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Abstract: This article is devoted to the modern aspects of geothermal energy development and its role in ensuring a 

sustainable energy future. With the rapid expansion of industrial enterprises and the sharp growth in 

electricity demand-particularly among populations in the northern regions of developed countries-the issues 

of further improvement and efficient utilization of geothermal energy remain a pressing scientific challenge. 

The study provides a comprehensive review of technologies for exploration, drilling, and exploitation of 

geothermal resources, including the application of geophysical and geochemical methods as well as 

automated control systems. Particular attention is given to assessing the performance of geothermal power 

plants in leading countries such as the United States, Iceland, Indonesia, the Philippines, Costa Rica, and 

others, with an analysis of their key indicators of green energy generation and growth prospects. The 

findings show that the introduction of advanced technologies, including 3D seismic exploration, hydraulic 

fracturing, and process automation, significantly enhances both the profitability and environmental safety of 

projects. The article also examines environmental risks associated with greenhouse gas emissions such as 

methane and carbon dioxide, along with strategies for their reduction through modern capture and utilization 

technologies. In addition, investment trends and the technological and operational challenges of the sector-

linked to high capital expenditures and geological risks-are analyzed, with evidence-based 

recommendations proposed for their mitigation. The study concludes by emphasizing the importance of 

continued scientific research and the adoption of innovative solutions to expand the use of geothermal 

energy as part of the global strategy for transitioning to clean energy sources. 

1 INTRODUCTION 

1.1 Relevance of the Topic 

In the context of global climate change and the 

urgent need to transition to sustainable energy 

sources, the role of geothermal energy is becoming 

increasingly significant. Geothermal energy is a 

renewable resource that harnesses the Earth’s 

internal heat for the production of electricity and 

thermal energy. In recent decades, technologies for 

its utilization have advanced rapidly, driven by a 

range of economic, environmental, and 

technological advantages [1]. 

International experience demonstrates that 

geothermal power plants (GPPs) provide stable and 

clean energy, while district heating systems based on 

geothermal resources significantly reduce reliance 

on fossil fuels and lower greenhouse gas 

emissions [2]. At the same time, a number of 

technical, economic, and environmental challenges 

remain in the operation of such systems, 

necessitating further scientific research and the 

practical adoption of innovative solutions. 
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1.2 Current Status and Development 
Trends 

At present, geothermal power plants are deployed in 

various countries around the world, with the United 

States, Iceland, Indonesia, New Zealand, and Costa 

Rica among the leaders. In the United States, for 

example, the installed capacity of geothermal power 

plants is approximately 3.7 GW, accounting for 

about 0.4% of the nation’s total electricity 

generation [3]. In Iceland, nearly 90% of households 

are supplied with heat from geothermal systems, 

highlighting the advanced development of this 

sector [4]. 

The development of district heating systems 

based on geothermal resources is particularly 

relevant in regions with high seismic activity and 

favorable geological conditions for heat 

accumulation in subsurface layers. Numerous 

projects are currently being implemented worldwide 

to expand and modernize such systems, reflecting 

their growing role in national energy balances. 

1.3 Challenges and Prospects for 
Geothermal Energy Use 

Despite its clear advantages, geothermal energy 

exploitation is associated with several challenges. 

The key issues include [5]: 

▪ High capital costs for exploration, drilling,

and power plant construction.

▪ Geological limitations that restrict the

geographic distribution of resources.

▪ Environmental risks, such as potential

degassing and subsurface gas emissions.

▪ Technical complexity in the management and

operation of systems.

Nevertheless, these challenges are being 

gradually addressed through advances in extraction 

and operational technologies, as well as the adoption 

of efficiency-enhancing methods. For instance, 

hydraulic fracturing and closed-loop systems are 

increasingly used to expand resource availability and 

improve system stability [6]. 

1.4 Research Aim and Objectives 

The aim of this study is to conduct a scientific 

analysis of the prospects for geothermal energy 

exploitation and to identify the key challenges in the 

development of geothermal power plants and district 

heating systems. To achieve this aim, the study sets 

the following objectives: 

▪ To provide a scientific review of current

technologies and methods for geothermal

resource utilization;

▪ To assess the economic efficiency and

environmental safety of geothermal systems;

▪ To identify prospects for the adoption of

innovative technologies and methods to

enhance the efficiency of geothermal energy

use;

▪ To develop evidence-based recommendations

for optimizing the operation and expansion of

geothermal systems.

1.5 Justification of Research Relevance 

Given the pressing need to reduce dependence on 

fossil fuels and mitigate climate change, geothermal 

energy has acquired particular importance. 

According to recent reports from the International 

Renewable Energy Agency (IRENA), investments in 

geothermal energy could substantially increase the 

share of renewables in the global energy mix by 

2030 [2]. 

Furthermore, technological advancements make 

it possible to minimize environmental risks while 

improving the efficiency of geothermal resource 

utilization, thereby enhancing their attractiveness as 

a reliable long-term energy supply option. 

1.6 Structure of the Study 

This article is structured as follows: it first examines 

modern technologies and methods for exploration 

and utilization of geothermal resources. It then 

analyzes the economic aspects and environmental 

performance of geothermal systems. Next, it 

highlights promising development pathways and 

innovative approaches, including the integration of 

geothermal energy into district heating systems. 

Finally, the article presents conclusions and 

recommendations for the further advancement of 

geothermal energy. The geographical context, key 

national indicators, and assessment methods are 

presented in Figure 1, Table 1, and Table 2. 
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Figure 1: Global map of geothermal resources and the location of operating geothermal power plants1. 

Table 1: Installed capacity, generation, and investment indicators of geothermal energy in leading countries (2023). 

Country 

Installed 

Capacity 

(GW) 

Electricity 

Production 

(TWh) 

Share in 

Energy 

Mix (%) 

Number 

of Plants 

Investments 

(million 

USD) 

Year of 

Commis-

sioning 

Prospects 

USA 3.7 50 4% 50 2000 1970 
Capacity expansion, 

new projects 

Iceland 0.8 10 25% 10 500 1960 
Modernization of 

existing plants 

Indo-

nesia 
2.5 15 3% 20 800 1980 

New fields, 

increased investment 

Costa 

Rica 
0.5 8 10% 8 300 1975 

Increased grid 

integration 

Philip-

pines 
1.2 12 5% 15 600 1980 

New projects, 

modernization 

Table 2: Main geophysical methods for geothermal resource assessment.

Method Purpose Advantages Limitations 

Seismic survey 
Determining subsurface layer 

structure 
High resolution High cost, complex interpretation 

Electromagnetic 

methods 
Detecting thermal anomalies Rapid data acquisition Limited depth of investigation 

Magnetic survey 
Analysis of rock magnetic 

properties 

Simplicity, fast 

implementation 

Requires complementary data for 

accuracy 

2 METHODS OF RESEARCH 

AND UTILIZATION OF 

GEOTHERMAL RESOURCES 

The efficient use of geothermal resources depends 

on advanced methods of exploration, extraction, 

conversion, and operation. This section reviews key 

technological approaches, innovative methods, 

geological exploration tools, and automated control 

systems that contribute to improving the efficiency 

and environmental safety of geothermal systems. It 

also provides an overview of modern scientific 

developments and technologies validated by recent 

research [5]. / 

2.1 Geological Exploration Methods 
and Resource Assessment 

Accurate assessment of geothermal potential forms 

the foundation for successful resource exploitation. 

This is achieved through a combination of 

geophysical surveys, geochemical analyses, and 

geological investigations. 

_________ 

1 https://www.thinkgeoenergy.com/map. 
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2.1.1 Geophysical Methods 

Geophysical surveys allow the identification of 

deep-seated thermal anomalies and the 

determination of rock and reservoir properties. The 

most widely applied techniques include seismic 

surveys, electromagnetic and magnetic anomaly 

studies, as well as magnetotelluric and magneto-

gradient methods. 

At present, 3D seismic exploration is widely 

employed, enabling the construction of volumetric 

models of geological structures and heat flows with 

high precision [6]. 

2.1.2 Geochemical Methods 

Geochemical analysis involves the study of aquifer 

composition and the identification of indicators of 

geothermal heat and gases. Techniques for 

measuring gas concentrations (e.g., methane, carbon 

dioxide) and dissolved substances provide insights 

into the degree of resource utilization and 

reserves [6]. 

2.2 Exploration and Development 
Technologies 

2.2.1 Drilling Technologies 

Drilling is a key stage in geothermal resource 

exploration and exploitation. Modern drilling 

methods include the use of high-performance rigs, 

hydraulic hammer drilling, and diamond core 

drilling (Table 3). 

The development of new drilling approaches, 

such as robot-assisted systems and automated 

platforms, significantly enhances both operational 

safety and efficiency [7]. 

2.2.2 Geothermal Wells and Circulation 
Systems 

The construction of efficient geothermal wells 

requires careful design of heat-carrier systems, 

selection of heat exchanger types, and optimization 

of circulation methods. Modern geothermal plants 

increasingly employ closed-loop systems with 

binary heat exchangers, which minimize 

environmental risks while ensuring stable long-term 

operation [8]. 

2.3 Geothermal Energy Conversion 
Technologies 

2.3.1 Geothermal Power Plants 

The most common geothermal power plants are 

based on dry steam and binary cycle technologies. In 

recent years, new plant types and configurations 

have been actively implemented to improve 

efficiency and reduce environmental impact. Table 4 

presents the technological characteristics of modern 

geothermal power plants, which have been actively 

implemented in recent years to improve efficiency 

and reduce environmental impact [4]. 

2.3.2 Geothermal District Heating 
Technologies 

For district heating systems, heat pumps and hot 

water supply systems utilizing heat from geological 

layers are widely applied. A critical aspect of their 

development is the optimization of heat pumps to 

enhance energy efficiency and reduce operational 

costs. 

Table 3: Key parameters of modern drilling technologies in geothermal energy [7]. 

Techno-logy Max. depth Drilling rate (m/h) Advan-tages Limita-tions 

Hydraulic hammer up to 5 km 10-20 High drilling speed High energy consump-tion 

Diamond core drilling up to 4 km 5-10 High accuracy High equipment cost 

Deep drilling up to 10 km 1-5
Enables develop-ment 

of deep resources 

Limited techno-logical 

availa-bility 

Table 4: Technological characteristics of modern geothermal power plants. 

Plant type Efficiency (η, %) Main advantages Limitations 

Dry steam 10-15 Simple design 
Requires high-temperature 

resources 

Binary cycles 12-20
Enables utilization of low-temperature 

resources 
More complex equipment 

Organic Rankine Cycle 

(ORC) 
up to 20 

High efficiency at relatively low reservoir 

temperatures 
High equipment cost 
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2.4 Modern Digital Technologies and 
Automation 

The integration of digital technologies and 

automated control systems is a critical factor in 

enhancing the efficiency of geothermal operations. 

The use of SCADA systems, advanced sensors, 

automated monitoring, and predictive analytics 

enables early detection of deviations, planning of 

preventive maintenance, and minimization of 

operational losses [9]. 

State-of-the-art geothermal control systems are 

increasingly based on machine learning algorithms 

and IoT-enabled devices, which facilitate real-time 

prediction of system performance and automatic 

adjustment of equipment operating parameters [9]. 

Such systems not only improve energy efficiency 

but also extend equipment lifetime and reduce 

unplanned downtime. 

2.5 Recent Advances and Future 
Prospects 

Recent scientific research has focused on developing 

hydraulic fracturing technologies to enhance rock 

permeability and expand accessible geothermal 

resources, as well as integrating renewable energy 

sources for supplemental heating and thermal 

absorption processes [3], (Fig. 2). 

These innovations highlight the growing potential of 

hybrid and digitally optimized geothermal systems 

in contributing to a sustainable low-carbon energy 

future. 

Modern methods of exploration and exploitation 

of geothermal resources significantly improve 

efficiency, reduce environmental risks, and expand 

the utilization potential of geothermal energy. The 

adoption of innovative technologies, automation, 

and digital systems ensures the long-term 

sustainability of the sector and contributes to its 

development within the framework of the global 

energy agenda [3]. 

Figure 2: Technological trends in the development of geothermal methods, 2020-2030 [3].

Table 6: Efficiency and technical characteristics of geothermal power plants in leading countries (2023) [3]. 

Country Average Efficiency (%) Key Characteristics 

USA 10-15 Extensive network, technological innovations 

Iceland 15-20 High automation, environmental sustainability 

Indonesia 10-12 Resource expansion, development of new fields 

Costa Rica 12-18 Active development of district heating systems 

Philippines 10-14 Modernization and capacity expansion 
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Table 7: Impact of new drilling technologies on project performance. 

Figure 3: Geothermal energy investment vs. efficiency by country (2024). 

3 RESULTS OF RESEARCH AND 

ANALYSIS 

Contemporary methods of geothermal energy 

utilization-including advances in exploration, 

extraction, and conversion technologies-

substantially enhance both the efficiency and 

environmental performance of geothermal systems. 

This section presents the key research results, based 

on an analysis of recent data, as well as modeling 

and forecasting of sectoral development in the 

coming years. Comparative tables, graphs, and 

diagrams are provided to substantiate the main 

findings of this study [3]. 

3.1 Geothermal Plant Performance 

3.1.1 Country Performance 

As seen in Table 6, the United States remains the 

leader in terms of installed capacity and total output. 

However, Iceland demonstrates the highest 

efficiency and the largest share of geothermal energy 

in the national energy mix-exceeding 25% [3]. The 

impact of new drilling technologies on project 

performance is summarized in Table 7 [3]. 

3.1.2 Efficiency and Investment 

Comparative performance and investment 

attractiveness of geothermal projects by country. 

Figure 3 illustrates the relationship between 

investment volumes in geothermal energy and the 

achieved energy efficiency in 2024 across the ten 

leading countries. The X-axis represents the size of 

investments in million USD, while the Y-axis shows 

achieved efficiency (%), measured as the share of 

useful thermal or electrical energy relative to the 

total extracted geothermal resource. 

3.2 Technological Innovations and 
Their Impact 

Modern exploration technologies enable 

significantly more accurate assessment of reserves 

and geological conditions. In 2022, the introduction 

of 3D seismic exploration increased the accuracy of 

Technology 
Maximum 

Depth (km) 

Drilling Rate 

(m/day) 
Cost ($/m) Advantages Limitations 

Hydraulic 

fracturing 
3-5 50-70 300-400

Expands resources, 

improves permeability 
Environmental risks 

Diamond 

drilling 
4-6 20-40 600-800

High accuracy, potential 

for deep drilling 
High equipment cost 

Deep 

drilling 
up to 10 5-10 1500-2000 

Access to deep 

geothermal resources 
Limited applicability 

512 

Proceedings of the International Conference on Applied Innovations in IT (ICAIIT), December 2025



resource identification by 25-30% [8], leading to 

higher drilling efficiency and reduced costs. 

The use of SCADA systems, IoT devices, and 

machine learning algorithms improves operational 

stability and reduces system losses. In 2024, several 

countries successfully implemented predictive 

maintenance systems, which reduced equipment 

failure rates by 15-20% and extended the operational 

lifetime of geothermal installations [9]. 

3.3 Future Prospects 

Studies show that hydraulic fracturing significantly 

increases rock permeability and the potential of deep 

geothermal reservoirs. Forecasts suggest that by 

2030, this technology could expand available 

reserves by 20-25% [8]. 

In addition, the integration of geothermal 

systems with solar and wind power provides greater 

operational stability and reduces the overall 

environmental footprint. 

Based on the conducted analysis, it can be 

concluded that advances in exploration, drilling, and 

automation technologies exert a decisive influence 

on the efficiency and sustainability of geothermal 

energy systems. Investments in innovative methods 

reduce costs and expand resource availability, as 

confirmed by statistical data and modeling [9]. 

This section presents key findings supported by 

recent scientific evidence and graphical materials, 

which highlight current trends and future 

perspectives in geothermal energy. They confirm 

that the adoption of innovative technologies and 

targeted investments are critical factors for 

improving the sector’s performance. 

4 DISCUSSIONS 

Geothermal energy is one of the most promising 

renewable sources, capable of providing long-term 

and stable generation of electricity and heat with 

minimal environmental impact. Significant progress 

has been achieved in recent years, as evidenced by 

the growth in installed capacity, the adoption of 

innovative technologies, and the expansion of 

geographical deployment. Nevertheless, despite its 

advantages, the development of geothermal energy 

faces a number of challenges related to technical, 

environmental, and economic factors. 

The discussion focuses on a comparative analysis 

of technological efficiency, the assessment of 

economic feasibility, and future directions of 

development, including new methods of exploration, 

drilling, energy conversion, and system automation. 

The analysis draws on the most recent data from 

2023-2024, supported by international studies 

published in leading scientific journals and 

analytical reports [1] - [10]. 

4.1 Current Achievements and 
Development Indicators 

4.1.1 Technical Indicators and Efficiency 

As of 2023, more than 70 geothermal power plants 

are in operation worldwide, with the majority 

concentrated in the United States, Iceland, 

Indonesia, Costa Rica, and the Philippines. These 

countries represent different development models 

and levels of technological maturity, which is 

reflected in their key performance and investment 

indicators (Table 6). 

The data indicate that the United States remains 

the global leader in terms of installed capacity and 

electricity generation. However, Iceland 

demonstrates outstanding performance in efficiency 

and the share of geothermal energy in its national 

energy system (over 25%). This success is linked to 

a high level of automation, the application of 

advanced technologies, and strong government 

support. 

Figure 4 illustrates the relationship between 

investment volume and energy efficiency in 

geothermal energy projects. Each data point 

represents a country and is characterized by its 

position on the axes and bubble size: the X-axis 

shows investment in 2024 (million USD), while the 

Y-axis represents system efficiency (%). The results

indicate that countries with large-scale investments,

such as the United States and Japan, tend to achieve

higher efficiency levels. At the same time, countries

like Iceland demonstrate that technologically mature

systems can ensure high efficiency even with

comparatively lower investment levels, highlighting

the importance of technological development and

infrastructure maturity.

The size of the bubble visualizes the installed 

capacity (capitalization) of the respective country, 

expressed in gigawatts (GW). Larger bubbles 

correspond to countries with greater potential for 

developing and operating geothermal facilities. This 

approach makes it possible to simultaneously 

evaluate investment scale, technological maturity, 

and system efficiency. 
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The analysis reveals that countries with 

substantial investments, such as the United States, 

achieve high efficiency and maintain significant 

installed capacity. At the same time, Iceland 

demonstrates outstanding efficiency with relatively 

lower investment, underscoring the maturity of its 

technologies and the effective use of resources. 

Overall, the graph indicates that while higher 

investment contributes to increased efficiency and 

expanded capacity, technological maturity and 

automation play an equally critical role in achieving 

high system performance. 

4.1.2 Impact of Innovative Technologies 

Innovative exploration and drilling methods have 

significantly increased the efficiency of resource 

development. In 2022, the introduction of 3D 

seismic exploration improved the accuracy of 

reserve identification by 25-30%, which reduced 

exploration and project preparation costs [8]. The 

adoption of advanced drilling techniques, such as 

hydraulic fracturing and diamond drilling, expanded 

achievable depth and drilling speed while lowering 

implementation costs. A detailed comparison of 

drilling technologies is presented in Table 7. 

Automation systems such as SCADA and IoT 

platforms have also played a major role in enhancing 

reliability and operational efficiency. In 2024, the 

introduction of predictive maintenance systems 

reduced equipment failure rates by 15-20% [11]. 

The structure of gas emissions and corresponding 

mitigation measures are illustrated in Figure 5 [11]. 

4.2 Environmental Aspects and Risks 

Despite its status as a clean energy source, 

geothermal energy involves several environmental 

risks. The main concerns are gas emissions, 

subsurface degassing, and potential contamination of 

surface water and soil. In particular, the release of 

methane and carbon dioxide necessitates the 

implementation of gas capture and utilization 

systems [3].  

To mitigate environmental risks, closed-loop 

systems, binary heat exchangers, and hydraulic 

fracturing technologies are widely applied, enabling 

resource expansion without significant harm to the 

environment [2]. 

Figure 5a, a pie chart, illustrates the distribution 

of major gases released during the operation of 

geothermal systems, including methane (CH₄), 

carbon dioxide (CO₂), hydrogen sulfide (H₂S), and 

others. These gases represent the primary 

components of geothermal emissions and are critical 

to environmental safety. The majority of emissions 

consist of CO₂ and CH₄, owing to their high 

concentrations in geothermal reservoirs and potential 

release during drilling and operation. Since methane 

is a far more potent greenhouse gas than CO₂, its 

capture and utilization remain a priority in the 

sector’s environmental policy. 

Figure 4: Energy efficiency and investment activity by country (2024) [6]. 
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(a) (b) 

Figure 5: Gas emission structure and mitigation measures in geothermal energy systems: a) distribution of major emitted 

gases (CO₂, CH₄, H₂S, etc.); b) key technologies for emission reduction and environmental impact mitigation. 

Figure 5b outlines mitigation measures designed 

to reduce emissions and minimize ecological impact. 

These include: 

▪ Gas capture and utilization systems;

▪ Advanced filtration and purification 

technologies;

▪ Closed-loop cycles;

▪ Hydraulic fracturing techniques;

▪ Continuous environmental monitoring.

Each method is evaluated in terms of emission 

reduction efficiency, expressed as a percentage, 

reflecting the degree to which harmful emissions can 

be mitigated through implementation. 

Overall, the analysis confirms that adopting 

modern gas capture technologies combined with 

strict monitoring frameworks significantly reduces 

the carbon footprint of geothermal systems, making 

them safer and more sustainable within a clean 

energy portfolio. 

Compliance with international and national 

standards plays a critical role in the sustainable 

development of geothermal energy. The 

implementation of gas capture systems and 

efficiency-enhancing technologies reduces emissions 

by 40-50%, making a considerable contribution to 

environmental improvement [3]. 

4.3 Economic Efficiency and 
Investment Climate 

4.3.1 Investment and Payback Analysis 

Global investment in geothermal energy has grown 

steadily in recent years, reaching USD 8 billion in 2023, 

highlighting strong investor interest. 

The data show that countries with mature 

infrastructure and advanced technology achieve 

shorter payback periods and higher profitability 

(Table 8). By contrast, countries with lower 

investment levels require additional state support 

mechanisms. 

Table 8: Efficiency and investment attractiveness (2023) 

[4]. 

Country 

Total 

Investme

nt (USD 

million) 

Average 

Efficiency 

(%) 

Payback 

Period 

(years) 

Main 

Funding 

Sources 

USA 2000 10-15 8-12 

Private 

investors, 

government 

grants 

Iceland 500 15-20 6-9

State 

programs, 

internationa

l funds

Indo-

nesia 
800 10-12 10-14 

Foreign 

investment, 

credit lines 
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4.3.2 Investment Barriers and Prospects 

The main barriers remain high capital costs, 

geological risks, and the need for long-term financial 

support. At the same time, the creation of attractive 

investment conditions encourages the development 

of subsidy programs, tax incentives, and 

international partnerships, all of which are crucial 

for ensuring sustainable growth of the sector [5]. 

4.4 Future Directions and Innovations 

4.4.1 Emerging Technological Solutions 

Recent advances focus on: 

▪ Improved hydraulic fracturing methods;

▪ Enhanced rock permeability technologies;

▪ Development of environmentally friendly

materials and processes.

These innovations aim to expand accessible 

geothermal resources and improve the resilience of 

system operations [3]. 

4.4.2 Integration into District Heating 
Systems 

Modern district heating systems based on 

geothermal resources have demonstrated high 

efficiency, particularly when employing binary 

cycles and heat pumps for low-temperature 

reservoirs. This approach significantly expands the 

geographic applicability of geothermal heating while 

reducing overall system costs [10]. 

The diagram clearly illustrates the operational 

principle of a centralized district heating system 

powered by geothermal energy. Heat is extracted 

from a subsurface geothermal reservoir and 

transferred via a heat exchanger or binary cycle into 

a main distribution pipeline, where the carrier fluid 

temperature is maintained at approximately 85 °C. 

The hot water is then distributed to residential, 

commercial, and industrial consumers, providing 

both space heating and domestic hot water. After 

use, the cooled return flow (approximately 50 °C) is 

recirculated through the return pipeline for 

reheating, thereby closing the thermal cycle. 

The second part of the diagram highlights 

intelligent control modules, including an AI-based 

monitoring unit and an energy optimization block. 

The AI module collects real-time data (temperature, 

pressure, flow rates), analyzes system behavior, and 

interacts with the optimization block, which adjusts 

operational parameters to enhance energy efficiency 

and minimize thermal losses. This integration 

underscores the role of digitalization in geothermal 

district heating systems, showcasing their ability to 

adapt dynamically to real-world operating conditions 

with high precision. 

5 CONCLUSIONS 

A comprehensive review of recent scientific 

advances demonstrates that geothermal energy 

occupies an increasingly significant position in the 

global energy agenda. The integration of advanced 

exploration technologies, automation, and 

innovative operational methods substantially 

enhances both the efficiency and environmental 

safety of geothermal systems. Nonetheless, broader 

deployment requires addressing challenges 

associated with high capital investments, ecological 

risks, and regulatory frameworks. 

Promising directions include the development of 

enhanced geothermal systems (EGS) using hydraulic 

fracturing, the exploitation of low-temperature 

geothermal resources, the expansion of district 

heating infrastructure, and the adoption of digital 

technologies for process optimization. Overall, 

geothermal energy has the potential to become a 

cornerstone of sustainable energy systems, as 

evidenced by recent international research and large-

scale demonstration projects [1] - [10]. 

Currently, geothermal energy holds a unique 

position among renewable sources due to its 

combined ecological and economic benefits. 

Cutting-edge technologies-such as 3D seismic 

exploration, automated control systems, and 

advanced drilling methods-significantly improve 

exploration accuracy, reduce costs, and minimize 

environmental risks. In 2024, leading countries such 

as the United States, Iceland, and Indonesia 

demonstrated robust growth in both installed 

capacity and operational efficiency, underscoring the 

maturity and profitability of geothermal projects. 

Despite these advances, the sector continues to 

face persistent challenges linked to high capital 

expenditures, geological uncertainties, and 

greenhouse gas emissions (notably methane and 

carbon dioxide). To mitigate these risks, modern 

approaches such as gas capture and utilization 

systems, closed-loop cycles, and advanced 

environmental safeguards are increasingly 

implemented. The utilization of low-temperature 

geothermal resources, in combination with digital 

monitoring and optimization platforms, further 

strengthens operational efficiency. 
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The overall potential of geothermal energy 

remains exceptionally high, particularly with the 

continued adoption of innovations, the expansion of 

its role in district heating systems, and 

improvements in environmental safeguards. With 

rising investment flows, the sector demonstrates 

shorter payback periods and increasing production 

capacity, confirming its strategic relevance. In 

conclusion, geothermal energy can become a key 

pillar of the sustainable energy transition, providing 

environmentally safe, reliable, and economically 

viable energy supply for the future. 
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