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Marek Borowski 1,* , Klaudia Zwolińska-Glądys 1 and Jianwei Cheng 2

1 Faculty of Civil Engineering and Resource Management, AGH University of Krakow, 30-059 Krakow, Poland;
kzwolinska@agh.edu.pl

2 School of Safety Engineering, China University of Mining and Technology (CUMT), Xuzhou 221116, China;
cheng.jianwei@cumt.edu.cn

* Correspondence: borowski@agh.edu.pl; Tel.: +48-6004505422

Abstract: Methane emissions from coal mines represent a significant environmental and
atmospheric challenge, contributing to global greenhouse gas accumulation and impacting
local air quality. This study aimed to quantify methane emissions from Polish coal mines,
analyze their environmental and economic impacts, and evaluate advanced mitigation
technologies to inform sustainable practices and policy alignment with global climate
objectives. The study examined methane emissions from hard coal mining in Poland,
emphasizing their scale, sources, and implications for the sector’s carbon footprint. A
comprehensive overview of measurement methodologies, including direct sampling and
advanced monitoring systems, is provided to highlight current capabilities and limitations.
Furthermore, innovative capture technologies, such as ventilation air methane oxidation
systems and methane drainage techniques, are explored alongside utilization pathways for
energy production, including electricity generation and hydrogen synthesis. By integrating
quantitative analyses and case studies, the article evaluates the effectiveness of these strate-
gies in reducing methane emissions and improving air quality. The findings underscore
the critical role of methane management in transitioning the coal industry toward more
sustainable practices and achieving carbon neutrality goals. This study aims to inform
policymakers, industry stakeholders, and researchers by presenting actionable insights
into mitigating methane emissions, while fostering the dual objectives of environmental
protection and resource efficiency.
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1. Introduction
Methane (CH4) emissions pose a significant global environmental challenge due to

their profound impact on climate change and air quality. As a greenhouse gas, methane
has a global warming potential (GWP) 28–36 times greater than carbon dioxide (CO2) over
a 100-year timeframe, making it a critical contributor to short-term climate forcing [1–3].
Methane emissions originate from both natural sources, such as wetlands, and anthro-
pogenic activities, including agriculture, oil and gas operations, and coal mining, which
collectively account for approximately 60% of global methane emissions [4–6]. Beyond its
climate implications, methane also contributes to the formation of ground-level ozone, a
harmful air pollutant linked to respiratory issues and ecosystem degradation [7]. Address-
ing methane emissions has been identified as a rapid and cost-effective means of mitigating
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climate change, as reducing methane levels can yield immediate benefits for atmospheric
cooling and public health [8]. These factors highlight the pressing need for comprehensive
mitigation strategies aimed at methane-intensive industries, such as coal mining, which
continues to be a significant global emitter [9,10].

Poland’s energy sector is heavily dependent on coal mining, which not only supplies
a significant portion of the country’s energy needs but also makes Poland one of the largest
coal producers in Europe. This reliance comes at a considerable environmental cost, as
coal mining is a major source of methane (CH4) emissions. The methane released during
coal extraction, both from active mining operations and abandoned sites, was responsible
for over 752 million cubic meters of emissions annually in 2023 [9]. In 2023, Poland’s total
greenhouse gas emissions were approximately 406 million tons of CO2 equivalent, with
fugitive methane emissions from coal mining accounting for 53.57 million tons of CO2

equivalent, representing 13.2% of the nation’s total emissions [8]. Despite efforts to capture
and utilize methane for energy generation, approximately 65% of emissions from coal
mining operations in 2023 were still released into the atmosphere, exacerbating Poland’s
climate impact and posing significant challenges for meeting European Union climate goals
under the Methane Strategy and Green Deal initiatives [8]. Addressing these emissions
is therefore critical for Poland’s transition to a more sustainable energy framework and
alignment with international climate targets. In 2023, methane emissions from coal mining
operations, including both active and abandoned mines, were a significant contributor to
Poland’s greenhouse gas inventory [8,11]. Understanding the scale and sources of these
emissions is essential for developing targeted mitigation strategies.

The primary purpose of this study is to analyze methane emissions from Polish coal
mines, a critical concern for both environmental sustainability and compliance with in-
ternational climate commitments. By focusing on comprehensive data collection and
analysis, this study examines the pathways of methane release, including ventilation air
methane (VAM) and coal mine methane (CMM), to accurately quantify their contribu-
tions. This analysis provides a foundation for addressing the dual challenges of reducing
methane emissions while leveraging its potential as an energy resource, aligning with the
EU Methane Strategy and the Global Methane Pledge [9–11]. The study highlights the
importance of integrating advanced monitoring technologies and methodologies, such
as gas chromatography and real-time sensors, to enhance the precision and reliability of
emissions data, thereby facilitating more effective mitigation measures. A critical purpose
of this study is to evaluate the measurement methods used to quantify methane emissions
in Polish coal mines, which is essential for accurate reporting and the development of
effective mitigation strategies. Reliable measurement is the cornerstone of understand-
ing methane emission dynamics, enabling compliance with international guidelines such
as the UNECE Best Practice Guidance [9,10] and IPCC methodologies [5,6]. This study
assesses the effectiveness of current techniques, including gas chromatography, portable
gas analyzers, and continuous monitoring systems, in capturing data on VAM and CMM
emissions [6]. Particular attention is given to the precision, scalability, and practicality
of the described methods in the context of Poland’s unique mining conditions, where
methane concentrations can vary significantly between active and abandoned sites [10,12].
By comparing traditional approaches with emerging technologies, such as remote sensing
and real-time monitoring, the study identifies gaps and opportunities for improvement.
This evaluation aims to establish a robust framework for accurate methane quantifica-
tion, ensuring emissions are reliably monitored, reported, and used to inform effective
mitigation strategies.

Additionally, this study aims to quantify methane emissions from Polish coal mines,
analyze their environmental and economic impacts, and explore innovative mitigation and
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utilization strategies to address these emissions. The focus is on achieving both environ-
mental impact reduction and resource optimization. Methane, while a potent greenhouse
gas, also represents a valuable energy resource when effectively captured and utilized. This
study investigates cutting-edge technologies such as ventilation air methane oxidation,
catalytic systems, and regenerative thermal oxidizers specifically designed to manage the
low-concentration methane emissions typical of coal mining operations [10,13,14]. Empha-
sis is placed on the economic feasibility and scalability of the proposed technologies, as
well as their compatibility with Polish mining conditions and infrastructure. By integrat-
ing quantitative analyses and case studies from ongoing projects, this research highlights
practical pathways for methane utilization and offers actionable insights for policymakers,
industry stakeholders, and researchers aiming to align with EU climate goals and global
methane management strategies [15,16].

2. Literature Review
Methane emissions from coal mining constitute a significant global greenhouse gas,

impacting both climate change and air quality [17]. The primary sources of these emissions
are ventilation air methane (VAM) and coal mine methane (CMM), released during coal
extraction processes [18]. VAM accounts for a substantial portion of methane emissions
globally, particularly in large-scale mining operations with high airflow rates [17]. Beyond
its environmental impact, methane poses serious safety risks in underground mines, further
underscoring the importance of effective mitigation strategies [18,19].

Accurate monitoring of methane emissions is essential for reporting, risk assessment,
and the development of mitigation strategies. Traditional methods, such as direct sampling,
are widely used but have limitations in scalability and real-time application [20]. Advanced
technologies have enhanced the precision and reliability of methane quantification. Such
solutions include

• Non-dispersive infrared (NDIR) sensors that are effective in detecting low concentra-
tions of methane in VAMs.

• Ultrasonic anemometers that can simultaneously monitor airflow and methane concentration.
• Gas chromatography for analyzing methane in mixed gas streams [21–23].
• Satellite-based techniques provide large-scale and real-time methane emission detec-

tion, improving coverage and accuracy [20].

However, these technologies require significant infrastructure investment and tech-
nical expertise, limiting their adoption in regions with constrained funding or access to
advanced technologies [20,22]. This barrier is particularly relevant to countries like Poland,
where economic and technical challenges hinder widespread implementation.

Countries with large-scale mining industries have made notable advancements in
methane mitigation by integrating innovative technologies and adopting strategic frame-
works tailored to their specific conditions. China, as a global leader in methane abatement,
has extensively deployed regenerative thermal oxidizers (RTOs) and catalytic regenerative
thermal oxidizers (CRTOs) to address ventilation air methane (VAM) emissions. These
systems effectively oxidize low-concentration methane in ventilation air, reducing its envi-
ronmental impact while simultaneously capturing energy for industrial use. In addition,
China has implemented combined heat and power (CHP) systems for coal mine methane
(CMM), which not only mitigate emissions but also enhance energy efficiency by converting
methane into heat and electricity. These integrated approaches have significantly reduced
emissions and established a model for large-scale industrial operations [24,25].

The United States has taken a different but equally effective route by fostering public–
private partnerships to develop modular and scalable solutions for methane mitigation.
Modular CHP systems and advanced VAM oxidation units have been successfully de-
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ployed in various mining operations, achieving substantial emission reductions. These
technologies are supported by government initiatives that encourage innovation and in-
centivize industry stakeholders to adopt environmentally friendly practices. Additionally,
the U.S. emphasizes research and pilot projects, ensuring the continuous improvement of
methane mitigation technologies [26,27].

In Australia, methane management has focused on methane-to-energy initiatives
that prioritize both emission reduction and economic viability. Pilot programs designed
to capture and utilize methane have demonstrated scalability and adaptability in large-
scale mining operations. These initiatives leverage Australia’s vast mining infrastructure
and are complemented by robust regulatory frameworks that enforce methane mitigation
standards. Furthermore, international collaborations and knowledge-sharing initiatives
have strengthened Australia’s position as a leader in sustainable methane management.
Efforts to align economic benefits with environmental goals have played a critical role in
the widespread adoption of advanced technologies such as VAM oxidation and methane
recovery systems [27].

The Polish coal industry stands as one of the most significant sources of methane
emissions in Europe, contributing substantially through both active and abandoned mining
operations. These emissions present a dual challenge: on the one hand, meeting stringent
environmental obligations under the European Union’s climate strategies, including the
Methane Strategy and Green Deal, and on the other, addressing the safety risks posed by
methane-rich mining environments. Methane concentrations in Polish mines often vary
widely, increasing the complexity of monitoring and mitigation efforts [28].

Despite notable advancements in methane reduction technologies globally, their im-
plementation in Poland faces persistent economic and technical barriers. Many coal mines
rely on aging infrastructure that is not designed to support the integration of modern
methane mitigation systems. Technologies such as regenerative thermal oxidizers (RTOs)
and combined heat and power (CHP) systems, which have proven effective in countries
like China and the United States, remain underutilized due to high initial investment costs
and technical constraints. Limited access to funding for upgrading mining infrastructure
further exacerbates the problem, particularly in smaller mines where resource constraints
are more pronounced [29].

While global best practices provide valuable insights, their direct application to Polish
mining conditions is limited. The unique geological and operational challenges of Poland’s
coal industry—such as varying methane concentrations, complex mining layouts, and older
mine designs—require tailored adaptations of existing technologies. However, there is a
notable lack of detailed research on the feasibility, scalability, and economic viability of
adapting ventilation air methane (VAM) and coal mine methane (CMM) technologies to
these specific conditions. Smaller mining operations, which form a significant portion of
Poland’s coal sector, are particularly underrepresented in studies exploring the deployment
of advanced mitigation technologies. This gap highlights the need for localized studies and
pilot projects to assess how these technologies can be effectively integrated into Poland’s
mining ecosystem.

Addressing these challenges is critical for aligning Poland’s methane mitigation efforts
with the EU Methane Strategy and the Global Methane Pledge. By bridging this knowledge
gap with targeted research and leveraging lessons from international best practices, Poland
can identify scalable and cost-effective solutions that meet both environmental and eco-
nomic goals. Furthermore, increased investment in infrastructure modernization, coupled
with incentives for technology adoption, will play a pivotal role in overcoming current
barriers. Developing customized strategies for methane capture and utilization not only
has the potential to significantly reduce Poland’s greenhouse gas emissions but also offers
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an opportunity to convert methane from a liability into a valuable energy resource. This
dual approach of environmental stewardship and resource optimization will be essential
for ensuring Poland’s contribution to global climate goals, while enhancing the safety and
sustainability of its coal industry.

This study seeks to address the identified gaps by analyzing methane emissions in
the Polish coal industry and evaluating advanced mitigation technologies. By integrating
global best practices with local case studies, it aims to provide actionable insights for
policymakers and industry stakeholders. Tailored strategies that consider Poland’s specific
mining conditions, economic constraints, and policy frameworks are essential for achieving
sustainable methane management. These efforts contribute to broader global climate goals
and align with the EU’s methane reduction initiatives.

3. Materials and Methods
3.1. Details of the Data Sources

The foundation of this study is the critical reports and policies that provide a frame-
work for understanding and addressing methane emissions from coal mining. The UNECE
Best Practice Guidance for Effective Management of Coal Mine Methane [9] established
international standards for monitoring, reporting, verification, and mitigation of methane
emissions, emphasizing the need for precision and innovation in measurement and capture
technologies. This guideline provided crucial information and observations related to
methane emissions, and proposed mitigation measures and available solutions for effective
emission management. Complementing these is the European Union’s Methane Strategy,
which outlines actionable steps to reduce methane emissions across sectors, including
energy and mining. This strategy highlights the importance of aligning national efforts
with global climate goals and prioritizing methane utilization to mitigate environmental
impacts, while contributing to energy security [10,30,31]. These foundational documents
guided this study’s methodology, ensuring it is rooted in robust data, international best
practices, and relevant policy.

This paper relied on diverse data sources to ensure a comprehensive analysis of
methane emissions from coal mines in Poland. All data used in this study came from
publicly available sources, such as KOBiZE (Warszawa, Poland) reports, industry data,
and project results, which ensured transparency and the possibility of verifying the results.
Additional data were made available by cooperating entities from the mining sector, in full
compliance with applicable data protection and confidentiality regulations. The primary
dataset was derived from the KOBiZE National Inventory Reports [8], which provide an
extensive account of greenhouse gas emissions in Poland, detailing the contribution of
methane from active and abandoned coal mines. These reports serve as a cornerstone
for understanding national emission trends and evaluating compliance with international
climate commitments [8]. In addition, industry reports from major mining companies,
such as Jastrzębska Spółka Węglowa S.A. (JSW) Jastrzębie-Zdrój, Poland, were used. These
documents offer valuable insights into methane emissions from operational and abandoned
mines, detailing the efficiency of ventilation and drainage systems [12]. To complement
the above described sources, data from various project evaluations [32–34] were included.
These pilot studies were instrumental in understanding the practical applicability and
scalability of advanced mitigation strategies under real-world mining conditions and
provided critical information on the performance of innovative methane capture and
utilization technologies.
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3.2. The Methodologies for Methane Quantification

The methodologies for methane quantification focused on measuring emissions from
VAM and CMM sources, employing advanced techniques for accuracy and reliability.

Gas chromatography is the primary method used to analyze methane concentrations in
VAM, which typically range from 0.1% to 0.5%. This technique ensures precise detection and
quantification of methane within the complex air mixtures emitted from mine ventilation
shafts [35]. In mine workings, advanced measurement techniques allow for the monitoring
of methane concentration and airflow rate. Methane emission control is crucial for ensuring
safety and effective ventilation management. Methane concentration measurement is
based on gas sensors using infrared (NDIR—non-dispersive infrared) or catalytic detection
technologies. These sensors are characterized by a measurement range from 0 to 5%
CH4 for low concentrations, typical for ventilation, and up to 100% CH4 in methane
drainage systems. Their accuracy is ±0.01% CH4 in low concentrations and ±2% in high
concentrations, and the response time is less than 10 s. Additionally, these devices are
resistant to dust and moisture according to the IP67 standard, which allows for their
reliable operation in difficult mining conditions [36–38]. Air velocity is measured using
ultrasonic or thermoanemometric anemometers. The measurement range is from 0.1 to
30 m/s, with an accuracy of ±0.1 m/s for low velocities and ±2% for higher values. The
response time is less than 1 s, which allows for a quick response to changing conditions.
These sensors operate in a wide temperature range, from −20 ◦C to +50 ◦C, making them
suitable for mines. Based on corridor dimensions and flow velocity, airflow volume is
calculated. Methane concentration data and calculations of the airflow volume allow for the
accurate determination of the amount of methane released into the atmosphere from mine
ventilation. Such analysis is the basis for the design and evaluation of methane emission
reduction systems and monitoring their effectiveness [39–42].

For CMM, which involves higher methane concentrations captured through drainage
systems, real-time monitoring systems are employed. These systems utilize portable
sensors and fixed monitoring units to provide continuous data on methane flow rates and
purity, allowing for dynamic assessments of emission trends. Methane measurement at
methane drainage stations is carried out using measuring devices that provide precise
analysis of high methane concentrations and monitoring of gas flow parameters in variable
drainage system conditions. Gas sensors based on nondispersive infrared sensors (NDIR) or
acoustic technology enable accurate measurement of methane concentrations in the range
of 0 to 100% CH4. Anemometers and ultrasonic and thermal flowmeters enable precise
measurement of gas flow. These devices are compatible with SCADA and PLC systems,
which enable remote monitoring and data reporting. Stationary monitoring systems, such
as the SIMTARS GasGuard or Dräger Polytron 8700, offer continuous measurement of
CH4, CO2, and other gases and advanced data analysis. These devices are equipped
with integrated data loggers and visual and acoustic alarms, which ensure continuous
safety control, monitoring of the efficiency of methane drainage systems, and assessment
of the current efficiency of the systems in real time. Data generated by software are
used for detailed analysis and assessment of the amount of methane emissions into the
atmosphere [37,43].

Both methodologies are critical for understanding the scale and variability of methane
emissions in Polish coal mines. The integration of these measurement techniques facili-
tates accurate emissions reporting and supports the evaluation of mitigation technologies
tailored to varying methane concentrations.
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4. Results
4.1. Methane Emission Trends in Polish Coal Mines
4.1.1. Quantified Methane Emissions Data of Polish Mines

In 2023, methane emissions from Polish hard coal mines amounted to a total of
752.12 million cubic meters (m3), released during coal extraction processes. Of this total,
approximately 551.22 million m3, representing 73.3% of the total methane generated, was
emitted directly into the atmosphere. Figure 1 shows the methane emission balance in
Polish hard coal mines in 2023.
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Figure 1. Methane emission balance in Polish hard coal mines in 2023.

The primary source of these emissions was ventilation air methane, accounting for
468.88 million m3 or 61% of the total emissions [12]. Methane captured through drainage
systems totaled 283.24 million m3, representing 37.7% of the methane released during
mining activities. However, only 200.9 million m3 was effectively utilized, primarily for
energy production. Despite these efforts, 82.34 million m3 of captured methane was still
emitted into the atmosphere. These figures highlight the significant challenges associated
with methane management in Polish coal mining, emphasizing the need for enhanced
capture and utilization technologies to minimize environmental impacts.

Figure 2 illustrates the primary coal basins in Poland, highlighting regions associ-
ated with hard coal. The Lower Silesian Basin, located in southwestern Poland, is now
exclusively characterized by closed mines. The Upper Silesian Basin, concentrated around
Katowice in southern Poland, represents the most extensive and significant hard coal
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mining region in the country and contains deposits of hard coal, including both active
and closed coal mines. In contrast, the Lublin Basin, situated in eastern Poland, currently
features one active mine and there are no permanently closed mines in this region.
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Table 1 presents methane emissions from individual Polish hard coal mines in 2023.

Table 1. Methane emissions in individual Polish hard coal mines in 2023 [12].

Name of Hard Coal Mine
Plants in Poland

Methane Drainage Ventilation
Air Methane

Total Methane
Emission

Methane
Drainage
Efficiency

m3/min
mln

m3/year m3/min
mln

m3/year m3/min
mln

m3/year %

Ruda R. Bielszowice 0.74 0.39 14.65 7.70 15.39 8.09 4.82
Ruda R. Halemba 11.02 5.79 27.42 14.41 38.43 20.20 28.66

ROW R. Jankowice 12.31 6.47 21.40 11.25 33.71 17.72 36.51
ROW R. Chwałowice 36.80 19.34 44.27 23.27 81.07 42.61 45.39

ROW R. Marcel 7.36 3.87 22.77 11.97 30.14 15.84 24.43
ROW R. Rydułtowy 6.94 3.65 20.02 10.52 26.96 14.17 25.76

Sośnica 22.93 12.05 40.64 21.36 63.57 33.41 36.07
„Staszic-Wujek” Ruch Murcicki-Staszic 18.65 9.80 41.51 21.82 60.16 31.62 30.99

„Staszic-Wujek” Ruch Wujek 4.60 2.42 3.90 2.05 8.50 4.47 54.14
„Mysłowice-Wesoła” 35.77 18.80 68.78 36.15 104.55 54.95 34.21

Bolesław Śmiały 0.00 0.00 0.17 0.09 0.17 0.09 0.00
„Budryk” 89.95 47.07 101.92 53.57 191.48 100.64 46.77

„Knurów-Szczygłowice” Ruch Szczygłowice 44.31 23.29 74.54 39.18 118.85 62.47 37.28
„Knurów-Szczygłowice” Ruch Knurów 9.57 5.03 71.35 37.50 80.92 42.53 11.83

„Borynia-Zofiówka-Bzie” R. Borynia 10.33 5.43 32.02 16.83 42.35 22.26 24.39
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Table 1. Cont.

Name of Hard Coal Mine
Plants in Poland

Methane Drainage Ventilation
Air Methane

Total Methane
Emission

Methane
Drainage
Efficiency

m3/min
mln

m3/year m3/min
mln

m3/year m3/min
mln

m3/year %

„Borynia-Zofiówka-Bzie” R. Zofiówka 39.63 20.83 89.59 47.09 129.22 67.92 30.67
„Borynia-Zofiówka-Bzie” R. Bzie 0.29 0.15 11.36 5.97 11.64 6.12 2.45

„Pniówek” 60.86 31.99 104.30 54.82 165.16 86.81 36.85
Brzeszcze 87.60 46.04 79.28 41.67 166.88 87.71 52.49
„Silesia” 22.81 11.99 22.11 11.62 44.92 23.61 50.78

„Wieczorek II” 0.00 0.00 0.00 0.00 0.00 0.00 -
„Pokój I—Pokój II” 0.00 0.00 0.00 0.00 0.00 0.00 -

„Jas-Mos—Jastrzębie III” 16.82 8.84 0.08 0.04 16.89 8.88 99.55
TOTAL: 539.29 283.24 892.08 468.88 1430.96 752.12 -

In the next stage, the locations of methane intake by drainage systems were analyzed.
These data allowed for a detailed analysis of the locations of methane intakes and their
percentage share of the total emissions each year. Data for 2021–2023 are presented in
Table 2.

Table 2. Methane captured by methane drainage divided by capture location in 2021–2023.

Year
Mine Excavations Longwalls Goafs Behind Dams

mln m3/year mln m3/year mln m3/year

2021 224.51 5.82 110.59
2022 195.33 5.59 102.55
2023 178.10 3.65 101.49

In 2023, methane in Polish mines was mainly captured from three locations: mining
workings, corridors (longwalls), and goafs behind dams. The data indicate that in 2023,
178.1 million m3 CH4/year came from mining workings, which was about 63% of the total
methane capture. Methane captured from corridors (heads) amounted to 3.65 million m3

CH4/year, which was about 1.3%, while 101.49 million m3 CH4/year was captured from
goafs behind dams, which was 35.7% of the total methane capture.

4.1.2. Emission Trends over the Past Decade

Over the last decade, methane emissions from Polish coal mines have shown a general
decreasing trend, which is the result of both reduced coal extraction and the implementation
of more effective emission reduction methods. According to data from KOBiZE and
industry reports, total methane emissions in 2013 amounted to 847.8 million m3, and by
2023 they had fallen to 752.1 million m3. In the same period, the amount of captured
methane increased from 276.6 million m3 in 2013 to 283.2 million m3 in 2023, with methane
utilization amounting to 187.7 million m3 in 2013 and 200.9 million m3 in 2023, respectively.
The decrease in total methane emissions and the increase in the efficiency of capturing and
managing this gas prove the effectiveness of the implemented technologies and actions
aimed at reducing the impact of mining on the environment. Table 3 presents data on the
total methane emissions from Polish hard coal mines in 2013–2022, taking into account the
amount of captured and utilized methane and hard coal extraction in this period.
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Table 3. Methane emissions in Polish hard coal mines in 2013–2023.

Year
Total Methane

Emission

Captured
Methane
Quantity

Utilized
Methane
Quantity

Hard Coal
Extraction

mln m3/year mln m3/year mln m3/year mln Mg

2013 847.8 276.6 187.7 76.5
2014 891.2 321.1 211.4 72.5
2015 933.0 339.0 197.1 72.2
2016 933.8 342.1 195.0 70.4
2017 948.5 337.0 212.0 65.5
2018 916.1 317.0 203.1 63.4
2019 803.8 301.6 189.4 61.6
2020 819.6 302.8 187.9 54.4
2021 815.3 341.0 214.2 55.0
2022 779.0 303.5 206.1 52.8
2023 752.1 283.2 200.9 47.5

Figure 3 presents data on total methane emissions, methane capture, and methane
utilization quantity, along with the number of active mines in Poland, to better illustrate
the variability in methane emissions during this period.
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active mines in Poland in 2013–2023.

In 2021, 214.2 million m3 of CH4 was utilized, which was the highest value in the
analyzed period. In 2022, this value dropped to 206.1 million m3 of CH4, and in 2023
it reached 200.9 million m3 of CH4. At the same time, the amount of unused methane
decreased from 126.8 million m3 of CH4 in 2021 to 82.3 million m3 of CH4 in 2023. Such a
reduction may indicate an improvement in the efficiency of methane drainage systems and
a greater use of methane in energy processes. Despite the decrease in the total amount of
captured methane (from 341.0 million m3 CH4 in 2021 to 283.2 million m3 CH4 in 2023), the
data suggest that the share of gas intended for management is increasing, which may have
a positive impact on reducing methane emissions to the atmosphere. Further optimization
and investment in methane management technologies will be key to achieving climate
goals and minimizing the impact of mining on the environment. Compared to previous
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years, the share of methane captured from mining pits decreased (from 67.7% in 2022 to
63% in 2023), which may have been the result of a decrease in extraction and changes in
mining technology. On the other hand, the share of methane from goafs behind dams
remained stable, indicating the continuing importance of this source in mine methane
drainage systems. The above data emphasize the diversity of methane emission locations
in hard coal mining and the need to adapt methane drainage technology to specific mine
conditions. Despite the increases in the amount of captured methane in 2013–2016 (from
276.6 million m3 to 342.1 million m3), a gradual decrease was observed in subsequent
years, reaching 303.5 million m3 in 2022. At the same time, the amount of methane utilized
remained relatively stable, with minor fluctuations, ranging from 187.7 million m3 in
2013 to 206.1 million m3 in 2022. Hard coal extraction decreased significantly during this
period—from 76.5 million tons in 2013 to 52.8 million tons in 2022, which contributed to the
decrease in methane emissions over the years. The number of active mines also decreased
from 30 in 2013 to 20 in 2022, which is another factor limiting the total methane emissions
in Polish mining. These trends indicate ongoing changes in the structure and technology of
mining, while increasing the efficiency of methane drainage systems.

4.1.3. Example of an Active Mine “Budryk”

Jastrzębska Spółka Węglowa S.A. is one of the largest producers of hard coal and
coking coal in Poland and Europe. JSW plays a key role in the domestic mining sector,
supplying the raw materials necessary for the metallurgical, steel, and energy industries.
Coking coal produced by the company is a strategic raw material in metallurgical processes.
JSW manages several mines, including the most methane-producing plants in Poland, such
as KWK “Pniówek” KWK “Budryk”, KWK “Knurów-Szczygłowice”, and KWK “Borynia-
Zofiówka”. Thanks to investments in modern technologies and sustainable development,
JSW is an important participant in the energy transformation in Poland. Figure 4 shows the
distribution of the mining areas of mines belonging to Jastrzębska Spółka Węglowa S.A.
and areas of prospective and strategic investments.

The example of the “Budryk” Coal Mine can show the current emission of methane
into the atmosphere. It is one of the most modern mining plants in Poland, playing a key
role in the exploitation of coking coal. The balance resources of the Budryk mine amount
to approximately 1364 million tons of hard coal, which makes it one of the largest mining
plants in terms of available deposits in the region. The operational resources that can be
extracted using current technology are estimated at 249.6 million tons. Exploitation in the
“Budryk” Coal Mine takes place at great depths, reaching 1290 m below the surface of the
earth, which places it in the group of mines with the deepest extraction in Poland. “Budryk”
Mine recorded significant methane emissions from the exploitation of hard coal deposits
in 2021–2023. In 2021, the absolute methane content amounted to 186.26 m3 CH4/min,
which translated into annual emissions of 97.9 million m3, of which 91.38 m3/min was
ventilation emissions, and 56.28 m3/min was captured in methane drainage processes,
achieving an efficiency of 38.11%. In 2022, the absolute methane content dropped to
147.66 m3 CH4/min, which translated into emissions of 77.61 million m3/year, reducing
emissions by 20.29 million m3 compared to the previous year. In 2023, the absolute methane
content amounted to 191.48 m3 CH4/min, which translated into annual emissions of
100.64 million m3, which meant an increase in emissions by 23.03 million m3 compared
to 2022.
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In the “Budryk” Coal Mine, methane obtained in methane drainage processes is widely
used in energy systems. The key directions of its management include

1. Electricity production—The mine has installed JMS624GS-SL gas engines with a
capacity of 2 × 4 MWel and gas systems with a capacity of up to 10 MWel, which
enable the conversion of methane into electricity.
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2. Heat generation—Part of the methane is used in boiler rooms to produce heat,
which is used in technological and heating processes. This value is approximately
330.5 million m3 of methane per year.

3. External supplies—Approximately 12,254.7 million m3 of methane is supplied to the
heat production plant.

Based on data from previous years and assuming that the rate of change in emissions
will correspond to the current trend, it was possible to forecast methane emissions in the
Budryk Mine until 2030. The results are presented in Table 4.

Table 4. Methane emission forecast for Budryk Mine until 2030.

Year
VAM Emissions CMM Emissions Total Emissions

m3/min mln m3/year m3/min mln m3/year mln m3/year

2023 101.92 53.57 89.95 47.07 100.64
2024 99.00 52.02 87.25 45.63 97.65
2025 96.10 50.50 84.65 44.23 94.73
2026 93.21 48.99 82.15 42.86 91.85
2027 90.44 47.54 79.73 41.52 89.06
2028 87.66 46.12 77.40 40.22 86.34
2029 84.98 44.72 75.15 38.94 83.66
2030 82.33 43.35 72.99 37.69 81.04

By 2030, total methane emissions from the Budryk Coal Mine are expected to decrease
by approximately 19.5 million m3/year compared to 2023 levels. This reduction reflects
a steady year-on-year decline in both ventilation air and drainage methane emissions.
In particular, greater emphasis should be placed on reducing VAM emissions, which
traditionally constitute a significant portion of total emissions. The predicted decrease
underlines the effectiveness of ongoing and planned methane mitigation strategies, such as
improved methane capture technologies and increased operational efficiency.

In the case of the “Budryk” Coal Mine, which is characterized by one of the highest
methane contents among hard coal mines in Poland, in 2023, the mine recorded ventilation
emissions of 101.92 m3/min, which indicates significant amounts of methane emitted
directly into the atmosphere. To reduce VAM emissions, it is necessary to implement low-
concentration methane capture technologies, such as catalytic oxidation or regenerative
thermal oxidation systems, which can effectively convert VAM into electrical or thermal
energy. However, utilizing this technology in industrial conditions (hard coal mines) is at
the stage of pilot projects. In addition, the “Budryk” Coal Mine already has an infrastructure
of gas engines with a total capacity of over 10 MW. The expansion of such systems and the
optimization of existing cogeneration installations could significantly improve the efficiency
of methane management. The next step should be to increase the efficiency of methane
drainage (currently 46.77%) by using the drainage method of long reach directionally
drilled boreholes (LRDD). Finally, investments in real-time monitoring and data analysis
systems would allow for better emission management and a faster response to changing
operating conditions. In the case of the “Budryk” Coal Mine, such actions may not only
contribute to a significant reduction in methane emissions but also to better methane
emission management.

4.1.4. Example of an Abandoned Mine “Krupiński”

The “Krupiński” Coal Mine was one of the mines belonging to Jastrzębska Spółka
Węglowa. It was established in 1983 and its operations were terminated in March 2017
as part of the restructuring of the mining sector, aimed at reducing unprofitable mining
plants. This mine was characterized by difficult geological and mining conditions, which
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significantly affected the operating costs. The coal extracted in this mine was mainly of the
energy type, with an average sulfur and ash content, which limited its competitiveness in
the market. The “Krupiński” Mine remains an example of the difficulties associated with the
exploitation of hard coal in conditions of high operating costs and a changing energy market.
After the end of mining operations, the “Krupiński” Mine has continued to effectively
capture methane thanks to an advanced methane drainage system. An infrastructure based
on pipelines of various diameters, including polyester-glass DN500 and DN400, enables
the transport of gas mixture from dammed excavations to the surface, where the gas is sent
to the methane drainage station. The station equipment includes a compressor unit with
a capacity of 58.9 m3/min and five blowers, which allows achieving a throughput of up
to 200 m3/min. The monitoring system, including a chromatograph, CGT-02 turbine flow
meters, and FCI thermal flow meters, ensures precise process management. The methane
captured in the methane drainage system of the “Krupiński” Coal Mine is a key element
of the local energy system, producing electricity and heat in a cogeneration system. The
CHP plant equipment includes four gas engines driving generators with a total capacity of
2.7 MW, 3.9 MW, 2 MW, and 2 MW. Additionally, the system includes a WR 10 coal-gas
water boiler, a PWPg-6 gas water boiler, and a WR 10 coal-fired water boiler.

Based on data from previous years and assuming that the rate of change in emissions
will correspond to the current trend, it is possible to estimate the projected methane
emissions in the “Krupiński” Mine until 2030. The results are presented in Table 5.

Table 5. Methane emissions in the “Krupiński” Mine in 2017–2023 with a forecast until 2030.

Year
Mixture Methane–Air Intake Methane Intake Average Methane

Concentration

m3/min mln m3/year m3/min mln m3/year %

2017 60.58 23.98 41.40 16.39 69.0
2018 55.45 29.14 29.51 15.51 53.2
2019 44.48 23.38 23.12 12.15 52.0
2020 43.00 22.50 22.00 11.75 51.0
2021 41.50 21.87 21.00 11.30 50.0
2022 40.00 21.20 20.00 10.95 50.0
2023 38.50 20.58 19.00 10.50 49.0
2024 37.00 19.90 18.00 10.10 49.0
2025 35.50 19.30 17.00 9.65 48.0
2026 34.00 18.70 16.50 9.30 48.0
2027 33.00 18.20 16.00 9.00 47.0
2028 32.00 17.70 15.50 8.70 47.0
2029 31.00 17.20 15.00 8.40 46.0
2030 30.00 16.80 14.50 8.10 46.0

Since 2017, the “Krupiński” Mine has been systematically operating in the area of
methane capture. Analysis of the results allowed us to see changes in the efficiency and
concentration of gas, which is important in the context of methane drainage efficiency.
In the analyzed period, there was a noticeable decrease in both the average efficiency of
the methane drainage system and methane concentration. In 2017, the average efficiency
for the gas mixture was 60.58 m3/min, of which 41.40 m3/min was pure methane, which
translated into an annual amount of captured mixture of 23,975,300 m3 and 16,387,200 m3

of methane. The average methane concentration this year was 69.0%. In 2018, despite
the increase in the annual amount of captured gas mixture to 29,144,500 m3, the average
efficiency of 100% methane dropped to 29.51 m3/min, and the annual amount decreased to
15,510,800 m3, with a decrease in the average methane concentration to 53.2%. The year
2017 was distinguished by the highest gas concentration (69%) and amount of captured
gas. In the following years, the concentration and amount of captured methane decreased.
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4.2. Performance of Mitigation Technologies

Technologies for reducing methane emissions from hard coal mines include both
the utilization of drainage methane and the use of methane from ventilation air. In the
case of CMM, the most commonly used methods are gas engines, which convert methane
into electrical and thermal energy. These systems are characterized by a high conversion
efficiency, especially at methane concentrations above 30%. Additionally, micro gas turbines
are used, which are suitable for lower flows and methane concentrations, offering flexible
solutions for smaller drainage installations. Other methods include methane compression
and transmission systems to local gas networks or their use in industrial boilers for the
production of process heat [15].

For VAM, which is characterized by a low methane concentration (0.1–0.5%), the most
effective technologies are thermal and catalytic reactors. Regenerative thermal oxidizers
(RTO) allow for efficient combustion of methane using recovered heat, which increases the
energy efficiency of the process. Alternatively, catalytic oxidation systems, which operate
at lower temperatures than RTO, offer the possibility of reducing emissions while limiting
energy consumption. As part of innovative solutions, technologies for the capture and
separation of methane from VAM using membranes are also being investigated, which
can enable its concentration and further use. The evaluation of these technologies focuses
on their efficiency, operating costs, and possibilities of integration with existing mine
infrastructure [44,45].

4.2.1. Technology for Ventilation Air Methane

Ventilation air methane technologies focus on capturing and utilizing the methane
present in diluted concentrations within ventilation air from coal mines. The primary
methods tested in pilot projects include regenerative thermal oxidizers (RTOs) and catalytic
oxidizers (CRTOs) [46–48]:

• RTO systems have demonstrated the capacity to treat methane concentrations as low
as 0.2%, achieving flow rates exceeding 1,000,000 m3/h in modular configurations.
These systems typically achieve methane destruction efficiencies between 85 and 95%.
The scalability of RTO systems is high due to their modular design, which allows for
customization based on mine airflow and methane concentration. Mines with higher
ventilation airflows can implement multiple RTO units to scale up capacity, with
global deployment in 15 projects, indicating strong adaptability to various operational
conditions. However, operational costs and energy demands can limit scalability in
smaller mines.

• CRTO technology, while slightly less mature, offers advantages in terms of lower pres-
sure drops (up to 30% lower compared to RTOs) and reduced ignition temperatures,
operating efficiently at approximately 450 ◦C. Methane destruction efficiencies for
CRTO systems range from 92 to 98%, with better cost-effectiveness in low-flow or
variable-flow environments. Scalability remains moderate, as the technology is still
in the early deployment phases, with eight pilot projects globally, including three in
Poland, proving its potential for broader adoption. CRTO systems are particularly
suited for medium-scale operations, where cost and operational flexibility are critical.

Both technologies demonstrate high efficiency in methane reduction and scalability
potential, though infrastructure investment and operational cost optimization remain
critical challenges for their widespread adoption.
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4.2.2. Technology for Coal Mine Methane

Coal mine methane mitigation focuses on methane captured directly from coal seams
during mining operations. Pilot projects have employed combined heat and power (CHP)
systems, direct thermal utilization, and methanol production plants [15,48]:

• CHP systems dominate this sector, with installations ranging in capacity from 30 kW
to 55 MW, achieving methane utilization efficiencies of up to 60%. These systems
are highly scalable, allowing for deployment in small-scale setups (e.g., single-mine
applications) or large-scale configurations (e.g., regional power generation hubs).
Globally, 53 operational CHP projects highlight the versatility and scalability of this
technology, with 11 projects in Poland achieving efficiencies of up to 60%. The modu-
larity of CHP systems supports scalability across a range of mine sizes and methane
production rates.

• Methanol production plants convert methane into methanol with utilization efficien-
cies ranging from 70 to 85%, depending on the plant design and methane purity. While
these plants are less scalable than CHP systems, due to higher capital investment and
infrastructure needs, they offer substantial long-term returns in regions with industrial
demand for methanol. Globally, seven pilot projects are operational, with two in
Europe, showcasing scalability in areas with access to industrial markets.

• Compressed natural gas (CNG) refueling stations achieve utilization efficiencies of
approximately 85%. These stations are moderately scalable, depending on trans-
portation infrastructure and proximity to end-users. A single station processes
2–5 million m3/year, making them suitable for targeted methane utilization in trans-
portation hubs. Poland’s operational project highlights the potential for regional
expansion in this sector.

4.2.3. Scalability of Projects

The scalability of methane mitigation technologies varies significantly based on op-
erational scale, regional infrastructure, and market needs. RTO and CRTO systems are
well-suited for large-scale mines with high airflow, while CHP systems offer the greatest
flexibility across both small and large operations. Methanol production and CNG refueling
stations provide niche scalability in regions with industrial or transportation demands. The
modularity of RTO and CHP systems ensures adaptability to varying methane production
rates, making them the most versatile options for widespread deployment. Improving
scalability through cost reductions, modular designs, and infrastructure development will
enable the coal mining sector to significantly enhance methane capture rates, contributing
to a projected reduction in emissions of up to 75% by 2030.

4.2.4. Economic Feasibility of Technologies

Mitigating methane emissions from coal mines requires substantial investment in
advanced technologies, but it also presents potential economic benefits through energy
recovery and emission reduction credits. Recent studies have emphasized the dual chal-
lenges and opportunities in addressing methane emissions, particularly in the context of
declining coal production.

Research by Kholod et al. [17] highlighted the paradox of methane emissions remain-
ing significant despite reductions in coal production. This phenomenon was attributed to
residual methane release from closed or abandoned mines, necessitating the implemen-
tation of mitigation technologies that can effectively address emissions across active and
legacy mines. Jakob et al. [26] further underscored the importance of aligning mitiga-
tion strategies with global climate goals, suggesting that coal-dependent economies must
prioritize methane abatement to meet carbon constraints. Table 6 presents a comprehen-
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sive overview of the investment and operational costs associated with various methane
mitigation technologies.

Table 6. Investment and operational costs for methane mitigation technologies [46,49,50].

Technology Initial Investment
(EUR million)

Operational Costs
(EUR per year)

Regenerative Thermal Oxidizers (RTOs) 2–5 per unit 150,000–250,000

Catalytic Regenerative Thermal
Oxidizers (CRTOs) 1.5–4 per unit 100,000–200,000

Combined Heat and Power (CHP)
Systems

10–15
(5–55 MW capacity) 300,000–500,000

Methanol Production Plants 25–50
(medium-scale plants) 1–2 million

Compressed Natural Gas (CNG)
Refueling Stations 2–5 per station 100,000–200,000

Jakob et al. [26] advocated for policy interventions, such as subsidies and carbon
credit programs, to offset these initial costs and incentivize the adoption of mitigation
technologies. By leveraging financial incentives, adopting innovative technologies, and
aligning with EU climate policies, methane mitigation can be transformed from a costly
challenge into a strategic opportunity for the mining sector.

In Poland, the economic feasibility of VAM technologies such as RTOs and CRTOs
is influenced by the relatively high costs of initial investments and operational energy
demands. RTO systems, despite their proven scalability and modular design, require
significant capital investment, estimated at EUR 2–5 million per unit, making them suitable
for larger mines with substantial airflows. CRTO systems, while offering lower operational
costs, are still in the early deployment phase and require further optimization for wide-scale
adoption. Financial support mechanisms such as subsidies, carbon credit schemes, and
alignment with EU climate policies could enhance the adoption of VAM technologies in
Polish mines. However, the economic feasibility heavily depends on methane concentration
levels and airflow rates, which vary across mining operations in Poland.

The economic feasibility of CMM technologies in Poland depends on the ability
to monetize captured methane through combined heat and power systems, methanol
production, or CNG stations. CHP systems are particularly attractive, offering efficiencies
of up to 60% and enabling co-generation of heat and electricity for nearby industrial
facilities. For example, the integration of CHP systems in Polish mines like Budryk Mine has
demonstrated returns on investment within 5–7 years, supported by the sale of electricity
and heat. However, the feasibility of methanol production and CNG refueling stations is
contingent on market demand and infrastructure development, which remain limited in
Poland. State incentives and EU funding for methane utilization projects could further
enhance the economic appeal of CMM technologies.

4.2.5. Environmental Benefits and Challenges of VAM and CMM Technologies

VAM technologies can have a significant environmental impact by reducing methane
emissions from ventilation air, which accounts for a large share of total emissions in Polish
coal mines. RTO systems can reduce methane emissions by up to 95%, while CRTO systems
achieve similar efficiency levels with lower energy demands, making them environmentally
sustainable options. Implementing these technologies across mines like KWK Budryk and
KWK Pniówek could lead to annual reductions of several hundred thousand cubic meters
of methane, significantly contributing to Poland’s commitments under the EU Methane
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Strategy. However, the energy consumption and potential CO2 emissions from RTO
operations must be carefully managed to avoid negating the environmental benefits.

CMM technologies offer significant environmental benefits by capturing high concen-
trations of methane directly from coal seams, reducing emissions that would otherwise
escape into the atmosphere. CHP systems, with methane utilization efficiencies exceeding
60%, can drastically lower methane emissions while producing renewable energy, aligning
with Poland’s energy transition goals. Methanol production and CNG stations provide
additional pathways for mitigating emissions, particularly in industrial and transporta-
tion sectors. However, flaring, often used as a fallback, emits CO2 and negates the full
environmental benefits of methane utilization. By prioritizing energy recovery solutions
over flaring, Polish mines can significantly reduce their greenhouse gas footprint, while
contributing to EU-wide climate targets.

4.3. Scenario Analysis
4.3.1. Comparing Mitigation Strategies in Polish Conditions

In the context of Polish coal mining, implementing mitigation strategies aligned with
the EU Methane Strategy and the Global Methane Pledge presents both opportunities
and challenges. Deploying VAM technologies, such as RTOs, has the potential to re-
duce VAM emissions by up to 95%, translating to annual reductions of approximately
300–400 million m3 of methane if applied across key mines like KWK Budryk and KWK
Pniówek. However, the high initial investment costs for RTO installations, estimated
at EUR 20–30 million per mine, and the extended timeline of 5–7 years for full deploy-
ment pose significant financial and logistical challenges. These constraints necessitate the
prioritization of mines with the highest VAM emissions.

Similarly, expanding the use of CMM technologies, including CHP systems, could lead
to methane utilization rates exceeding 70%, resulting in reductions of 150–250 million m3

annually. For Polish mines, where much of the infrastructure is aging, the capital expen-
diture required for new CHP systems ranges between EUR 10 and 15 million per unit,
with deployment timelines averaging 3–5 years. While these technologies are economically
feasible for larger operations, smaller mines may face barriers due to limited economies of
scale and market access for methane-derived products.

The combined implementation of VAM and CMM technologies could reduce total
methane emissions by up to 65–70%, aligning with the EU’s 30% methane reduction
target by 2030. However, achieving this will require EUR 200–300 million in total sector-
wide investment and sustained governmental and EU funding support. Time constraints
further complicate these efforts, as significant reductions must be realized within the next
5–10 years. Without accelerated policy frameworks, streamlined permitting processes,
and financial incentives, meeting these ambitious goals may prove challenging. Poland’s
dependency on coal mining and associated socio-economic considerations will also play a
critical role in shaping the pace and scope of these mitigation strategies [51].

4.3.2. Optimizing Methane Utilization for Energy Generation in Polish Conditions

In the Polish coal mining sector, scenarios optimizing methane utilization for energy
generation offer significant potential to reduce atmospheric methane emissions, while
contributing to national energy security. Key technologies include combined heat and
power systems, which convert CMM into electricity and heat, and emerging solutions like
CNG production. These scenarios are particularly relevant for mines such as KWK Budryk
and KWK Pniówek, where high CMM volumes (exceeding 150 million m3 annually in total)
provide ample resources for energy recovery.
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Optimized implementation of CHP systems could enable a methane utilization rate of
70–80%, producing up to 500 GWh of electricity annually across key mines. For Poland,
where coal remains a dominant energy source, this represents an opportunity to transition
toward cleaner energy generation while leveraging existing mining infrastructure. How-
ever, achieving these outcomes requires substantial investments, with costs for individual
CHP installations ranging from EUR 10–15 million per mine and deployment timelines of
3–5 years per site. These costs could be mitigated through EU funding mechanisms such as
the Just Transition Fund, which supports projects in coal-dependent regions.

For VAM emissions, technologies like RTOs and CRTOs offer potential for reducing
atmospheric impacts. Although these systems are not directly tied to energy generation,
their ability to significantly mitigate methane emissions (by up to 95%) can complement
energy-focused strategies by creating a more comprehensive emission reduction framework.
The initial capital required for RTO systems—approximately EUR 20–30 million per mine—
poses a financial challenge but is feasible within a 5–7-year timeline with strategic public–
private partnerships and policy support.

Scenarios focusing on energy generation and methane reduction could reduce total
emissions by 60–70%, while generating economic value through energy sales and industrial
applications. However, achieving these goals requires addressing barriers such as the aging
infrastructure of Polish mines, limited market access for methane-derived products, and
administrative delays in project approvals. By aligning national policies with EU strategies
and leveraging available funding, Poland could feasibly implement these scenarios within
a decade, significantly enhancing both environmental and economic outcomes.

4.3.3. China’s Experience in Managing Methane Emissions from Coal Mines

China has demonstrated significant advancements in managing methane emissions
from coal mines, offering valuable insights for global mitigation strategies. The imple-
mentation of advanced methane capture and utilization technologies, particularly in high-
emission regions like Shanxi and Inner Mongolia, highlights China’s commitment to ad-
dressing CMM and VAM emissions. Over 30 large-scale projects have been deployed across
the country, utilizing technologies such as RTO and CRTO systems, achieving methane
destruction efficiencies exceeding 95%. Notable projects include the “Shanxi Lu’an Group
Methane Utilization Project” and the “Datong Coal Mine Group VAM Oxidation Demon-
stration Plant”, which have significantly reduced methane emissions, while contributing
to local energy systems [52]. Moreover, China has successfully integrated CMM capture
with energy recovery systems, such as CHP plants, in over 40 installations nationwide.
These systems have proven economically viable in areas with high methane concentrations
and have generated over 2000 GWh of electricity annually, providing energy security for
industrial and residential use. Pilot projects such as the “Guizhou Methanol Production
from CMM” and the “Fushun CMM-to-LNG Demonstration Plant” have demonstrated
the potential for diversifying methane utilization pathways to address industrial and
transportation demands [25].

China’s large-scale operations underscore the challenges of deploying these technolo-
gies in older mines with variable methane concentrations and less robust infrastructure.
However, the success of projects like the “Jincheng Anthracite Mining Group VAM Project”,
which combines advanced VAM technologies with renewable energy solutions, illustrates
the potential for innovative integration [25].

China’s experience offers a model for countries like Poland, where coal mining re-
mains a significant contributor to methane emissions. By adapting China’s approach to
local conditions, including leveraging modular technologies and scaling pilot projects,
Poland can enhance its methane management framework while contributing to EU-wide
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emission reduction targets under the Methane Strategy. The success of these initiatives
in China highlights the importance of strong policy support, financial incentives, and
international collaboration in overcoming technical and economic barriers to large-scale
implementation [24].

4.3.4. US Approach to Managing Coal Mine Methane Emissions

The United States has implemented several initiatives to manage methane emis-
sions from coal mines, focusing on both active and abandoned sites. Methane, a potent
greenhouse gas, is released during coal mining operations and from abandoned mines,
significantly contributing to climate change.

The U.S. Department of Energy (DOE) has established the Methane Mitigation Tech-
nologies program, which aims to develop accurate, cost-effective, and efficient solutions to
identify, measure, monitor, and eliminate methane emissions from the oil, gas, and coal
sectors. This program supports the Administration’s mission to address climate change
by targeting methane, which accounts for about 20% of global emissions. Research efforts
include developing advanced materials for pipeline construction, monitoring sensors, data
management systems, and more efficient compressor stations [46]. The Advanced Research
Projects Agency–Energy (ARPA-E) launched the Reducing Emissions of Methane Every
Day of the Year (REMEDY) program, focusing on reducing methane emissions from the oil,
gas, and coal value chains. The program addresses methane emissions from sources such as
coal mine ventilation air methane exhausted from operating underground mines. REMEDY
seeks to develop technologies that can be rapidly scaled to various applications, including
lean-burn, large-bore natural gas engines, aiming to reduce methane emissions by 20%
to 60% [25]. The DOE has funded projects focused on innovative methane measurement,
monitoring, and mitigation. For example, the Southwest Research Institute in San Antonio,
TX, USA, is working on reducing methane emissions with an engine fuel reformer. The
objective is to reform an engine’s natural gas fuel feed into a hydrogen-containing fuel
mixture that maximizes methane oxidation during combustion, aiming to reduce methane
emissions by 20% to 60% using a cost-effective modular approach [48]. The Environmental
Protection Agency (EPA) runs the Coalbed Methane Outreach Program, which encour-
ages the recovery and use of methane from coal mines. This program helps the mining
industry find ways to use or sell methane that would otherwise be released into the at-
mosphere, thereby reducing greenhouse gas emissions and improving mine safety. The
DOE’s Office of Clean Energy Demonstrations has selected and awarded projects under the
Clean Energy Demonstration Program on Current and Former Mine Land. These projects
aim to repurpose former mine lands for clean energy development, such as solar energy
installations, contributing to economic revitalization and emission reductions in former
coal communities.

4.3.5. Australia’s Approach to Managing Methane Emissions

Australia has developed robust strategies for managing methane emissions from coal
mines, which can serve as valuable benchmarks for global practices. The country focuses
on integrating advanced methane capture and utilization technologies with comprehensive
policy frameworks to reduce emissions and enhance energy recovery.

Key projects, such as the Moranbah Gas Project, highlight Australia’s capability to
utilize coal mine methane (CMM) for power generation. This initiative captures methane
from coal seams and uses it to generate electricity, supplying energy to regional grids.
Modular systems for CMM utilization are widely adopted, allowing for scalability based on
methane availability and mine infrastructure. These systems are supported by government
programs like the emissions reduction fund (ERF), which incentivizes methane mitigation



Atmosphere 2025, 16, 174 21 of 26

projects through carbon credit schemes. Studies have analyzed the economic and technical
feasibility of these projects, demonstrating their effectiveness in reducing emissions and
providing energy security for the region [53].

Australia also emphasizes the use of ventilation air methane (VAM) oxidation tech-
nologies, including regenerative thermal oxidizers (RTOs) and catalytic oxidizers (CRTOs).
These systems efficiently mitigate low-concentration methane emissions, converting them
into usable energy or reducing their atmospheric impact. Pilot projects in the Bowen Basin
have demonstrated methane destruction efficiencies exceeding 90%, making them a viable
solution for reducing VAM emissions from large-scale mining operations. The successful
implementation of such technologies has been comprehensively documented in the context
of Queensland’s coal seam gas developments [53].

Additionally, Australia’s approach includes real-time monitoring systems for methane
emissions, ensuring accurate data collection and enabling proactive management. These
systems integrate advanced sensors and analytics platforms to optimize methane capture
and utilization.

By combining technological innovation with strong policy support, Australia has
achieved significant reductions in methane emissions, while maintaining economic viability.
These practices provide actionable insights for countries like Poland, where the integration
of similar strategies could accelerate progress toward national and EU climate goals.

5. Discussion
The effective management of methane emissions holds profound implications for

Poland’s energy and environmental policies. Methane, being a potent greenhouse gas,
significantly contributes to the country’s carbon footprint, particularly from the coal mining
sector. By advancing methane capture and utilization technologies, such as combined
heat and power systems for CMM and regenerative thermal oxidizers for VAM, Poland
can align its industrial practices with the EU Methane Strategy and the Global Methane
Pledge. Such measures can not only aid in reducing emissions but also enhance energy
security by utilizing methane as a resource for electricity and heat generation. However,
the economic and technical challenges of deploying these technologies, especially in older
mining infrastructures, require substantial investment and policy support. Incentives like
carbon credits and EU funding can facilitate this transition. Furthermore, achieving these
goals necessitates integrating advanced monitoring systems and scaling up pilot projects
into full-scale implementations to ensure sustainability and compliance with international
climate commitments. Future research should focus on optimizing these technologies for
broader application in Polish coal mines.

Scaling methane mitigation technologies in Poland faces several challenges, particu-
larly in the context of the country’s aging mining infrastructure and economic constraints.
While technologies such as RTOs and CHP systems have proven effective in pilot projects,
their widespread deployment requires significant upfront investment. Economic barriers,
such as high installation costs and uncertain returns on investment, deter coal mining com-
panies from adopting these technologies at scale. Additionally, technical challenges, such
as adapting advanced systems to variable methane concentrations in VAM or efficiently
capturing CMM in older mines, further complicate implementation. To overcome these
obstacles, targeted policy interventions are essential, including subsidies, tax incentives,
and access to low-interest loans. Moreover, enhancing cross-sector collaboration and uti-
lizing EU funding mechanisms, such as those aligned with the European Green Deal, can
provide financial and technical support. Addressing these challenges requires not only fi-
nancial incentives but also robust research and development efforts to optimize technology
performance and reduce costs, ensuring scalability across Poland’s coal mining sector.
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Polish strategies for methane capture and utilization align with global best practices
in several areas but also highlight areas for improvement. Globally, countries like Australia
and the United States have achieved significant advancements in methane management
through comprehensive policies, cutting-edge technologies, and cross-sector collaboration.
For example, the U.S. has leveraged federal tax incentives and robust public–private part-
nerships to deploy advanced VAM oxidation technologies and CHP systems. Similarly,
Australia’s focus on integrating methane capture into its national emissions reduction
framework has led to the widespread adoption of modular systems for CMM utilization.
In Poland, while efforts have been made to implement similar technologies, economic
constraints and reliance on aging infrastructure have limited scalability. The Polish ap-
proach primarily relies on in-mine methane drainage systems and surface cogeneration
units, which, although effective, lack the flexibility and integration seen in global practices.
To bridge this gap, Poland could benefit from adopting strategies such as incentivizing
innovation through tax breaks, expanding international collaborations and aligning na-
tional policies with global methane reduction goals like the Global Methane Pledge. Future
research should explore the adaptation of global practices to Poland’s unique geological and
economic conditions, ensuring sustainable and scalable methane management solutions.

6. Conclusions
Advancing methane management technologies and policies is crucial for Poland to

align its coal mining practices with global climate commitments and to mitigate the envi-
ronmental impact of methane emissions. Methane, with its high global warming potential,
poses an urgent challenge for the country’s carbon-intensive energy sector. Current tech-
nologies, such as combined heat and power systems, catalytic oxidation, and regenerative
thermal oxidizers, have demonstrated significant potential to reduce emissions. However,
their deployment remains limited by high capital costs, scalability challenges, and pol-
icy inefficiencies. Strengthening regulatory frameworks, incentivizing innovation, and
streamlining investment processes are essential to facilitate widespread adoption of these
technologies. Enhanced policies should also focus on integrating methane utilization into
Poland’s renewable energy strategy, transforming methane from an environmental liability
into a valuable resource. This dual approach will ensure Poland’s progress towards EU
climate goals, while fostering technological advancements that could serve as a model for
other coal-dependent economies. Future research should prioritize improving the efficiency
and economic feasibility of methane capture systems, ensuring that these advancements
contribute to both national and global climate objectives.

Reflecting on the theoretical and practical significance of the research results, this
study provides a comprehensive framework for understanding the role of methane miti-
gation technologies in transitioning coal-dependent economies toward sustainability. The
theoretical contributions lie in identifying the scalability, economic viability, and environ-
mental impact of advanced methane management solutions in a coal-dependent context.
Practically, the findings underscore actionable pathways for integrating methane mitiga-
tion strategies into Poland’s energy and climate policies. For instance, adopting catalytic
oxidation or VAM-specific technologies in high-emission mines like KWK “Budryk” demon-
strates the practical feasibility of turning methane emissions into an energy asset, while
achieving significant emission reductions.

Key findings from this analysis reveal the substantial potential for methane emission
reduction in the Polish coal mining sector, particularly through the adoption of advanced
technologies and alignment with international climate objectives. In 2023, the methane
emissions from KWK “Budryk” were recorded at 100.64 million m3 annually, with a capture
efficiency of 46.77%, highlighting significant room for improvement in methane utilization.
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Similarly, KWK “Krupiński”, despite its closure, demonstrated effective methane capture,
with 16.39 million m3 of methane (100%) utilized in 2017 and decreasing to 12.15 million m3

by 2019.
The adoption of technologies like catalytic oxidation or combined heat and power

systems could elevate methane utilization in these mines and others across Poland. For
instance, in KWK “Budryk”, where 53.57 million m3/year of methane was emitted through
ventilation, implementing VAM-specific technologies could recover a significant proportion
of this gas for energy production. At KWK “Krupiński”, the captured methane is already
used for power and heat generation, demonstrating a viable model for post-closure mine
management. By leveraging these technologies, Poland has the potential to significantly
reduce its methane emissions from coal mining, contributing to global climate targets
under the EU Methane Strategy and Global Methane Pledge. With targeted investments,
these innovations could increase methane capture efficiency in mines like KWK “Budryk”
to over 60%, aligning with international best practices and demonstrating the sector’s
commitment to sustainability. Such measures also underscore the importance of scaling
these technologies to fully capitalize on their environmental and energy-related benefits.
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