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Abstract

:

Greek lignite reserves are mainly located in the northwestern part of the country (Region of Western Macedonia, Greece), reaching a total of 5 billion tons. Considering that Greece is planning to stop burning lignite for electricity production, the recovery of the CH4 trapped in lignite coalbed reservoirs can be a valuable alternative for power generation and may help to reduce the direct emissions of methane during mining activities. The aim of the present study was to evaluate the LCBM in the Region of Western Macedonia, Greece (Ptolemaida basin). In order to assess the LCBM that could be extracted, three samples were collected from an active mine and were subjected to desorption experiments at different temperatures (25 °C, 50 °C, 100 °C, and 150 °C) by channeling high purity Ar gas at 1 atm of pressure. According to the results, the highest amount of CH4 was extracted during the desorption process at 50 °C, while the total amount of CH4 from all three samples was 0.82 m3/kg, confirming the presence of CH4 in the lignite deposits. Finally, a SWOT analysis was carried out that shows the strengths and opportunities against the weaknesses and threats of a potential LCBM exploitation in Greece, while also taking into account the social, economic, and environmental nexus.
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1. Introduction


The continuous growth of the global economy and population has led the global energy system to face the greatest challenges and uncertainties for almost 50 years. The primary energy demand increased by 5.8% in 2021, keeping the consumption of fossil fuels unchanged, while in the period from 2019 to 2021, renewable energy increased by 8 exajoules (EJ). Table 1 shows the global primary energy consumption, measured in EJ, according to the latest published data by the BP Statistical Review of World Energy [1], with crude oil and natural gas being the main suppliers. The demand for natural gas is forecasted to increase by 40% from 2016 to 2040, which requires the production of more unconventional gas to globally cover the needs. Currently, less than 15% of the recoverable resources of natural gas has been exploited [2]. Unconventional gas resources such as coalbed methane, tight gas, and shale gas comprise 45% of the remaining natural gas resources, since the possible reserves in the world are estimated to be 184,200 trillion cubic feet [3].



Coalbed methane (CBM), which is extracted from underground coal, is considered as a major unconventional resource of natural gas, being recognized by today’s oil and gas industry as a potential combustion fuel for power generation and industrial applications. Considering the growing environmental concerns, power generation using cleaner technologies such as the conversion of methane from coal mines into CO2 and water could significantly reduce greenhouse gases, earning carbon credits, and other pollutants (e.g., sulfur and mercury), as compared to the use of coal-fired power generation technology. Therefore, natural gas is preferred for power generation in European countries as a low-carbon alternative to coal, since natural gas plays a key role in the pathway to lower CO2 emissions [4]. As a matter of fact, CO2-equivalent emissions from energy, industrial processes, methane, and flaring rose 5.7% globally in 2021 to 39.0 GtCO2e (Table 1). Carbon dioxide-equivalent emissions through oil-, gas-, and coal combustion-related activities rose 5.9% globally in 2021 to 33.9 GtCO2e, while natural gas flaring corresponds to 0.153 GtCO2e [1]. Hence, as economic growth will continue to drive CO2 emissions through to 2040, the switch to lower-emission fuels, as imposed by the EU energy and climate policy [5], will help substantially to moderate emissions and reduce the carbon footprint.



In countries, such as the U.S.A. and Canada, with extensive coal basins, the CBM-to-gas conversion process has become, since 1970, a viable sustainable energy source for household and industrial uses. Recoverable coal reserves can be found abundantly in many locations throughout the world, such as in the U.S.A, Russia, China, Australia, and India [6]. The distribution of CBM resources in the world shows that the former Soviet Union is leading with 113.0 × 1012 m3, followed by North America with 85.4 × 1012 m3, and the Asia–Pacific with 48.8 × 1012 m3, while Europe follows with 7.7 × 1012 m3 [3]. However, in many coal-rich countries such as China, India, and others, CBM is a fairly new term due to the time incurred by companies for exploring, developing, and extracting CBM gas from its reservoir. It has been estimated that the drill holes needed for CBM exploration are 10 times more than those needed for natural gas [4]. On the one hand, CBM must be removed from underground coal, since it is not allowed to be vented into the atmosphere due to its greenhouse effect as well as due to its potential explosion risk in coal mines [7].



Coalbed methane (CBM) is generally formed in shallow coal deposits, where different types of gases (including methane) are produced [8]. CBM reservoirs are fast-growing reservoirs in which the methane produced is stored mainly through adsorption on the coal matrix surface (such as micropores). Coal, having a moderate intrinsic porosity, can store about six times more gas than sandstones of an equivalent volume. However, the gas storage capacity and methane generation are functions of coal rank and pressure. Therefore, of the coal ranks, anthracite has the greatest storage capacity, followed by bituminous and subbituminous coals, and lignite [6]. Methane is generated in low-rank coals, such as lignite, through microbial activity [9] and in higher-rank coals, such as anthracite, during the thermal maturation of their organic compounds [10]. The generated methane is adsorbed on the surface of the organic materials that make up the coal, while the coal’s storage capacity is described by the Langmuir sorption isotherm and is related to the adsorbed gas content and pressure [11]. Large volumes of CBM are deposited in the internal surface area of the coal’s micropores and in the larger pores of its surface, while small amounts of methane can be found in the void spaces as coal shrinks after deposition.



Methane occurs in coal deposits at pressures higher than in atmospheric conditions, and thus, methane desorption is limited because of the nonlinear Langmuir-type isotherm. Macropores (cleats) of the coal matrix are the main track for the flow of gas [12]; however, pressure needs to decrease significantly below the critical desorption pressure in order to promote desorption, as in the case of the mining process. The system of cleats is divided into face cleats that are continuous and provide connectivity and butt cleats that are noncontinuous and often end at face cleats. The production of CBM from the surface of coal involves the dewatering of cleats, which leads to a pressure decrease in the reservoir, liberating the methane adsorbed on the coal face so that it flows through the macropore fracture system to the wellbore [13].



Geological characteristics, such as the thickness and tightness of the overburden and deposit tectonics, are crucial for the desorption of CBM deposits [14]. In addition, pore characteristics as well as the heterogeneity, coal rank, metamorphic degree of coal reservoirs, as well as the composition of CBM gases are key factors affecting the migration and extraction of CBM [15,16]. It has been previously reported that during low-temperature and low-pressure N2 adsorption experiments, the adsorption of N2 molecules on lignite was higher than those found on bituminous coal and anthracite [17,18]. Lignite deposits are generally located near the surface of the earth and are characterized as lightly metamorphosed natural carbonaceous materials with a higher porosity as compared with subbituminous coal [19]. Broader studies focusing on the processes of sorption and release of CBM from lignite deposits would play an important role in evaluating the potential LCBM (lignite coalbed methane) production from fossil coal–natural gas systems, relying heavily on laboratory core analysis (using crushed coal samples) and reservoir characterization, in view of a future methane exploitation. However, there are very few methane sorption/desorption studies on coal samples derived from lignite reservoirs so far [14,20,21,22,23,24].



Lignite is one of Greece’s most valuable mineral resources used for electric power production. Greek lignite reserves are in terrestrial or xylitic deposits and occur mainly in the western part of the country (Region of Western Macedonia, Greece). According to the Public Power Corporation (PPC), the original resources have been estimated at 5 billion tons. The Region of Western Macedonia and, in particular, the areas of Ptolemaida, Amynteo, and Florina have the largest lignite capacity in Greece, with total deposits of 1.9 billion tons [25]. In the Ptolemaida basin, a total of eight lignite deposits have been recorded, with three lignite mines (south field mine, Ypsilanti or southwest mine, and Mavropigi mine; Figure 1) near the Ptolemaida power station (Figure 2), which is a 1210-megawatt coal-fired power station with five units [26]. Considering that the Greek plan to stop burning lignite to produce energy according to the “Just Transition Development Plan 2021-27” of Western Macedonia, this has not yet been seen [27,28]; the recovery of an exploitable energy source from its lignite deposits will accelerate the forthcoming exit from the era of coal use. Thus, the beneficial exploitation of lignite deposits could reduce the climate change impact through the mitigation of GHG sources [29]. However, the unconventional hydrocarbon potential resources, i.e., LCBM, of the country are not well known, since detailed investigations are lacking.



Based on the above, the aim of the present study was to evaluate the presence of methane in the lignite deposits of the Ptolemaida basin. For this purpose, three lignite subsoil samples were collected from different sites of the southern field mine, reflecting the average petrographic composition of the lignite coal. Desorption experiments were conducted using the gas channeling process at four different temperatures, in order to evaluate the LCBM that could be extracted from the deposits of the area. Taking into account the results from the desorption process, a SWOT analysis was performed focusing on the strengths, weaknesses, opportunities, and threats of potential LCBM exploitation in Greece as a supplement to natural gas for enhancing energy security.




2. Geological Structure of Ptolemaida’s Lignite Deposits


The Ptolemaida’s lignite deposits are located near the Ptolemaida power station [26] in the region of Western Macedonia, Greece. The geological bedrock of the area consists almost entirely of sediments from the Mesozoic cover and the Pelagonian zone [30]. The lignite deposits of the Ptolemaida basin belong to the middle series of Pliocene lignites, with alternations of thin lignite layers with clays and marls. The lignite’s color is brown and/or black (Figure 3), and it is deposited in topogenic peatlands with low vegetation.



The lignite deposit of the southern field mine, located in the central part of the Ptolemaida basin, is classified as an earthy soft lignite of the pliocene series. The series expands over the central area of the basin and is the thickest (over 300 m) in the basin. The lignite-bearing layer in the southern part is large due to the existence of cosedimentary transitions that separate the southern field from that of the Kardia (heart) completed field. The xylitic layers of the upper layer of the southern field have been deposited in a stagnant environment of a topogenic bog woodland, with mixed vegetation of coniferous and herbaceous plants in a humid and warm climate [31]. According to a petrographic composition analysis, the lignite deposit is mainly composed ofy huminite macerals (69.0–91.9%), with humotelinite present in high concentrations (40.1–48.6%) [30].




3. Experimental Section


3.1. Sample Collection and Preparation


For the methane desorption evaluation experiments, 3 lignite samples were taken from the subsoil of the southern field mine located at Ptolemaida basin. The sample collection sites, called South Submerged, South T5, and South 53, were chosen in order to reflect the average petrographic composition of the coal deposit. Lignite samples (1 kg each) were collected during the drilling of the holes at a depth of 220 m. The sampling procedure was conducted avoiding the disturbance of the samples’ structures and soil tissue, according to the following standards:




	
Thin-walled samplers were used to minimize friction between the sampler and soil;



	
The equipment had been properly maintained before the sampling;



	
The bottom of the borehole had been cleaned through a continuous circulation of fluid;



	
The movement of the sampler was slow to avoid impact;



	
The sampler advance was shorter than the length to avoid compressing the sample.








The total moisture content by weight of the lignite samples was analyzed in accordance with the International Organization for Standardization ISO 5069-2 [32]. The ash content was measured using the procedure reported in ISO 13909-7 [33]. The net calorific value of the samples was determined according to ISO 1928:2009 [34]. The reduction of particle size procedure was performed in accordance with the international standard ISO 13909-4 [35] resulting in crushed coal samples (Figure 4).




3.2. Desorption Experiments


The desorption process from the porous lignite material follows the general principle of applying gas flow (high purity argon Ar) in order to entrain the gases that are adsorbed on the surface and the interior of the lignite, i.e., CO2, CO, CH4, etc. Τhe release of these gases from the surface and the interior of the porous lignite material is achieved by the pressure of the gas flow overcoming the forces that hold the gases in the lignite pores (van der Waals forces).



Desorption tests were conducted under low and high temperatures to investigate the methane desorption from lignite in order to evaluate temperature effects on gas desorption [36,37]. The desorption process of the three lignite samples from the southern field of the Ptolemaida basin was evaluated at four different temperatures: 25 °C, 50 °C, 100 °C, and 150 °C at standard atmospheric pressure (1 atm). The pressure of the desorption process is equal to the atmospheric pressure because, at these temperatures, any increase in pressure could cause the ignition of the methane produced. The desorption tests were performed using a fixed-bed quartz reactor with an internal diameter of 0.9 cm and a total height of 40 cm, under ambient pressure. A schematic representation of the equipment used is given in Figure 5. For the desorption experiments, 3.0 g (dry weight) of each lignite sample was used to fill the reactor up to a height of 7.1 cm. The bed of the packaging material (called desorbent bed) was supported on both sides of the reactor by inert quartz. The bed geometry (height/diameter) was 7.88. The temperature of the reactor was measured by a type K thermocouple located in its center. The temperature of the reactor furnace could reach a wide range of operating temperatures (up to 800 °C) and was monitored by a type K thermocouple.



Desorption experiments at 25 °C, 50 °C, 100 °C, and 150 °C were performed using a gas flow at 200 mL/min of high purity Ar (5.0). All samples were subjected to an 8 min degassing process, channeling 1.6 L of Ar gas. The gas flow was controlled through a stainless-steel dosing valve provided by PARKER. Airflow was carefully measured using a bubbler gauge prior to the start of each experiment. The compositions of the reactants and gas flow products were continuously monitored using an analytic system that included an analyzer (FTIR) (Gasmet DX 4000) for the analysis of H2O, CO, CO2, CH4, C3H6, and C3H8.





4. Results and Discussion


4.1. Sample Characterization


The total moisture content by weight of the lignite samples was 55.5% for sample South 53, 55.7% for sample South T5, and 46.7% for sample South Submerged. The ash content after combustion of the lignite was similar for all samples (ca. 23% by weight) (Table 2). The net calorific value of the samples was in the range from 1350 to 1352 (kcal/kg).




4.2. Methane Desorption


Coal is a medium with a high specific surface area and serves as the primary storage site for gas adsorption. The more developed the pores, the greater the gas adsorption capacity. The adsorption and desorption gas in coal are in a dynamic equilibrium stage under specified circumstances, and the equilibrium state will be disrupted if any condition changes, such as the temperature [38]. A greater temperature enhances methane desorption and diffusion since the thermal motion of methane molecules is enhanced with temperature and as a result, energy is supplied for methane desorption, making the adsorption effect between the methane molecules and molecules at the coal surface weaker [39].



Based on the above, the collected lignite samples were exposed to Ar gas using four different temperatures, and the synthesis of the produced gas stream was analyzed in order to quantitatively evaluate the amount of CH4 that could be extracted. Figure 6 shows the results from the methane desorption process at 25 °C, 50 °C, 100 °C, and 150 °C for the three tested samples. It was observed that the highest amount of CH4 (in ppm of the produced gas stream) that was extracted from a 3 g sample was reached at desorption conditions of 50 °C and 1 atm. Adsorption between the CBM and lignite is a physical process; thus, the CBM needs to absorb energy to break away from the surface and to overcome the intermolecular gravitational force between molecules [38]. Therefore, more energy is given as the temperature rises from 25 to 50 °C.



However, further temperature increases (from 50 to 100 °C and up to 150 °C) had negative effects on the amount of CH4 produced. A high temperature negative effect on desorption has been previously reported in other research studies on coal samples, which have shown that CH4 production from coal decreases with the increase in temperature under the same conditions of pressure. This could be attributed to changes in lignite layer permeability, due to the possible lignite matrix shrinkage occurring with temperature reductions, leading to increased gas desorption [40]. As it was mentioned in the Section 1, the lignite samples used are mainly composed of huminite macerals (69.0–91.9%). It is also noteworthy that in such elastic adsorptive solids, like lignite coal, the desorption process could be affected by factors such as the specific surface area, pore size distribution, moisture content, coal type (rank, maceral composition, ash, and mineral matter content), etc. [41]. Moreover, swelling and shrinking, which change the original volume of the coal developing linear and volumetric strains, may affect the desorption process. Sun et al. [42] reported that hysteresis of methane desorption first decreases and then increases with an increase in temperature, due to the decrease of moisture and volatile content which makes the pores more unblocked. The thermal expansion of the coal caused by heat treatment leads to a change in the pore structure (increase in pores and the narrowing of the pore throat) and diffusivity. Therefore, further investigation is needed to reveal the exact mechanism responsible for low desorption at elevated temperatures.



The total amount of CH4 desorbed during the whole desorption process at 50 °C was 6 ppm/g of lignite from the South T5, 4.2 ppm/g of lignite from the South Submerged, and 2.1 ppm/g of lignite from the South 53 (Figure 6b). The total amount of methane extracted at 50 °C from all three samples of the southern field in the Ptolemaida basin, considering the amount of CH4 found in the 1.6 L of Ar gas channeled during the degassing process, was found to be 0.82 m3/kg. Taking into account the total lignite deposits (1.9 billion tons deposits) in the Region of Western Macedonia, Greece, the exploitable LCBM could reach comparable levels to those that have been reported for the region of Europe (7.7 × 1012 m3 CH4, [3]), showing a high potential for the sustainable exploitation of Greece’s LCBM reservoirs. Considering that 1 m3 of CH4 can produce 4 kWhel [43], the amount of methane stored in the area corresponds to a significant percentage of needs of the electric power production estimated for Greece [25].



Figure 7 shows the composition analysis of the produced gas at desorption conditions of 50 °C for the three tested samples. It was observed that the CO2 content by volume dominates in a higher extent to the gas content of the South 53 (84%) and of the South Submerged (47%) samples, as compared to the gas content of the South T5 sample (24%). The South T5 sample was proved to have a higher CH4 content by volume (2%) as compared to the South 53 and the South Submerged samples. Moreover, the volume percentage of heavier hydrocarbons (propane and propene) of the South T5 sample was about 38%, which is higher than the 7.5% and the 26% in the South Submerged and South 53 samples, respectively.



The knowledge of the exact gas composition of the gas inside deposits could empower the LCBM market to become technologically developed to preferentially extract the gases from deposits that have a higher content of heavier hydrocarbons (such as propane and propene), due to their higher calorific value than CH4 and their higher market value [44]. On the other hand, the CO2 that could be extracted in high quantities reduces the gas’s market price and requires the use of expensive removal technologies such as water scrubbing, amino and alkaline solutions, membrane separation, cryogenic separation, or conversion to high added-value products [45]. Therefore, the LCBM extraction operation could be properly designed considering the economic benefits and the environmental impact of the process, based on the information about the identified components (CO2, CH4, and heavier hydrocarbons) of the adsorbed gas from the lignite deposits.




4.3. SWOT (Strengths, Weaknesses, Opportunities, and Threats) Analysis


Considering the challenges and prospects of the Greek LCBM deposits, a SWOT analysis was conducted to assess the contribution of LCBM exploitation towards Greek energy security, considering the social, economic, and environmental impact in the nexus of sustainable development. Therefore, the strengths, weaknesses, opportunities, and threats related to LCBM exploitation in Greece were identified in the frame of innovative economy and sustainability (Table 3) [46].



With regard to the strengths of LCBM exploitation in Greece, it should be stated that the lignite in mined deposits in the Region of Western Macedonia amounts to 1.9 billion tons, which proves that the utilization of the methane derived from them is a clear advantage of the region. Specifically, in the Ptolemaida basin, there are eight lignite deposits and three of them are currently being exploited, showing the great potential in this area. Methane, which is a gas of high energy, constitutes a serious threat during mining activities; therefore, its safe extraction from lignite deposits lowers the level of risk of explosion or fire in active coal mines. In addition, methane extraction in active coal mines, which will be carried out on the basis of energy and environmental regulations as well as health and safety regulations, could prevent its flow out, as a potent greenhouse gas, to the atmosphere during mining operations. This course of action is expected to reduce the negative impact of mining on the environment and improve economic efficiency from the extraction and industrial use of methane. In addition, LCBM is a cleaner fuel, with a significantly lower carbon footprint as compared with the coal-based power industry.



The exploitation of LCBM ensures Greece’s smoother transition to the forthcoming coal exit era, securing the energy autonomy of the country. Moreover, it helps preserve the already existing jobs that will disappear after lignite leaves the energy scene, especially in the Region of Western Macedonia (Greece), which suffers from high unemployment rates. In times when the renewable energy sources will not be able to meet the country’s energy requirements, methane gas could act as a valuable supplementary energy source.



Based on the above, the development of the LCBM market from lignite has many strengths, which should contribute to the country’s energy autonomy. It is clear that the production of domestic fuels ensures the energy security of a country; for example, in times of war or turmoil the normal supply of natural gas from other countries is threatened and, in such cases, LCBM becomes a lifesaver. When a region produces its own fuel, the economic benefits it reaps are very large. The region can secure existing jobs, purchases smaller quantities of fuel from abroad, and protect social welfare as a result of that economic prosperity.



The Idea of using LCBM gas in Greece was initially generated in order to improve safety during mining activities. However, the main weaknesses are that LCBM deposits in Greece have not been identified yet, LCBM technology is still an underdeveloped field in Greece, and there is no technological training on LCBM extraction process. Therefore, the inefficient organizational structures of mines and coal companies makes decision-making long and complicated, and in many cases, incomprehensible. This results in poor production flexibility and difficulties in adaptation to market demands. Another weakness of Greek coal mines is their low efficiency and productivity related to the limited use of their technical potential (i.e., equipment and machinery). Moreover, the locations of good coal deliverability or those with optimal gas content have not been identified yet, and the mapping deliverability should be the primary objective of a future analysis. These are significant disadvantages for the development of the LCBM exploitation industry in Greece. In addition, the complex geological characteristics may differ radically from those of other countries, posing many technological restrictions on the development of LCBM. Therefore, due to the complexity and lack ofIIce in unconventional resources compared to conventional ones, there are many challenges that require the use of appropriate knowledge in order to start the production. Moreover, LCBM exploration and development was slowed down due to fluctuations in global energy markets, limited policies, and other challenges related to the higher operating costs and low return on investments. Another issue to be considered is the development of transport infrastructure and hydraulic fracturing operations.



The LCBM market development can offer many opportunities to the Western Macedonia region and generally to the whole country. Currently, the coal mining process of the region is characterized by a negative environmental impact, due to the emissions of greenhouse gases (CH4 and CO2) into the atmosphere and the generation of large amounts of waste, water pollution, etc. [47].



The well designed and controlled LCBM exploitation from lignite’s deposits offers a great opportunity to minimize the environmental impact of mining activities. In addition, innovative technological solutions in collaboration with the scientific community of the School of Engineering at Western Macedonia University (UOWM, Greece) towards safe LCBM extraction as well as methanation of CO2 present in the extracted gas will contribute to the sustainable development of the social, scientific, and economic sectors of the country. As a matter of fact, scientific and research facilities at UOWM and other universities, working in close cooperation with mines, could result in a well-educated workforce and the improvement of employee competence. The development of a university program including several projects improving technical innovation, organization, and many other solutions for safety and implementation in practice could ensure a continuous supply of qualified personnel and workers to the LCBM industry.



The threats are correlated with the challenges that the LCBM industry faces. An improper LCBM extraction can release great amounts of methane and CO2 into the atmosphere, causing various environmental problems, such as global warming and tropospheric ozone formation. Environmental issues associated with the extraction of LCBM may vary during different stages of the production. They can start from the exploration of the field and development of facilities and continue through to the production operations. Regarding the exploration phase, the rational management of the aquifer during the drilling of the boreholes is quite difficult. Another environmental challenge that the LCBM industry faces is the large surface footprint created by the well thickness and surface infrastructure. To achieve maximum recovery, unlike conventional oil and natural gas production, LCBM production requires the drilling and development of several wells with a short distance between them. However, this causes a major land disturbance which in turn leads to soil desertification and further contamination of the aquifer. At the same time, there are economic assessment concerns. Similar to conventional resources, the development of unconventional resources, including LCBM, requires economic evaluation. In fact, they require more thought from an economic point of view as opposed to conventional resources because of the cost factor (Table 3).





5. Conclusions


The Region of Western Macedonia, Greece, a well-known lignite coal basin, was for many years the main energy supplier, covering most of the Greek energy demands. The results presented herein showed that this Greek region could support the energy demands of the country even after the forthcoming coal-exit era, by using methane from its lignite deposits. The amounts of LCBM extracted from the selected samples collected from a representative site of the region (Ptolemaida basin) was significantly high, with an average value of 0.82 m3/kg. The total LCBM that could be extracted from the Western Macedonia region deposits may possibly ensure energy security, by producing up to 80% of the electric power of the country. However, gas composition should always be taken into account for economical LCBM exploitation with the direct beneficial impact on society being aligned with environmental sustainability. All these considerations discussed using a SWOT analysis showed that the strengths and opportunities raised from a potential LCBM exploitation in Greece, and especially in Western Macedonia region, are of great importance for contributing towards energy security in the nexus with social and environmental sustainability.
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Figure 1. Map of Ptolemaida’s active mines and lignite deposits. 
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Figure 2. Ptolemaida’s power station from PPC archives. 
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Figure 3. Sample of lignite deposits from Ptolemaida basin. 
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Figure 4. Crushed coal samples. 
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Figure 5. Schematic representation of the experimental equipment used for the desorption experiments. 
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Figure 6. Methane quantity in ppm desorbed from 3 g sample during desorption experiments at (a) 25 °C, (b) 50 °C, (c) 100 °C, and (d) 150 °C. 
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Figure 7. Percentage of the gases detected in each LCBM sample. 
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Table 1. Primary energy consumption, consumption by fuel, and carbon dioxide-equivalent emissions [1].
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	Stated for 2021
	Primary Energy

Consumption (EJ)
	Oil Consumption (EJ)
	Coal Consumption (EJ)
	Natural Gas

Consumption (EJ)
	Renewable Energy

Consumption (EJ)
	CO2 Emissions **

(GtCO2e)





	North America
	113.7
	42.1
	11.3
	37.2
	8.4
	6.2



	S. and Cent. America
	28.5
	11.3
	1.46
	5.88
	3.4
	1.5



	Europe
	82.4
	27.6
	10.0
	20.6
	10.1
	4.0



	Middle East
	37.8
	16.3
	0.34
	20.7
	0.18
	2.7



	Africa
	20.0
	7.86
	4.21
	5.9
	0.47
	1.7



	Asia–Pacific
	272.5
	70.65
	127.6
	33.1
	17.2
	20.0



	CIS *
	40.3
	16.3
	0.34
	20.7
	0.18
	2.7



	Total World
	595.2
	184.2
	160.1
	145.4
	39.9
	39.0







* Commonwealth of Independent States, ** sum of CO2-equivalent emissions from energy, flaring, methane emissions, and industrial processes.













 





Table 2. Results of chemical analysis of three southern field lignite samples (% by weight).
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	Sample
	South 53
	South T5
	South Submerged





	Total moisture (% by weight)
	55.5
	55.7
	46.7



	Dry ash (% by weight)
	23.2
	23.5
	23



	Net Calorific Value (Kcal/kg)
	1350
	1352
	1351










 





Table 3. SWOT analysis regarding the LCBM technology development in Greece.
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	STRENGTHS

	
LCBM extraction lowers the level of risk of 