 thousand USD, with an estimated payback period



K. Zhunussov et al. (2026). Mining of Mineral Deposits, 20(3), 86-96

of 2-6 years. Thus, the practical choice of a particular solu-
tion should depend on the scale of the mining operation,
investment capacity, infrastructure readiness, and required
level of energy-efficiency improvement.

The comparative assessment indicates that no single
technological solution can be considered universally optimal
for all mining enterprises. Renewable energy sources provide
substantial environmental benefits but require significant
capital expenditure; EMS are characterized by lower imple-
mentation costs and shorter payback periods; and hybrid
systems provide comparatively high energy-performance
indicators but require more complex infrastructure. There-
fore, improving energy efficiency in the mining industry
should be based on a combined assessment of energy, envi-
ronmental, and economic factors.

The obtained results should be considered within the
limitations of the study, which is based mainly on literature-
derived parameters and analytical calculations rather than
direct industrial experiments. Further research should there-
fore focus on validating the considered solutions using oper-
ating data from mining enterprises and pilot-scale implemen-
tation under different technological and economic conditions.
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InHoBauiliHi pilleHHs 1/ NiABMIIEeHHS eHeproeeKTUBHOCTI B ripHn4o100yBHiii mpoMuciaoBocTi
K. XKynycos, C. Abonymnaes, P. Kamuposa, O. Kypman6aes, H. Capubaes, 1. Irembaes, M. Mamanisipo

Meta. OOrpyHTYBaTH pillleHHs OO MiABUIIEHHS eHeproe(eKTHBHOCTI ripHUY0100yBHOI IIPOMUCIOBOCTI IIUISIXOM iHTerpanii BiTHOB-
moBaHux Juxepen eneprii (BIAE), cucrem enepromenemxmenty (CEM) i riOpuaHuX eHepreTHYHUX TEXHOJOTIH 3 ypaXyBaHHSIM 1X eHepreTu-
YHO{, €KOJIOT1YHOI Ta eKOHOMIYHOI €()eKTUBHOCTI.

Metoauka. Y H0OCTiKCHHI BHKOPUCTAHO TEOPETHYHHI aHANi3, HOPIBHSIBHE OI[IHIOBAHHS, MATEMaTHYHI PO3PaXyHKH Ta 0OPOOKY JaHHX
Ha OCHOBI HayKOBHX IMyOJiKamii i MixkaapoaHux 3BiTiB. OcHoBHI nokasHuku BJIE, CEM i riOpuaHuX CHCTEM MOPIBHIOBAIH 33 CIIUTBHUMH
CHEePreTHYHUMH, CKOJIOTIYHUMH Ta eKOHOMIYHUMH KpHTepisMu. Po3paxyHkn BUKOHaHO 3 BUKOpUcTaHHSIM Python i3 6i6mioTrekamu NumPy i
Pandas, a Takoxx SMath Solver. Po3risiHyTo Tpu clieHapil: TpaaullifiHe eHeprocroxuBanHs, inTerpaniro BJIE Ta Bukopucranss riopuaHnx
CHEPreTHYHUX CHCTEM.

PesyabraTu. BeranosneHo, o interpanis BJE Moxe 3a0e3neunty 3HIKEeHHs eHeprocrnoxuanus Ha 10-30%, Toni sk riOpuaHi cuc-
TeMH JAl0Th 3MOTY 3MEHIINTH Horo Ha 15-35%, a ix cucremHa edexTuBHICTH cTaHOBUTH 70-90%. Bukopucranus CEM nae 3mory ckopoTH-
TH €HEpProCHOXKHBaHHA Ha 8-25%, mikoBi HaBaHTakeHHS — Ha 10-30%, a Bukugum CO2 — Ha 6-20%. 3aranbHi IHBECTHIIiHI BUTpaTH IS
mpoektiB i3 BJIE omineno B 57.5-156 mua mon. CLIA. Jlns riOpuaaux cucteM HeoOXimHI iHBecTHii B Mexax 2.5-7.5 mun non. CHIA npu
mopiuHiit exornomii 0.5-1.2 mia gon. CIIA Ta crpoxy okymHocTi 10 10 pokiB, Toxi sk CEM noTpeOyroTh 3HaYHO MEHIIHNX KaliTaJoBKIIa-
JICHB 1 MaIOTh CTPOK OKYITHOCTI 0 6 POKiB.

HayxoBa HoBmu3Ha. Bukonano nopiBasuibHe orjiHtoBanHs BJIE, CEM i riOpumHuX eHepreTHYHNX TEXHOJOTIH 3a € IMHIM KOMIUICKCOM
CHEPreTHYHUX, CKOJIOTTYHUX Ta €KOHOMIUHHX MOKA3HUKIB, LIO JaJI0 3MOT'Y BU3HAYUTH BiIMIHHOCTI B iX €()eKTHBHOCTI, iIHBECTHULIHHNX MOT-
pebax i yMOBax MpakTHYHOTO BIIPOBAIKECHHS.

IpakTnyna 3HayuMicTs. OTpuMaHi pe3yIbTaTH MOXKYTh OyTH BHKOPHCTaHI Ul OOTPYHTYBaHHS BUOOPY €HEproe(peKTUBHHUX pillleHb
JUIS TIpHUYHUX TiATPUEMCTB 3 YpaxyBaHHSAM MaciiTady BUPOOHHITBA, IHBECTUIIIHHUX MOKIMBOCTEH, TOTOBHOCTI 1H(YPACTPYKTYpHU Ta OUIKy-
BaHOT'O PiBHS €HEPro30epeKeHHSI.

Kntouosi cnosa: sionosniosani odxcepena enepeii; cucmemu enepeomeHeodlcMennmy, 2ibpuoni enepeemuyni cucmemu,; eHepeoepexmus-
Hicmb, 2ipHUY0000Yy6Ha npomucaosicmy, sukuou CO2; enepeozdepedicentsl; eKOHOMIYHA eheKmugHicmb

Publisher’s note

All claims expressed in this manuscript are solely those of the authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the reviewers.

96


https://doi.org/10.3390/mining5030038
https://doi.org/10.1155/er/9939005
https://pmi.spmi.ru/pmi/article/view/16215
https://doi.org/10.3390/en19081890
https://doi.org/10.3390/en16196967
https://doi.org/10.3390/mining5030051
https://doi.org/10.1016/j.jpowsour.2020.227948
https://doi.org/10.1177/09544070211058569
https://doi.org/10.1504/IJVD.2021.120414
https://doi.org/10.3390/su152416766
https://doi.org/10.3390/en13236365
https://doi.org/10.22201/icat.24486736e.2023.21.4.1963
https://doi.org/10.3390/en19092088
https://doi.org/10.28991/ESJ-2026-010-01-022

