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Abstract

Methane emissions from coal mines pose significant environmental and operational chal-
lenges. Methane can be released from coal seams and surrounding rock layers as a result
of mining operations. These emissions pose environmental risks and can lead to fire and
explosion hazards. Therefore, reducing coal mine methane emissions is essential for both
protecting miners’ safety and cutting greenhouse gas emissions. Additionally, capturing
methane before it escapes into the atmosphere can be economically beneficial and used as
a valuable energy source. This study proposes an integrated approach that combines ad-
vanced methane capture and hydrogen production technologies to enhance both environ-
mental performance and energy recovery in coal mining operations. By combining me-
thane capture with hydrogen production, the study presents a practical solution for low-
ering greenhouse gas emissions in the coal sector. This strategy promotes the adoption of
low-carbon energy sources and offers a sustainable path forward for coal-dependent re-
gions facing decarbonization challenges. A scenario-based techno-economic analysis is
presented, including investment and operating costs, hydrogen yield, energy generation
potential, and greenhouse gas mitigation. Further research should focus on process opti-
mization, the integration of carbon capture technologies, and the valorization of by-prod-
ucts to further reduce the environmental footprint.

Keywords: coal mine methane; coalbed methane; methane capture; hydrogen production;
energy transition; greenhouse gas mitigation

1. Introduction

Methane (CHa4) is a significant greenhouse gas. Methane is responsible for approxi-
mately 16% of the radiative forcing driving global climate change, making it the second
most important greenhouse gas after CO2, with atmospheric concentrations having risen
to around 260% of pre-industrial levels [1]. Its relevance to climate change is increasingly
underscored in scientific literature and policy documents. Methane’s 100-year global
warming potential (GWP) is 28 times that of carbon dioxide (COz), making reducing me-
thane emissions one of the most effective ways to limit short-term global temperature in-
creases. In addition to its impact on climate, the presence of methane in the atmosphere
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promotes the formation of tropospheric ozone, which is detrimental to human and bio-
sphere health, affecting air quality and increasing the risk of respiratory disorders [2].

A particular source of anthropogenic methane emissions is underground coal mines,
where the gas is released both during operation—coal mine methane (CMM)—and after
its completion —abandoned mine methane (AMM)—as well as a result of long-term drain-
age of gases from the deposit—coalbed methane (CBM), which in many countries (e.g.,
India) is becoming a priority area for emission reduction. Globally, coal mining accounts
for approximately 10-12% of total anthropogenic methane emissions, with CMM and
CBM representing a significant share in major coal-producing countries such as China,
the USA, and Australia. In Poland, coal mine methane constitutes a substantial portion of
the country’s methane emissions inventory [3]. These emissions not only contribute to the
deterioration of the energy sector’s climate balance but also pose a direct threat to occu-
pational safety. Methane mixed with air creates explosive atmospheres, hazardous when
mining deep seams or under conditions of dynamic barometric pressure changes. There-
fore, effective ventilation systems, methane drainage systems, and continuous monitoring
of the mine atmosphere are fundamental elements of modern gas hazard management [4].

In response to the growing importance of methane in climate policy, the European
Union adopted Regulation (EU) 2024/1787 of the European Parliament and of the Council
of 13 June 2024 on the reduction in methane emissions in the energy sector [5]. This act
requires mine operators to implement systems for monitoring, reporting, and reducing
methane emissions, and promotes the use of methane capture and management technol-
ogies. In this context, a particularly promising direction is the use of methane as an energy
resource to produce hydrogen, a fuel with zero emissions upon final combustion, playing
a key role in the European decarbonization strategy. Similar legislative trends can also be
observed in other countries, both developed and developing. For instance, the United
States has implemented methane rules under the EPA’s Greenhouse Gas Reporting Pro-
gram, while China has introduced its Methane Emission Control Action Plan as part of its
broader climate strategy. India has also prioritized CBM extraction and emission reduc-
tion [6].

Methane-based hydrogen production, achieved using processes such as steam re-
forming (SMR) or autothermal reforming (ATR), can bridge the gap between current fuel
technologies and future developments in renewable energy. However, for this process to
be considered environmentally sustainable, it is necessary to implement solutions ena-
bling the capture and utilization of the carbon dioxide produced (so-called blue hydrogen)
or to develop emission-free methane pyrolysis technology (turquoise hydrogen), the re-
search potential of which is steadily increasing [7].

In Poland, one of the largest coal producers in the European Union, methane emis-
sions from mines reach approximately 820 million m? annually [8]. It represents approxi-
mately 30-35% of Poland’s total methane emissions and constitutes a significant share of
the EU’s total methane emissions from the energy sector, which are estimated at approxi-
mately 14 million tonnes COz-equivalent annually. The main sources of emissions are ven-
tilation air contaminated with methane (VAM) and methane drainage systems, whose uti-
lization efficiency is about 60-70%. The utilization efficiency of methane drainage systems
is defined here as the ratio of methane captured and commercially used (e.g., for electricity
generation or heating) to the total methane drained from the seam, considering both the
capture efficiency and the subsequent utilization rate. A particular area of concentration
of the problem is the Upper Silesian Coal Basin, where Jastrzebska Spoétka Weglowa S.A.
(JSW, Jastrzebie-Zdrdj, Poland), the main producer of coking coal in the country, operates.
The exploitation of deep and methane-bearing seams, coupled with the obligation to
transform towards climate neutrality by 2050, requires the implementation of
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technologies that allow for the capture, processing, and storage of mine gases in a safe and
energy-efficient manner [9].

Several previous studies have examined methane capture and hydrogen production
separately, but few have addressed their integration in a coal-mining context. Prior work
on coal mine methane utilization has focused predominantly on direct combustion for
electricity and heat, including trigeneration applications [2,10]. Separately, the hydrogen
production literature has compared SMR, ATR, pyrolysis and gasification largely for nat-
ural gas or general industrial feedstocks, without reference to mine-gas-specific con-
straints such as variable methane concentration, drainage system pressure profiles, or the
safety requirements of underground operations [11-14]. Techno-economic assessments of
hydrogen production exist for renewable- and natural-gas-based routes [15,16], and re-
views of coal mine methane management describe drainage and utilization technologies
in detail [17-22], but none of these bodies of work jointly quantify the technical and eco-
nomic performance of coupling enhanced methane drainage (LRDD) with on-site reform-
ing to hydrogen under the specific geological, regulatory, and infrastructure conditions of
Polish hard coal mines. This is where the present work adds novelty: rather than treating
methane capture, hydrogen production, and policy compliance as separate questions, we
bring them together in a single techno-economic framework, combining enhanced me-
thane capture through LRDD, conversion of the captured methane to hydrogen via
SMR/ATR with CCS, and a direct check of how the resulting system aligns with EU and
Polish regulations.

The paper aims to analyze the potential for integrating innovative technologies for
methane capture and its conversion to hydrogen in Polish coal mines. Specifically, the
paper discusses the application of Long Reach Directional Drilling (LRDD), which enables
effective drainage of methane from difficult-to-access deposit areas, as well as SMR and
ATR processes for industrial hydrogen production. A technical and economic assessment
of the considered system was conducted, including energy efficiency, CO2 emissions, cap-
ital and operating costs, and potential return on investment. Particular emphasis was
placed on the potential for integrating the proposed technologies with existing mining
infrastructure, including methane drainage installations and power systems. The results
presented in this paper can serve as a basis for developing scenarios for the transformation
of the hard coal sector towards low-emission and economically viable hydrogen energy
in regions dependent on the mining industry.

2. Methodology
2.1. Methodological Framework

This study integrates a review of the advanced methane capture techniques and hy-
drogen production processes, supported by a comprehensive techno-economic and envi-
ronmental analysis. The methodological framework adopted in this study is based on a
critical review and synthesis of scientific literature, industry reports, and policy docu-
ments related to methane capture in coal mining and hydrogen production technologies.
The approach integrates technical, economic, and regulatory aspects to provide a coherent
concept for methane-to-hydrogen conversion in coal-dependent regions. It consolidates
existing data from peer-reviewed publications, official statistical sources, and technical
feasibility studies to identify best practices, technological pathways, and potential inte-
gration schemes. Policy alignment is assessed by evaluating the proposed system’s com-
pliance with existing and planned EU and national regulations, such as the EU Methane
Regulation (2024/1787) and the Polish Hydrogen Strategy, and its potential to contribute
to their emission reduction targets. This assessment considers both current policy frame-
works and anticipated regulatory developments. Methane sources, including coalbed me-
thane (CBM), coal mine methane (CMM), and abandoned mine methane (AMM), were

https://doi.org/10.3390/methane5030022



Methane 2026, 5, 22

4 of 22

characterized using documented geological, operational, and gas quality parameters re-
ported in the literature. Technology performance indicators, cost estimates, and environ-
mental impact data were compiled from studies and technical assessments. These refer-
ences provided the basis for qualitative comparisons and scenario discussions.

This paper was developed as part of the preparation for a research project that will
be implemented in the subsequent years. As a result, the analysis relies on international
experience and case studies, adapting them to the specific geological, operational, and
policy conditions of the Polish mining sector. The integrated methodological approach
enables a systematic assessment of the feasibility, performance, and policy alignment of
methane-to-hydrogen conversion systems in coal-dependent regions. By combining syn-
thesized literature data, adapted process parameters, and scenario-based economic and
environmental analysis, the study provides a base for technology deployment within the
broader context of energy transition and greenhouse gas mitigation.

To ensure reproducibility, the following methodological details are provided: (1) ref-
erences were selected based on their relevance to methane capture, hydrogen production
technologies, and techno-economic assessments, prioritizing peer-reviewed journal arti-
cles, official statistical sources, and technical feasibility studies published after 2010; (2)
scenarios were developed using a three-tier approach (conservative, central, and optimis-
tic) based on literature-derived ranges for key parameters such as CAPEX, OPEX, hydro-
gen price, and electricity price; (3) technical parameters (methane capture efficiency, hy-
drogen yield, conversion efficiency) were estimated from published data [11,13,14,20,21]
and adapted to Polish mining conditions using project-specific assumptions from the
METH2GEN project.

2.2. Subject of Analysis

Potential coalbed methane resources in Poland are estimated at approximately 350
billion m? [23]. Coalbed methane deposits have been properly documented only in the
Upper Silesian Coal Basin. The exploration of methane conditions in the Lower Silesian
Coal Basin and the Lublin Coal Basin is limited due to lower methane concentrations. The
Prospective Balance of Mineral Resources in Poland [24] states that, based on the applica-
ble criteria for deposit designation and after analyzing the geological conditions, total pro-
spective resources can be estimated at 111.27 billion m? for the three Coal Basins men-
tioned above. The largest resources are in the Upper Silesian Coal Basin, where the docu-
mented recoverable balance values determined for 65 deposits amount to approximately
105.45 billion m3, while off-balance values are estimated at 9.41 billion m3. Industrial me-
thane resources determined for 31 deposits in Poland amount to approximately 10.66 bil-
lion m? and are of significant economic importance, particularly in the context of their use
as fuel for power generation installations and the reduction in greenhouse gas emissions
[8].

Total methane emissions from hard coal mines in Poland totaled approximately 795
million m? per year in 2023, of which the largest portion, approximately 474 million m?,
constitutes ventilation air emissions. The remaining portion, approximately 285 million
m?, originates from methane drainage systems, only a portion of which is commercially
utilized; the rest is emitted into the atmosphere [9]. Methane drainage systems in Polish
hard coal mines typically utilize 60% to 70% of the methane that can be captured. This
means that of the approximately 285 million m? of methane captured annually in methane
drainage processes, approximately 214 million m? is commercially utilized. Notably, the
remaining approximately 71 million m? is emitted into the atmosphere due to technologi-
cal limitations and the lack of adequate infrastructure for its utilization [9]. To put these
figures in perspective, the total annual consumption of natural gas in Poland is approxi-
mately 15-17 billion m?3, making the captured CMM (approximately 214 million m3/year
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commercially utilized) a significant, albeit smaller, local energy source. Currently, the cap-
tured methane is primarily used for on-site electricity and heat generation in gas engines,
with limited utilization for trigeneration systems in some mines [10,23].

3. Emission Reduction Technologies and Mining Sector Challenges
3.1. Coal Methane Emissions — Basics

Methane in coal mining comes primarily from three key sources: CBM, CMM, and
AMM. These three categories differ in both their characteristics and the methods of their
capture and management. These emissions have various environmental and technological
characteristics, requiring dedicated technologies for their effective utilization. CBM is a
gas adsorbed in the coal structure, which can be released both during mining operations
and through specialized drilling. The process of extracting CBM from coal seams requires
advanced technologies, such as horizontal drilling and flow intensification through gas
injection, e.g., carbon dioxide or nitrogen. CBM is characterized by high purity (up to 98%
methane), making it a valuable energy source [23]. CMM is methane released during coal
mining. A significant portion of this gas is discharged from mines in VAM, which contains
low methane concentrations, typically below 0.5%. The difficulty in its management stems
from high ventilation airflows and low gas concentrations. VAM combustion technolo-
gies, including catalytic and thermal flow reactors, are continually being refined to in-
crease their efficiency. AMM originates from decommissioned mines, where methane ac-
cumulates in the voids left by the mine. This gas can be used as an energy source. Due to
the difficulty of capturing it and the risk of atmospheric emissions from natural outflows,
from leaking shafts, or other sites, it often poses challenges. Solutions include the use of
underground gas storage facilities or drilling to enable efficient AMM exploitation [24].
The flow rates of these methane sources are not constant; they vary significantly over time
and space. CMM flow rates are closely linked to mining activities and can be highly vari-
able, fluctuating with extraction rates and geological conditions. AMM emissions depend
on the state of mine flooding and can be more stable but diffuse. CBM extraction from
virgin seams tends to be more predictable after initial dewatering and production stabili-
zation [24]. This variability has important implications for the design and sizing of treat-
ment systems.

Currently used technologies for reducing methane emissions in coal mines include
methane drainage systems. Drainage systems effectively capture coalbed methane before
it is released into the atmosphere, which not only reduces emissions but also reduces the
risk of explosions during mining operations. Methane captured from methane drainage
systems is primarily used for electricity and heat production, where the methane is burned
in gas engines and turbines, allowing for local energy use within the mine or in adjacent
installations, as well as in trigeneration systems, enabling the simultaneous production of
electricity, heat, and cooling [10,23]. The use of methane in trigeneration systems repre-
sents an innovative approach to managing captured gas in hard coal mines. These systems
facilitate the simultaneous production of electricity, heat, and cooling, significantly in-
creasing energy efficiency and reducing methane emissions to the atmosphere. Examples
of such technologies could be found in Polish mines, where methane captured during me-
thane drainage is used as fuel in gas engines. The thermal energy produced has the po-
tential to power local heating systems, and the cold is used to air-condition mine work-
ings. In such trigeneration systems, the waste heat from electricity generation in gas en-
gines is used for heating, while a portion of this heat can also drive absorption chillers to
produce cooling for air-conditioning mine workings. This approach significantly increases
overall energy efficiency compared to separate generation of electricity, heat, and cooling
[10].
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Technological limitations and the inefficiency of existing systems result in the low
methane recovery rate in many mines. This proves the need for further investment in the
development of methane drainage technologies and increased efficiency, which will allow
for fuller utilization of this resource’s energy potential. Ventilation air, rich in methane at
concentrations too low for conventional combustion, can be used in catalytic or thermal
reactors. These innovative technologies offer promising solutions for utilizing the me-
thane contained in VAM. These advanced reactors efficiently convert methane into carbon
dioxide and heat, which can be used for energy purposes. However, the main challenge
in their application is the very low methane concentration in VAM, often below 0.5%. At
such low concentrations, additional gas concentration or mixing technologies are neces-
sary to achieve levels that allow the reactors to operate autothermally. Despite these lim-
itations, flow reactors are an essential element of methane emission reduction strategies
in mines, and further work on their optimization could considerably improve their effi-
ciency and industrial utilization. Another emerging approach for VAM treatment in-
volves the use of bioreactors containing methanotrophic bacteria, which can oxidize me-
thane at ambient temperatures and pressures. While this biological method offers the ad-
vantage of low energy consumption, significant challenges remain in terms of cost, scala-
bility for large airflows, and maintaining optimal conditions for bacterial activity in the
harsh mine environment [17].

Summarizing, the challenges associated with methane emissions in coal mining re-
quire urgent action, both in terms of minimizing environmental and safety risks and in
the efficient use of this gas for energy production. Innovative methane capture technolo-
gies offer a response to these challenges, offering new opportunities for emission reduc-
tion and improved gas management effectiveness [18].

3.2. Methods for Enhanced Methane Recovery

Reducing methane emissions in coal mining is one of the most important challenges
in the context of environmental protection and improving occupational safety. Traditional
methane capture methods, such as methane drainage and ventilation systems, despite
their effectiveness in basic applications, are not always sufficient to address contemporary
climatic and technological difficulties. Innovative methane recovery technologies devel-
oped in recent years offer more advanced and effective solutions that not only minimize
emissions but also enable methane utilization as a valuable energy resource [19,25].

LRDD technology is an advanced method used in the mining industry that signifi-
cantly improves the efficiency of coalbed methane capture. LRDD involves drilling long,
directional holes in deposits, enabling precise access to zones containing high methane
concentrations and enhancing the performance of mine degassing and drainage [20]. This
technology enables drilling holes up to 2000 m long, which is important for reaching res-
ervoirs where methane is accumulated [21,22]. The effectiveness of methane drainage us-
ing LRDD technology depends largely on the accurate assessment of deposit parameters
and appropriate well design. CBM deposits are characterized by low permeability, the
presence of gas adsorbed on the coal surface, and a “cleat” fracture structure that is sensi-
tive to stress changes. Therefore, detailed geological modeling is necessary to identify
zones with the greatest drainage potential [20,25,26]. In the case of CMM, emissions also
fluctuate over time and space, specifically in post-mining and disturbed areas, requiring
continuous monitoring [19].

The use of various drilling geometries, including branches, fans, and radial drilling
configurations, allows for increased contact area with the seam and improved gas flow
efficiency towards the borehole. Appropriate placement and orientation of laterals, espe-
cially in loose or faulted zones, amplifies methane recovery and reduces the risk of tech-
nological failures [21]. Furthermore, the use of real-time monitoring systems (e.g.,
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borehole pressure, gas concentration, rock gas content) supports ongoing optimization of
drilling and drainage parameters. Integrating data with control algorithms improves the
operational safety and effectiveness of LRDD technology, making it a scalable solution for
deep mines with complex rock mass geometry [27]. Directional drilling techniques, as il-
lustrated in Figure 1, encompass various configurations such as stacked, planar, and ra-
dial well designs, which are tailored to optimize resource extraction from complex geo-
logical formations [11].

Dual-Opposed Lateral and

Stacked Dual and Tri-Lateral Stacked Opposed Quadrilateral
Planer Dual-Lateral or Planer Y-well Planar Tri-Lateral
Planar Offset Quadrilateral Planar Opposed Quadrilateral

Radial Tri-Lateral Extending from
a primary vertical wellbore Stacked Radial Quadrilateral

Figure 1. Directional Drilling—an overview [28].

Directional drilling techniques, such as planar multilateral and radial trilateral wells,
enable access to difficult-to-reach coal seams and the effective removal of methane from
remote seam areas (Figure 1). A key advantage of LRDD is the ability to drill holes at
various angles, allowing for better placement of degassing points and increased gas cap-
ture area. Methane capture efficiency with this technology increases from the typical 35%
to as much as 70%, significantly reducing methane emissions to the atmosphere [20,21].
This technology also facilitates the capture of gas with high methane concentrations,
reaching up to 98% [21]. Furthermore, this technology is supported by advanced real-time
monitoring and control systems that enable dynamic adjustment of drilling parameters
such as torque, drilling fluid pressure, and hole inclination angle. This allows precise drill-
ing in challenging geological conditions, including coal seams at depths exceeding 1000
m. Selecting the relevant well geometry in LRDD technology is crucial for increasing the
effectiveness of coalbed methane drainage. Depending on the geological structure, per-
meability parameters, gas pressure, and rock mass structural conditions, three basic well
configurations are used: planar, stacked, and radial [22]. The planar configuration in-
volves the propagation of multi-branch wells in a single plane, parallel to the seam slope.
This configuration is particularly effective in homogeneous deposits with good horizontal
continuity, permitting effective degassing of large areas without the need to interfere with
other layers. Conversely, the stacked configuration is based on the arrangement of wells
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in vertical layers (stages), allowing for the simultaneous drainage of gas from several lev-
els of the coal formation. This is an optimal solution for complex structures with multiple
seams or where the gas content varies significantly vertically [20,25]. The most complex
configuration is the radial configuration, in which the side branches of the well radiate
from the main wellhead. This variant ensures maximum drainage reach with minimal
disturbance to the seam structure, amplifying the contact area with the seam several times
compared to a straight borehole. Radial branch distribution is particularly effective in
seams with isotropic permeability and under conditions of moderate lateral stress. The
use of the above-mentioned well geometries, shown in Figure 1, allows for adapting the
drainage system to variable geological conditions and maximizing methane capture per-
formance. Their selection should be based on an analysis of the reservoir model and pre-
liminary drilling tests, considering local pressure zones, fracture patterns, and the risk
associated with rock mass movement [21].

Effective coalbed methane drainage, especially when using LRDD technology, re-
quires not only precise well geometry design but also continuous and integrated monitor-
ing of operating parameters. Modern monitoring systems enable real-time recording and
analysis of key variables, such as borehole pressure and temperature, gas volume flow,
methane concentration, CO:2 content, and changes in rock mass stress [20]. The use of pres-
sure and flow sensors allows for the assessment of dynamic changes in drainage efficiency
and the identification of potential blockages or excessive gas saturation. Simultaneously,
measurements of methane concentration and humidity permit rapid response in situa-
tions that pose a risk to operational safety (e.g., approaching explosive mixture levels).
Monitoring data is integrated with digital reservoir models and control systems, which
automatically adjusts operating parameters, such as system vacuum, valve opening, and
drainage configuration changes [25]. In advanced systems, drainage process control is
performed using predictive modules based on artificial intelligence and machine learning
algorithms, which estimate changes in well efficiency and allow for optimal planning of
follow-up drilling schedules. Integrating environmental monitoring with methane drain-
age systems is now an essential element of effective and safe methane management in
underground mines, aligning with the sector’s climate goals and energy transition [27].

4. Hydrogen Production from Methane
4.1. Hydrogen Production Systems

Producing hydrogen from methane can be a fundamental element in the transition
to low-emission energy sources, while also offering a solution for utilizing fossil gases as
part of the global energy transformation. Methane-based hydrogen production is primar-
ily achieved using technologies such as steam methane reforming, autothermal reforming,
and coal gasification [12].

Steam methane reforming is a process in which natural gas, consisting primarily of
methane (CHa), reacts with water vapor (H20) in the presence of a catalyst at high tem-
peratures (approximately 700-1000 °C). This process produces hydrogen (Hz) and carbon
monoxide (CO). The carbon monoxide can then be converted into additional hydrogen
via the water-gas shift (WGS) reaction, in which carbon monoxide reacts with water vapor
to form hydrogen and carbon dioxide (COz). SMR is characterized by high efficiency and
relatively low costs of hydrogen production, making it the preferred method for indus-
trial-scale hydrogen production. However, the major drawback of this technology is the
emission of significant amounts of COz. For every kilogram of hydrogen produced, ap-
proximately 9-11 kg of CO: are released into the atmosphere [15,16,29,30].

In autothermal reforming technology, methane is converted into hydrogen by the
combustion of some natural gas with the addition of steam. This process is energy self-
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sufficient, as part of the energy required for the reaction comes from the combustion of
methane itself [31]. Nonetheless, as with SMR, ATR leads to high CO: emissions [13].

Steam methane reforming is the most common method and forms the basis for pro-
ducing grey hydrogen. Alternatively, ATR combines the combustion of a portion of natu-
ral gas with the addition of steam, making the process energy-sufficient. Coal gasification,
although less popular, allows the production of hydrogen from solid fuels, but generates
significant amounts of COz [13]. While ATR is energy self-sufficient due to the internal
combustion of a portion of the methane feed, this combustion results in a lower overall
hydrogen yield compared to SMR, as part of the feed gas is oxidized rather than converted
to hydrogen [13,31]. All these technologies are efficient, but their high emissions pose a
challenge to meeting climate targets [11,12]. Depending on the origin of the primary en-
ergy used for hydrogen production, it is feasible to categorize the generated hydrogen
using the color terms gray, blue, turquoise, and green [32]. Conventional hydrogen pro-
duced by various processes that use fossil fuels without COz emissions mitigation is called
gray hydrogen. These include steam reforming of natural gas, coal gasification, or separa-
tion from coke oven gas. It accounts for as much as 76% of the hydrogen produced world-
wide [33]. Its production is mainly based on processes using fossil fuels, making it a high-
carbon and emission-intensive form of hydrogen. The main method for producing gray
hydrogen is SMR, which, despite high CO: emissions, is the most cost-effective and widely
used technology in industry [14].

A critical aspect of the SMR process not yet fully addressed in the current project
concept is the source of thermal energy required for the endothermic reforming reaction.
In conventional SMR, the required heat is supplied by burning a portion of the methane
feed, which contributes to the overall COz emissions of the process (approximately 3178 t
CO2/year from reformer heating in the present scenario, in addition to the process-related
3822 t COz/year). An alternative approach, electrified SMR (e-SMR), uses renewable elec-
tricity to provide the process heat, significantly reducing direct CO2 emissions. However,
e-SMR is currently at a lower technology readiness level (TRL 6-7) and requires a reliable
supply of renewable electricity. In the Polish context, with a coal-dominated electricity
grid (0.720 kg CO2/kWh in 2025), e-SMR would not currently offer significant emissions
reductions unless coupled with dedicated renewable energy sources. Therefore, the pre-
sent scenario assumes conventional SMR with CCS integration as the most practical near-
term solution, while acknowledging that e-SMR could become viable as Poland’s electric-
ity mix continues to decarbonize towards 0.200 kg CO2/kWh by 2050 [14,34].

In addition to steam and autothermal reforming, another promising route to hydro-
gen production from methane is thermal methane cracking, also known as methane py-
rolysis. This method produces hydrogen without releasing carbon dioxide, making it a
viable route to COz-free utilization of fossil methane. According to Weger et al. [35], me-
thane cracking can serve as a bridge technology during the energy transition, decarboniz-
ing sources of natural gas and coalbed methane while producing solid carbon as a by-
product, not gaseous carbon [7]. The solid carbon produced by methane pyrolysis typi-
cally takes the form of a fine powder or granular material, known as carbon black or solid
carbon, which has a high surface area and can be used as an industrial raw material in
applications such as tyre manufacturing, battery anodes, and as a reducing agent. This
contrasts with the more porous, charcoal-like structure of biochar produced from biomass
pyrolysis [7,35]. This method has the advantage of eliminating direct greenhouse gas
emissions, provided the thermal energy is derived from renewable or nuclear sources.
Furthermore, the solid carbon produced can be stored, used industrially, or incorporated
into building materials, thus completely avoiding carbon dioxide emissions. Current tech-
nological advances are aimed at enhancing reactor design, improving energy efficiency,
and catalyst stability to make this solution commercially scalable [3,34].
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Coal gasification involves the chemical conversion of solid fossil fuels, such as coal,
into a gaseous form containing hydrogen. Gasification involves the partial combustion of
coal with a limited supply of oxygen and steam, producing synthesis gas. The produced
syngas is mainly composed of hydrogen, carbon monoxide, and carbon dioxide. Although
this technology enables the extraction of hydrogen from coal, it generates a considerable
amount of carbon dioxide emissions, making it a high-emission technology. Coal gasifi-
cation is recognized as the core technology of clean coal utilization, converting coal into
syngas rich in hydrogen, carbon monoxide, and methane by reacting it with steam, air, or
oxygen. While gasification enhances syngas production and offers hydrogen-rich output,
it inherently generates substantial CO2 emissions unless advanced methods or capture
technologies are employed. Nevertheless, the developed gasification technology could
provide a feasible solution for efficient and clean conversion and utilization of coal, while
allowing for hydrogen production and reducing carbon dioxide emissions [36].

The production of grey hydrogen is closely linked to CO2 emissions, which contribute
to climate change. Therefore, attention is increasingly directed toward transitioning from
fossil fuel-based production methods to more sustainable technologies, such as blue hy-
drogen (produced from fossil fuels with COz capture and storage) and green hydrogen
(produced from renewable energy sources) [30]. Despite its carbon footprint, grey hydro-
gen remains the dominant form in industrial production, particularly in the chemical, re-
fining, and petrochemical sectors, where hydrogen is a key raw material. Transitioning to
lower-emission hydrogen production methods is an integral part of the climate policy of
many countries, including Poland, which aims to reduce CO: emissions in line with EU
climate targets [37]. To support the selection of SMR over the alternative routes discussed
above, Table 1 summarizes their relative maturity, emissions, and yield/cost characteris-
tics as reported in the literature cited in this section.

Table 1. Qualitative comparison of methane-based hydrogen production technologies [12-16,29—
36].

Hydrogen Production

Maturity CO: Emissions (Relative) Yield/Cost Notes

SMR (with CCS)

Most mature; TRL 9 [12- ~9-11 kg COz/kg H2 before

Highest Hz yield of the routes com-
pared here; most cost-effective at in-

14,32,33] capture [15,16,29,30] dustrial scale [14]
Mature. industriall Energy self-sufficient, but lower Hz
ATR ’ Y Similarly high to SMR [13] yield than SMR since part of the feed is
proven
combusted for process heat [13,31]
Emerging; reacto.r ,dESIgn Near-zero direct CO2 emis- Produces solid carbon by-product in-
. and catalyst stability still . ", . .
Methane pyrolysis sions if process heat is re- stead of CO2; not yet commercially scal-
under development newable or nuclear able
[34,35]
High; h - P Ho-rich i
- Established for solid igh; amo?gt e most car- Produces He-rich syngas, but requires
Coal gasification fuels [36] bon-intensive of the routes advanced capture methods to be low-

compared here emission

In summary, while SMR remains the most mature and cost-effective technology for
industrial-scale hydrogen production, ATR offers advantages in terms of energy self-suf-
ficiency at the cost of lower hydrogen yield. Both technologies, however, require integra-
tion with carbon capture and storage (CCS) to align with climate neutrality goals. The
selection of the most appropriate technology depends on site-specific factors, including
methane composition, available infrastructure, and project economics.
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4.2. Integration of Methane Capture and Hydrogen Production

The proposed solution integrates methane capture with its conversion to hydrogen,
providing a comprehensive approach to reducing methane emissions and effective man-
agement [17,19]. The process begins with the capture through a methane drainage system.
LRDD technology plays a key role in increasing methane capture efficiency, which con-
tributes to improving mine safety and supports the achievement of global climate targets
[20-22,25]. This solution is an example of a transformation towards sustainable develop-
ment in the mining sector [38].

The following key assumptions underpin the presented analysis: (a) the methane
capture system using LRDD provides a steady supply of 5.0 million m¥/year of pure me-
thane, split into two equal streams; (b) 2.5 million m3/year (50%) is allocated to electricity
generation in a gas engine with an electrical efficiency of 40%, producing 10,000
MWh/year; (c) the remaining 2.5 million m?¥/year is processed in an SMR unit for hydrogen
production. These assumptions are based on literature data [11,13,20] and adapted to
Polish mining conditions. It is assumed that methane from drainage will be used to gen-
erate electricity at a level of 10,000 MWh/year, half of which can be used directly for local
needs, reducing the need for external energy sources. The next stage of the process is the
conversion of methane to hydrogen using steam reforming technology. Hydrogen pro-
duction reaches 700 tons/year, providing industrial and transportation-grade fuel
[11,12,14]. This process produces carbon dioxide, which is collected and processed into
food-grade products in a form similar to dry ice. Excess CO: can also be injected in liquid
form into depleted coal seams, further preventing endogenous fires [38,39]. A flowchart
of the methane emission reduction process utilizing hydrogen production in hard coal
mines through LRDD technology is shown in Figure 2.

é’ cH, . Hydrogen H,

production
Flaring 4%

" . v H
cH,
Drainage Electric 2
station generator

|
Tts

Electricity network

CO, 4 Fire prevention

—
: Coal seam

Figure 2. Schematic diagram of the process of hydrogen production in hard coal mines.
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The methane-to-hydrogen conversion system is a technologically advanced system
that enables the efficient use of methane collected from mine ventilation air. The process
begins at the methane removal station, where gas at low pressure (0.16 bar, V = 500 m?)
and high pressure (40 bar) is captured and transported to subsequent stages. Producing
700 tons of hydrogen requires approximately 2,500,000 m? of pure methane. Assuming
methane constitutes 40% of the mixture, approximately 6,250,000 m? of the gas mixture
will be required. Therefore, the minimum intake of a 40% methane gas mixture required
for hydrogen production is approximately 12 m3/min [11].

To prepare the gas for further technological processes, the methane is compressed to
a higher pressure, enabling its processing in decarbonization modules such as the DeOxo.
In this step, contaminants, including oxygen, water vapor (H20), and nitrogen (N2), are
removed, yielding a clean gas [13,34]. The gas is then subjected to the Pressure Swing
Adsorption (PSA) process, which eliminates remaining contaminants such as carbon di-
oxide (CO2) and carbon monoxide (CO), and methane is directed to the HyGEN module.
In this module, operating at a pressure of 30-35 bar, methane is converted to hydrogen
(Hz2) and CO:2 via steam or autothermal reforming processes [11,12,14]. The gas residues
are further processed in the Loop module, allowing for energy recovery and maximizing
production effectiveness. The hydrogen produced is compressed to a pressure of 350 bar
and stored in cylinders or tanks, ready for industrial applications [15,34,40]. Carbon diox-
ide, a byproduct, is stored and can be processed into dry ice, further minimizing emis-
sions. Figure 3 shows a diagram of the hydrogen production facility.

A 4

1. Methane Drainage Station
2. Cogeneration Engines
Walelr 3. Combustion Flare
FRPE 4. Purification Unit (De-Oxo)
1 5. Pressure Swing Adsorption
COZ : 6. Hydrogen Production
v 7. Hydrogen Compression and Storage
A 8. Loop Reactor
b — I —
: -
> 4 —> 5 —> —> 7 ------- > H2
HO | co L ]
N Co, : 8
ete. :

Coal : Electric supply

Figure 3. Example diagram of a hydrogen production installation.

Implementing a methane capture and hydrogen conversion system involves signifi-
cant investment and operating costs. The investment costs associated with implementing
this system are considerable and include the construction of a methane drainage station
and CMM capture systems (estimated at EUR 1.5-2.5 million), installation of SMR or ATR
modules for hydrogen production (EUR 3-5 million) [13,14], and integration of PSA and
DeOxo modules for gas purification (EUR 1-2 million). The purchase and installation of
hydrogen compression systems (up to 350 bar pressure) and hydrogen and CO: storage
devices is an additional expense of EUR 1.5-2 million [32]. The development of LRDD
technology, which increases methane capture efficiency, can cost approximately EUR 2-3
million, while monitoring and process automation systems add another EUR 0.5-1
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million. Operating costs include energy consumption for gas compression and reforming
processes, which generate an expense of EUR 200,000-400,000 per year, infrastructure
maintenance, and parts replacement costs (EUR 150,000-300,000 per year), water con-
sumption in reforming processes (EUR 50,000-100,000 per year) [14], and salaries for plant
personnel (EUR 300,000-500,000 per year). Regulatory costs, such as plant certification
and meeting greenhouse gas emission standards, can amount to EUR 50,000-100,000 per
year, while potential environmental fees for unused methane or CO: are difficult to esti-
mate and depend on the emission level [39,40]. Total investment costs can amount to ap-
proximately EUR 9.5-15.5 million, and annual operating costs range from EUR 0.7 to 1.3
million. To provide a more transparent breakdown of the investment requirements, Table
2 presents the estimated costs by major system component.

Table 2. Breakdown of Investment Costs by Component.

Component Estimated Cost (EUR)
Methane drainage station and CMM capture systems 1.5-2.5 million
SMR/ATR modules for hydrogen production 3.0-5.0 million
PSA and DeOxo gas purification modules 1.0-2.0 million
Hydrogen compression and storage systems 1.5-2.0 million
LRDD technology development 2.0-3.0 million
Monitoring and process automation 0.5-1.0 million
Total 9.5-15.5 million

To demonstrate the consistency of the proposed process, a simplified mass and en-
ergy balance is presented below. On the mass balance side, considering the inputs and
outputs on an annual basis, 2.50 million m? of pure methane is allocated to hydrogen pro-
duction, yielding 700 tons of hydrogen, while an equal stream of 2.50 million m? of me-
thane is used for electricity generation, yielding 10,000 MWh of electricity; together these
amount to a total methane feed of 5.00 million m? per year, which is accompanied by pro-
cess water consumption for the SMR reaction of approximately 2.25 million kg, and results
in CO2 emissions from process and heat generation of approximately 7000 tons, along with
solid carbon and other byproducts as applicable. On the energy balance side, taking me-
thane’s lower heating value (LHV) as 9.94 kWh/Nm?, the methane allocated to hydrogen
production contributes 2.50 million Nm?3 x 9.94 kWh/Nm? = 24,850 MWh/year, and the
methane allocated to electricity generation contributes an identical 24,850 MWh/year, for
a total methane energy input of 49,700 MWh/year; on the output side, the 700 tons/year of
hydrogen corresponds to an energy content of 700 tons x 33.33 kWh/kg =23,300 MWh/year
(LHV), which combined with the 10,000 MWh/year of electricity output gives a total use-
ful energy output of 33,300 MWh/year, and dividing this by the total energy input yields
an overall energy efficiency of 33,300/49,700 = 67%. This simplified balance confirms that
the 700 tons/year hydrogen production is consistent with the 2.50 million m3/year methane
feed and the 77.8% conversion efficiency, while the 10,000 MWh/year electricity genera-
tion represents a separate methane stream that must be allocated in addition to the hydro-
gen feed. The mass balance also confirms that the 7000 tons CO:/year emissions are con-
sistent with the stoichiometry of the SMR reaction, comprising approximately 3822 t CO:
from the reaction itself plus approximately 3178 t CO: from reformer heat generation.

The time required for such an investment, including design, construction, and com-
missioning, is estimated at 2—4 years, depending on the scale of the installation, location
conditions, and regulatory procedures required in a given region [13]. Despite the high
initial costs, the proposed solution offers economic benefits that make the project profita-
ble in the medium and long term. A key source of revenue is the sale of hydrogen, with
annual production of 700 tons generating potential revenues of EUR 2.5-3.8 million at an
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average price of 3.6-5.5 EUR/kg [32,40]. Fuel-grade hydrogen is being applied more ex-
tensively in the transportation and industrial sectors, increasing its market value. The re-
turn on investment in a hydrogen production system can occur in a relatively short time,
making this technology highly advantageous from an economic perspective [14,34]. An
additional source of revenue, if sold, could be electricity production. Approximately 5000
MWh of electricity can be sold annually, generating revenues of € 0.5-0.6 million at cur-
rent energy prices (€100-120/MWh). Combustion of methane to produce electricity would
result in a payback period of approximately 3.6 years. Captured carbon dioxide, processed
into dry ice or other products, can also be sold on the industrial and food markets, gener-
ating additional revenues based on the price of food-grade CO2 (€80-120/t) [7,38,39].

Environmental fees for greenhouse gas emissions, such as methane (CH4) and carbon
dioxide (CQyz), are regulated by the EU Emissions Trading Scheme (EU ETS) and national
environmental regulations. Under the EU ETS, the cost of emitting one tonne of CO: in
2024 is estimated at around EUR 85-100, which represents a notable financial burden for
companies emitting greenhouse gases. In the case of methane, although its emissions are
not directly covered by the EU ETS, the EU regulations being implemented to reduce me-
thane emissions in the energy and mining sectors may introduce fees for its emissions in
the future, given its high greenhouse gas potential (28 times greater than COz) [39,41,42].
For companies operating in the mining sector, this means reducing emissions to avoid
high costs. For example, with annual CO2 emissions of 100,000 tonnes, fees can amount to
as much as EUR 8.5-10 million, which motivates companies to invest in emission-reduc-
ing technologies, such as methane capture systems or hydrogen conversion plants. Re-
ducing greenhouse gas emissions not only reduces the risk of environmental fees but also
increases the competitiveness of enterprises in the market in line with the EU climate tar-
gets [39,42,43].

4.3. Case Studies from Coal-Dependent Regions

Coal-dependent regions face enormous challenges related to the necessary energy
transition aimed at achieving climate neutrality. Examples of these regions, such as the
Rubhr area in Germany and Appalachia in the United States, demonstrate that this transi-
tion requires not only technological modernization but also socio-economic measures to
minimize the negative impacts on local communities, which should be undertaken while
mining operations are still ongoing. Regions heavily dependent on the coal industry, such
as Upper Silesia in Poland and Appalachia in the United States, encounter several limita-
tions due to the energy shift. Economic dependence on coal means that mine closures lead
to mass unemployment and economic stagnation, as observed in Upper Silesia during the
restructuring of heavy industry. The social costs of these changes are considerable. Mine
closures cause social tensions, economic migration, and difficulties in reintegrating work-
ers into other sectors of the economy. Additionally, these regions face environmental
problems, such as the need to reclaim mining land and manage waste, which pose signif-
icant challenges for local communities. Examples related to the transformation are pre-
sented below.

The Ruhr region is a model example of the transformation of a region dependent on
the coal industry into a highly developed economy based on services and technology. This
process was facilitated by coordinated political support, which included extensive invest-
ments in education, research, and infrastructure. EU and national programs supporting
the creation of technology parks and attracting high-tech investors have played a critical
role. Once dominated by mines and steelworks, this region is now a center of innovation,
home to advanced laboratories and research institutes such as the Fraunhofer Society. The
Ruhr region demonstrates that successful transformation depends on long-term planning
and comprehensive socioeconomic support [44,45]. The Appalachian region in the US,
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known for its long-standing dependence on the coal industry, is undergoing a difficult
transformation. While initiatives such as retraining programs for mine workers have been
implemented, their overall success has been mixed. Studies indicate that despite signifi-
cant federal investment, the transition to renewable energy employment has been chal-
lenging due to geographic mismatches between job locations and mining communities,
differences in skill requirements, and limited economic diversification in the region. Nev-
ertheless, the region has seen some successful demonstration projects, such as the trans-
formation of former mining lands into solar farms and pumped storage hydroelectric fa-
cilities [46,47], which highlight the potential for repurposing post-mining infrastructure.
These initiatives focus on retraining workers for renewable energy sectors, such as solar
panel installation, wind turbine construction, and green technologies. Local initiatives
supported by the federal government are pivotal, as they provide access to training, edu-
cational funding, and job creation assistance. Appalachia demonstrates that successful
transformation requires investment in human capital and a sustainable strategy to sup-
port local communities [48]. An analysis of demonstration projects under the Clean En-
ergy Demonstration Program on Current and Former Mine Land demonstrates the poten-
tial for transforming former mining lands into clean energy sources. For example, the A
Model for Transition: Coal-to-Solar in West Virginia project in Nicholas County, West Vir-
ginia, envisions transforming former mining lands into a 250 MW solar farm capable of
powering approximately 39,000 homes. This initiative not only promotes renewable en-
ergy sources but also creates new jobs by supporting the local economy and offering train-
ing programs for coal workers, enabling them to acquire green energy qualifications [49].
Similarly, the Lewis Ridge Pumped Storage Project in Bell County, Kentucky, plans to
utilize former coal mine lands to build a pumped-storage hydroelectric power plant, in-
creasing energy supply reliability and supporting the integration of renewable energy
sources into the grid. These initiatives emphasize the importance of investing in clean en-
ergy infrastructure in post-mining areas, contributing to greenhouse gas emissions reduc-
tions, diversifying local economies, and promoting sustainable development [50].

These experiences can serve as a model for other regions around the world, including
Poland, where transforming post-mining areas into clean energy production centers can
contribute to achieving climate and economic goals.

4.4. Policy and Regulation Framework

Hydrogen policy and regulations are essential in the process of decarbonizing the
economy and developing hydrogen-related technologies, providing a foundation for the
energy transition and increasing the share of renewable energy sources. They support the
implementation of innovative solutions, creating stable and predictable conditions for in-
vestors, and ensuring compliance with international standards and climate targets. At
both the EU and national levels, these policies aim to build a comprehensive legal frame-
work that supports the development of hydrogen production, transport, and storage in-
frastructure. According to the International Renewable Energy Agency [44], large-scale
hydrogen trade will play a crucial role in achieving the established climate goal. It requires
coordinated international policy frameworks, investment in infrastructure, and harmo-
nized certification systems to ensure the environmental integrity of hydrogen supply
chains. While the technical potential for green hydrogen production is substantial, costs
vary markedly across regions. Regions with superior renewable resources and low devel-
opment costs possess a competitive advantage, though land and water constraints may
limit production. Anticipated growth in hydrogen trade is prompting regulatory
measures to ensure compliance with domestic sustainability standards, particularly emis-
sions intensity. The European Union has advanced frameworks in place, whereas other
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prospective importing markets are still formulating policies, warranting further examina-
tion of their eventual implications [44].

The European Union is playing a leading role in promoting the hydrogen economy,
introducing core strategies and regulations such as the European Green Deal, the RED II
Directive, and the REPowerEU program. The REPowerEU strategy sets an ambitious tar-
get of producing 20 Mt of renewable hydrogen by 2030, of which 10 Mt is to be sourced
from EU domestic production, and a further 10 Mt is to be imported. Renewable hydro-
gen, produced through electrolysis using renewable energy, is seen as a key element of
the energy transition, supporting the decarbonization of the industrial, transport, and en-
ergy sectors [44,45,51].

In Poland, the development of a hydrogen economy is a priority identified in strate-
gic documents such as the Polish Hydrogen Strategy for 2030-2040 [33]. This strategy sets
goals for the implementation of hydrogen technologies in major economic sectors and the
development of infrastructure for hydrogen production, distribution, and storage. It also
envisages the creation of hydrogen valleys and support mechanisms for technological in-
novation, particularly in the area of green hydrogen production. International cooperation
and compliance with EU regulations constitute integral components of these efforts, en-
suring access to funding and supporting the integration of hydrogen technologies within
the EU single market [33,48].

The legal framework also supports the financing and development of research into
hydrogen technologies. Mechanisms such as the Innovation Fund, Horizon Europe, and
national research programs enable financing for projects related to the development of
hydrogen production, storage, and applications in industry and transport. Regulatory
predictability and policy stability are key to attracting investors and creating long-term
plans for hydrogen infrastructure development [45,49,50].

The EU legal framework, particularly Horizon Europe, the Innovation Fund, Inves-
tEU, and the Clean Hydrogen Partnership, underpins the financing of hydrogen research,
production, storage, and application developments. These mechanisms offer long-term
grants, competitive auctions, and private-public co-funding, while regulatory predictabil-
ity and policy stability are recognized as essential to promoting investment and allowing
coherent planning for hydrogen infrastructure deployment.

The proposed solution fits within the policy and regulatory framework supporting
the development of hydrogen technologies, emphasizing the importance of the efficient
use of hydrogen as an energy carrier in the energy transition. Its main goal is to develop
innovative solutions for obtaining and converting methane into hydrogen, which directly
supports the decarbonization of industry and the reduction in methane emissions—a
high-potential greenhouse gas. The project is consistent with the Polish Hydrogen Strat-
egy [33], which emphasizes the development of hydrogen production and storage infra-
structure and supports innovation in the energy and industrial sectors.

5. Discussion

The results of the scenario-based analysis, developed from literature data and pro-
ject-specific assumptions, indicate significant potential environmental and economic ben-
efits of methane capture and hydrogen production integration in coal mines. By using
LRDD technology and advanced SMR methods with carbon capture and storage (CCS),
the developed approach enhances methane recovery efficiency and supports the global
transition towards low-emission energy sources [52].

LRDD technology has proven to be an effective method of methane drainage in coal
mines. The proposed solution will achieve 70% methane capture effectiveness, signifi-
cantly exceeding the efficiency of conventional methane drainage systems, which operate
at 35-50% [20,21]. This increased performance results from the use of extended directional
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drilling (up to 2000 m), which allows access to deeper gas-bearing formations. Further-
more, optimized drilling layout improves gas flow and reduces gas losses. Real-time mon-
itoring and automatic control also optimize capture capacity and operational safety [17].
The reviewed evidence confirms that modern methane removal methods can significantly
reduce methane emissions to the atmosphere, minimizing their impact on climate change
while maximizing energy recovery potential [53].

To assess the economic feasibility of the proposed methane-to-hydrogen conversion
system, the most relevant quantitative parameters are summarized in Table 3. The table
includes technological performance indicators (e.g., methane capture rate, hydrogen
yield), energy production, carbon dioxide emissions, and economic indices such as capital
costs, operating costs, and return on investment. The techno-economic estimates pre-
sented in Table 3 are based on indicative values from literature and technical reports, com-
plemented by project-specific assumptions reflecting Polish mining conditions. This sce-
nario-based approach adapts data from previous studies [11-14,20,21,32,34,39,40] to the
context of an integrated methane-to-hydrogen system in coal-dependent regions. This
comprehensive review supports the case for industrial implementation of the system in
coal-dependent regions.

Table 3. Summary of expected techno-economic parameters of the integrated methane-to-hydrogen
system [11-14,20,21,32,34,39,40].

Parameter Value
Methane capture efficiency (LRDD) 70%
Captured methane volume 5.0 million m3{)year (pure. C.ZH4,' 50% to Ho,
50% to electricity)
Hydrogen production capacity 700 tons/year
Energy generation potential 10,000 MWh/year
CO:z emissions from hydrogen production ~7000 tons COz/year
CO2 mitigation (with CCS) up to 30% reduction
Initial investment cost 9.5-15.5 million EUR
Annual operating cost 0.7-1.3 million EUR
Annual hydrogen revenue 2.5-3.8 million EUR
Annual electricity sales revenue 0.5-0.6 million EUR

Methane captured from the rock mass drainage process will be converted into hy-
drogen via SMR and ATR, achieving an 85% hydrogen production efficiency. Annual hy-
drogen production was estimated at 700 tons, based on compiled literature data and as-
sumptions. Compared to previous studies [11], where the efficiency of the standard SMR
process was in the range of 70-75%, applying CCS in the considered scenario could in-
crease effectiveness by around 10%, while simultaneously reducing CO: emissions by
30%. The results obtained indicate that integrating modern methane capture and hydro-
gen production methods is a more sustainable and economically viable strategy compared
to conventional methods of mine methane management.

Implementing an integrated methane capture and hydrogen production system pro-
vides several environmental and economic benefits:

e  Methane emission reduction—prevents the release of up to 250,000 m? of methane
per year, corresponding to 6.25 million kg of CO:2 equivalent greenhouse gas emis-
sions.

e  Low-carbon energy production—the hydrogen produced has an energy potential of
10,000 MWh per year, which can power industrial processes, transportation, or min-
ing operations.
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Further research should focus on optimizing the CO:z capture process, improving hy-
drogen storage methods, and analyzing policy mechanisms supporting the large-scale im-
plementation of the technology.

The selection of the final process configuration was directly informed by the biblio-
graphical review. Specifically, LRDD technology was selected because the literature
[20,21] demonstrated its superior methane capture efficiency (up to 70%) compared to
conventional methods (35-50%), providing the necessary methane supply for down-
stream conversion. SMR was selected as the preferred hydrogen production technology
because the review of hydrogen production technologies [12-14,32,33] highlighted it as
the most mature (TRL 9) and cost-effective option for industrial-scale production, with
lower hydrogen production costs than ATR or methane pyrolysis. CCS integration was
included because the review of carbon management technologies [38,39] demonstrated
that CO:z capture and utilization/sequestration is necessary to align the process with EU
climate neutrality goals. Finally, the policy framework review [5,33,44,45] confirmed that
the proposed configuration aligns with current EU and Polish regulations and funding
mechanisms, supporting its practical feasibility.

The proposed CO:2 management strategy requires critical assessment of technical and
market realities. Dry ice production from captured CO: is technically feasible but faces
challenges: the food-grade CO: market is relatively small (estimated at several million
tonnes annually in Europe) and requires high purity (>99.5%). The METH2GEN project
would need to meet these purity requirements through additional purification steps,
which would add to CAPEX and energy consumption. CO: injection into coal seams for
enhanced coalbed methane recovery (ECBM) has been demonstrated at pilot scale but
faces challenges including injectivity limitations, CO:z breakthrough, and long-term stor-
age integrity. The suitability of Polish coal seams for CO:2 injection would require detailed
geological assessment of permeability, adsorption capacity, and sealing integrity. CO:
transportation would require either pipelines (economically viable for large-scale pro-
jects) or truck transport (feasible for smaller volumes but with higher costs and emissions).
Long-term storage permanence depends on adsorption capacity, sealing integrity, and
site-specific geological conditions, requiring long-term monitoring. These challenges in-
dicate that a diversified CO2 management strategy combining utilization and sequestra-
tion may be the most robust approach in the Polish context.

6. Conclusions

The analysis highlights the crucial role of advanced methane capture and hydrogen
conversion technologies in reducing greenhouse gas emissions and supporting the energy
transition in coal-dependent regions. Methane, a greenhouse gas with a warming poten-
tial 28 times greater than COz, poses a significant environmental challenge in the mining
industry. The use of LRDD technology allows for increasing methane capture efficiency
from 35% to 70%, contributing to significant emissions reductions and improved work
safety in mines.

A key component of the proposed solution is the conversion of captured methane to
hydrogen using SMR and CCS technology, which not only reduces emissions but also
provides a valuable energy resource. Hydrogen production of 700 tons per year, while
simultaneously utilizing CO: (e.g., for dry ice production), demonstrates the technology’s
potential as an element of an industrial decarbonization strategy. Integrating modern me-
thane capture and hydrogen production methods into existing mine structures, supported
by monitoring and automation systems, can substantially increase the energy and eco-
nomic effectiveness of the entire process. The projected return on investment, estimated
from literature values and project assumptions, suggests that the concept can be both eco-
logically sound and economically viable.
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Further research is recommended into the optimization of LRDD and SMR technol-
ogies, the development of effective hydrogen storage methods, and the integration of so-
lutions with hydrogen and climate policies at the EU and Member State levels. The pro-
posed approach provides a scalable and integrated model for energy transition that can
be applied in regions with high methane emissions and developed mining infrastructure.

Converting captured methane into hydrogen using reforming technology may be a
crucial element of the energy transition process in mining regions. This solution not only
reduces methane emissions, a greenhouse gas with high global warming potential, but
also enables the optimal use of hydrogen as a zero-emission energy source. Industrial-
scale hydrogen production, especially when combined with carbon capture and utiliza-
tion or geological storage technologies, supports climate policy and decarbonization goals
and fosters the development of a hydrogen economy in areas undergoing the restructur-
ing of the coal industry.

It is important to note that the findings presented in this study are based on a sce-
nario-based techno-economic analysis using literature data and project-specific assump-
tions from the METH2GEN project. The quantitative results, including hydrogen produc-
tion capacity, investment costs, and return on investment, are derived from preliminary
calculations and should be considered as indicative rather than definitive. Experimental
validation, detailed process simulation, and pilot-scale implementation are required to
confirm the technical feasibility and economic viability of the proposed system. The re-
sults presented here should therefore be considered as preliminary indications of poten-
tial rather than confirmed operational outcomes.
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Abbreviations

The following abbreviations are used in this manuscript:

AMM Abandoned Mine Methane

ATR Autothermal Reforming

CBM Coalbed Methane

Ccs Carbon Capture and Storage
CCU Carbon Capture and Utilization
CMM Coal Mine Methane

GWP Global Warming Potential
LRDD Long Reach Directional Drilling
PSA Pressure Swing Adsorption
SMR Steam Methane Reforming
WGS Water-Gas Shift

VAM Ventilation Air Methane
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