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Abstract

:

This study presents the econometric model for the Polish mining industry on the topic of the configuration path of decarbonisation based on coal mine methane (CMM). CMM is released from coal mines around the world, including Poland. CMM is taken into account in the decarbonisation of countries with the highest underground coal production. Over the past ten years, CMM emissions have been gaining greater attention due to their status as We accept greenhouse gas (GHG) and their potential use as a clean energy resource. The very important problem for the mining plants is the system of controlling the level of methane. In this paper, we present an econometric model for mine production linear programming, taking into account both market considerations and controlling the amount of methane released into the air from mines. This model can use to control methane in the Polish mining industry. Moreover, this model can be used in the strategy of decarbonisation of the Polish industry according to the European strategy toward net zero (2050).
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1. Introduction


Decarbonisation of economies is the process of reducing carbon emissions and improving the energy efficiency of energy and technological processes. To sharply reduce carbon emissions, economies need new energy production technologies. Decarbonisation, in macroeconomic (global) terms, concertedly reduces greenhouse gas emissions from all areas of human and industrial activity. Economies need to switch from fossil fuel-based energy sources to other non-GHG-emitting sources that result in a warming climate. Internationally, policy options for industrial decarbonisation are largely centred around national targets that will help achieve global emission reduction targets, as outlined in the Paris Agreement. In the Paris Agreement under the United Nations Framework Convention on Climate Change (UNFCCC), the 2 °C scenario has been adopted [1]. According to the scenario, limiting global warming to within 2 degrees Celsius above preindustrial temperatures by the end of this century should be realised. In the scenario, the iron and steel industry is required to reduce CO2 emissions by 50 Gt cumulatively by 2050, contributing the largest share (35%) of CO2 emission reductions among all industrial sectors [2]. Radical policies lead governments in economies around the world to support investment in renewables [3]. These sources can be wind energy, photovoltaic and solar energy, hydropower, geothermal energy, biomass, and biofuels. Methane and hydrogen are also energy products. Many industries (power generation, steel, heating) need to switch from fossil fuels to non-GHG technologies, mainly to renewable energy. For the mining industry, which is included in the theme of this publication, the direction of methane recovery is being adopted. Mines use technologies to recover methane from coal seams. This direction is in line with the climate neutrality policy addressed by the EU to all industries. Climate neutrality is a strategic goal for the EU economies to be achieved by 2050 [4]. Deep decarbonisation, as the climatic neutrality goal is called, requires strategic planning, preceded by diagnostic activities that will serve to develop several scenarios for achieving the net zero goal. Many sectors of the economy are looking for the best technologies to decarbonise areas of their business activities. The largest technological changes will be implemented in sectors that use coal, such as the steel sector [5,6,7,8]. The investments realised by manufacturers strongly reduced the energy intensity of production [9,10], although many manufacturers stopped investments after the COVID-19 pandemic [11] but proceeded again to build sustainability, both using digital technologies [12] and participating in deep decarbonisation [13]. Coal is also a source of energy that is recognised as black. Coal power accounts for 37% of the world’s electricity production [14]. As the climate warms, economies are investing in green energy technologies, but power plants, mines and steel mills are still industries that need to change.



Concerting with the coal (mining) sector, the strategic direction for mines is the recovery of methane and the control of the amount of methane in the mine air released into the atmosphere. Coal mine methane (CMM) is a mixture of methane and air released during the process of coal mining and must be vented for safety reasons. Methane has a significant effect as a greenhouse gas, being 21 times higher than that of carbon dioxide; therefore, its capture and use in gas engines have significant environmental benefits. CMM typically has an oxygen content of 5–12%. The methane content ranges from 25–60% [15]. CMM is released from coal mines throughout the world, and often the largest emitters are countries with the highest production of high-rank underground coal (China, the US, Russia, Australia, Ukraine, and India) [16]. The amount of CMM generated at a specific operation depends on the productivity of the coal mine, the gassiness of the coal seam, and any underlying and overlying formations, operational variables, and geological conditions. Methane released from the worked coal face can be diluted and removed by large ventilation systems designed to move vast quantities of air through the mine. These systems dilute methane within the mine to concentrations below the explosive range of 5–15%, with a target for methane concentrations under 1%. The benefits of CMM capture and control relate to mine safety as well as to benefits for energy production and greenhouse gas (GHG) reduction [16]. Over the past decade, CMM emissions have been gaining increasing attention due to their status as greenhouse gas (GHG) and their potential as a source of clean energy. Many countries have begun to conduct periodic inventories of their CMM emissions (countries that are Parties to the United Nations Framework Convention on Climate Change UNFCCC [17]. Poland is a member, and mines in Poland supply more than 70% of the country’s energy. The mines in Poland have been restructured, and technologies improved over the years [18] to increase productivity and safety [19]. Polish mines are highly methane-rich, hence the topic of this paper.



The introduction of methane emission restrictions according to EU regulations to standards of 5 tonnes of methane per 1000 tonnes of coal mined in 2027 and 3 tonnes in 2031 is a big problem for the Polish mining industry. Currently, Polish mines emit more—on average, from 8 to 14 tonnes of methane per 1000 tonnes of extracted coal. Although coking coal from Polish mines is classified as a critical European resource, methane emissions account for more than 70% of the reported carbon footprint. At the beginning of 2022, JSW SA updated its strategy, including the environmental area. Remedial work is moving towards working on better capture of methane from ventilation shafts and the development of alternative energy sources to balance the emitted CO2e. Thus, methane emissions are an important problem both economically and environmentally.



We think that the problem is not well-known because researchers mainly concentrate their analysis on key renewable energy sources. However, we think the problem of methane is a very interesting and scientifically important research gap, especially in deep decarbonisation. We should know what such economies as Poland, where mines are still key suppliers of energy sources, are up to. The extraction activities of mines are accompanied by released methane. On the one hand, there is a need to focus on methods for recovering methane and producing energy and heat from it, and on the other, to look for methods to control the amount of methane released. We see research gaps in these areas. On the basis of the identified research gap, we formulated the main goal of our research, which is to build a model for the programming of mine production in hard coal mines, taking into account the control of the amount of methane released into the atmosphere. To achieve this goal, we stated the following research questions (RQ):



	
RQ1. What are the political requirements for the decarbonisation of mines?



	
RQ2. What are the technological directions (the path) for methane recovery?



	
RQ3. What indicators should be used to build the objective function to make the model quickly applicable?






In this paper, we present an econometric model for mine production programming, taking into account both market considerations and controlling the amount of methane released into the air from mines.



Our research set out the following research hypothesis (RH)—it is possible to use mining production programming methods in an operational planning system to control the amount of methane released into the atmosphere from a group of pits or mines. At the same time, the aim of developing an econometric model was to use easy and low-cost tools to support management decision-making. This work consists of a theoretical part and a research part. This paper is structured as follows. It starts with an introduction (Section 1), followed by Section 2, presenting the background of decarbonisation. Section 3 provides information on the method of the study. Section 4 presents the results of our analysis, which is an econometric model. A discussion of our findings is provided in Section 5. Section 6 provides conclusions and limitations, as well as directions for future research.



The theoretical part was based on the literature review. The research part was a result of econometric modelling. The literature part was created in accordance with the SLR methodology using the keyword ‘Decarbonisation coal’. The research area on the recovery of methane, which is a greenhouse gas, was identified from this collection. Methane emissions have a 25 times greater impact on the greenhouse effect (per unit mass) than carbon dioxide. Using methods to capture them and use them in the energy production process is one of the scenarios for Polish coal mines [5].



Therefore, the search for methods of capturing methane from mine air is the subject of many studies. The authors drew attention to a different approach to the problem—the optimisation of methane emissions during coal mining by controlling the volume of extraction while taking into account market requirements and meeting the current demand for given assortments.



The research part—the econometric model—was created on the basis of data obtained from Polish coal mines. Appropriately coded and modified to present the universality of the model, it can be used for planning activities at coal mines in the area of greenhouse gas emission reduction policy.




2. Background of Decarbonisation of the Mining Industry


The process of decarbonisation is usually considered a pathway for technological change of carbon-intensive sectors of the economy, as well as changes in the socio-economic structure [20,21]. The decarbonisation of industries has been on many policy agendas for many years now. The European climate law sets an ambitious emissions reduction target for 2030 while confirming the 2050 goal of achieving climate neutrality [22]. The EU legal framework and national legislation must help decarbonise the industry. It is important to take into account that there will be significant differences between the Member States and other regions in Europe in terms of the opportunities or resources that can be invested. The new regulatory framework must lead economies towards the goal of net climate neutrality in 2050 by creating the conditions to unlock vast resources—financial, technological, and intellectual—for investment in low-carbon technologies, including carbon removal technologies [22].



The topic of decarbonisation in publications by researchers (search in the Scopus research database using the keyword ‘Energy AND Transformation AND Decarbonisation’), in line with the theme of the special issue of the Journal ‘Sustainability’, is clearly accelerating after 2018. A total of 250 publications (for Title, Abstract, and Keywords) were recorded in the database for this keyword. In 2010, the first publication for the keyword appeared in the Scopus research database: ‘Energy AND Transformation AND Decarbonisation’. The book on global climate warming by Newell and Paterson [23] has the highest citation (first place) of 520. Other papers (top 5) are [24], with 414 citations; [25], with 194 citations; [26], with 171 citations; and [27], with 165 citations. This group includes papers on global warming [23], energy demand [26,27], energy transition costs [25], and new technological projects [24]. Table 1 summarises the number of publications between 2010 and 2023 (as of 14 May 2023).



A lot of papers were classified into one of the three main areas of study: Energy (30.8%); Engineering (17.6%); and Environmental Science (16.6%). Decarbonisation was recognised as a science that points in the direction of energy production with a focus on renewable energy sources. Ranking funding sponsors (top 5) opens Horizon 2020 Framework Programme (31 papers), European Commission (24 papers), Horizon 2020 (15 papers), Engineering and Physical Sciences Research Council (13 papers), and National Natural Science Foundation of China (11 papers). These founding sponsors are important forerunners of research on decarbonisation. The word ‘Decarbonisation’, regardless of spelling (English or American language), was used 252 times in publications. Keywords (decarbonisation together with other keywords) used by the authors in publications of the Scopus research database for the keyword ‘Energy AND Transformation AND Decarbonisation’ are presented in Table 2.



The key to the transformation to net zero is the word decarbonisation. Decarbonisation means reducing thermal coal production. In general, thermal power plants are a major contributor to energy-related CO2 emissions [28]. The world’s coal reserves in 2020 were 1074.108 billion tonnes, and about 23.18% of this was in the United States, the most coal-rich country on the planet. The Russian Federation ranks second with a share of 15.1%. More than 90% of the world’s total proven coal reserves are located in only ten countries (the US, Russia, China, Australia, India, Indonesia, Germany, Ukraine, Poland, and Kazakhstan) [29]. Poland’s share in the world’s coal reserves is 2.64% [29,30]. There are many scenarios for coal decarbonisation, ranging from coal deposit degassing to carbon storage, as well as hydrogen production [31,32,33,34,35]. Mine decarbonisation scenarios can play an important role in changing the use of the world’s coal resources. One of them is Underground coal gasification (UCG), one of the most promising clean coal technologies in decarbonising the coal industry, complementing shallow coal mining and coal bed methane production [36,37,38].



Using the key ‘TITLE-ABS-KEY (decarbonisation AND coal AND mining) in the Scopus scientific database, 50 publications were obtained. The first paper was registered in 2005. The most publications were recorded in the last 3 years: 2020 (8 documents); 2021 (12 documents); 2022 (13 documents); and 2023 to 15 May (7 documents). In terms of citation frequency, the two publications with the highest citations were related to coal-fired power plants [39]: 70, [40]: 60. In the top 5 list, the first publication about mining transformation was about Australia [41]. Australia has been particularly active in deploying the power generation and oxidation systems currently available. Outside the top 5 list (in the top 10 list of most citations) was a publication on the region of Silesia (Poland), which has the largest number of mines in Poland [42]. We used the TITLE-ABS-KEY (coal AND mine AND methane AND mining) to obtain 2763 document results. The topic of mine de-methanation is very broad, as every coal deposit is different, and every mine is different. Every country with coal deposits is developing its pathway to decarbonise industries. Coal-related carbon emissions in recent decades have had a profound negative impact on the global climate. However, coal’s central position in the energy system determines that a clean coal reduction strategy will inevitably lead to a systemic energy crisis. To this end, policy-makers, academics, and practitioners are exploring the mechanisms of joint strategies between coal companies, coal-fired power plants and other stakeholder groups in the strategic transition of energy decarbonisation from the perspective of the industrial chain and the sustainability of economies. Various measures are being implemented to reduce carbon emissions, and energy decarbonisation is an important topic in energy management and environmental sustainability research [43,44,45]. Numerous studies have been carried out on reducing CO2 emissions and mitigating dependence on fossil fuels for sustainable energy transitions at the individual country level [46,47,48].



When the Paris Agreement came into force in 2016, many countries around the world, including Poland, pledged to reduce greenhouse gas emissions by 2050. Poland’s GHG emissions decreased from 447 Mt CO2e (megatonnes of carbon dioxide equivalent) in 1990 to 380 Mt CO2e in 2017 [49]. This reduction was possible due to the transformation of a centrally planned economy based on industry into a largely service-based economy. It has also been possible to significantly improve the energy efficiency of industry, reduce the use of coal and lignite and increase the share of energy from renewable sources (RES). Currently, 15% of energy comes from renewable sources in Poland, but unfortunately, more than 70% still comes from hard coal and lignite [50,51]. In 2017, Poland ranked third among EU countries in terms of greenhouse gas emissions relative to GDP (800 g CO2e for every euro of GDP). Decarbonising the Polish economy is a huge challenge. The country has no large rivers on which to build hydroelectric power plants, and the number of sunshine hours is 1.4–1.9 thousand per year [52]. Natural gas deposits are small. An opportunity for wind power is the Baltic Sea, which is located in the north of the country, but it is in the south that the most energy-intensive areas are found. Poland also does not have a nuclear power plant, unlike other EU countries from the former Eastern Bloc, such as Bulgaria, the Czech Republic, Hungary, Romania, and Slovakia [49]. In 2021, coal-fired power generation reached its highest level in 10 years—84 TWh (+1.4 p.p. relative to 2020). Coal’s share of electricity generation was over 72.4% (+2.7 p.p. more than the previous year). The share of renewables fell to around 16.7% (17.7% in 2020), despite record production from these sources of 30 TWh [53]. The increase in coal-fired generation in 2021 was due, among other things, to increased electricity exports. The large scale of the increase was also due to low coal-fired generation in 2020. Among other things, coal-fired generation replaced gas-fired generation, which fell in 2021 for the first time in more than 10 years due to the very high price of gas fuel [54].



Mining is currently responsible for 4 to 7 per cent of global greenhouse gas emissions. CO2 emissions from the sector in Scopes 1 and 2 (arising from mining activities and energy use, respectively) are 1%, and fugitive methane emissions from coal mining are estimated at 3 to 6%. A significant proportion of global emissions—28%—could be considered Scope 3 (indirect) emissions, including coal combustion [55].



Decarbonisation implies a complete phase-out of coal use in electricity, heating, industry and households. This process will be particularly important for the labour market in the Silesian Region in Poland, which has the highest number of people working in mining in the European Union [56]. In addition, a significant proportion of hard coal-based manufacturing capacity and most of the companies associated with the mining sector are concentrated in the Silesia region in Poland. In 2018, the mining industry in the Silesian Region in Poland created 7% of added value [57]. A positive development is that this region has become a member of the EU Platform for Mining Regions in Transition (the Fair Transformation Platform) and is currently the most prepared to benefit from the Fair Transformation Fund. The Just Transition Fund provides support to all Member States. More than 100 regions in the EU, not only coal regions but also those dependent on carbon-intensive industries, have the opportunity to benefit from this funding. Coal units will increasingly switch to a backup/peak operation system. However, due to the destabilisation of the energy market (high energy prices), and the lack of nuclear power in the Polish electricity system, coal will be needed in Poland until 2030. After this period, mines must be prepared for the scenario of methane recovery, geothermal heat production, hydrogen production, etc.



In 2018, the programme for the hard coal mining sector in Poland was adopted, which covers the period until 2030. The aim of this programme is to improve the situation of the hard coal mining sector and to make efficient use of its resources. The implementation of the programme is monitored in annual cycles. In 2022, the programme was updated, taking into account the assumptions of PEP2040 (in Polish: Polityka Energetyczna Polski; in English: Energy Policy of Poland EPP2040) [58] and the provisions of the Social Agreement on the transformation of the hard coal mining sector and selected transformation processes of the Silesian Region, in which the planned dates of coal mine retirements were specified. According to PEP2040 (programme in Poland), the pace of the coal phase-out in the period from 2030 to 2040 will be as follows: 65% (2025); 56% (2030); 38% (2035); 28% (2040) (Table 3). As indicated in the (PEP2040) [58] programme, the decommissioning of coal mines should take place by 2049 [59]. Table 4 shows the number of mines being decommissioned in Poland.



One of the problems of mines in Poland is methane. Currently, the extraction of methane from abandoned hard coal deposits is about 5 million cubic metres, while the potential for its extraction should be estimated to be at least several billion cubic metres. The extraction of methane from closed mines can—and should—be an important addition to the national energy mix [60]. In Poland, the extraction of methane from decommissioned hard coal mines has so far been marginal. It is only carried out in two deposits, and the annual extraction volume is about 5 million m3 (data for 2020), which represents 1 per mille of the national gas extraction and about 1.7% of the methane captured during coal mining [61]. Methane can be recovered from closed mines as well as active mines. In the case of closed mines, the amount of methane decreases year by year. During the first year, the amount of methane emitted from a single longwall decreased to less than 20% of the average methane yield of that longwall from its exploitation period. After a few years, the amount of methane emitted was only a few per cent of the initial volume of emissions, and after a dozen or so years (estimated to be around 15 years), emissions virtually disappeared [61,62]. Decarbonisation of the mining industry would require a major effort on the part of the coal industry, especially in terms of solving the problem of fugitive methane. Solutions for capturing methane (and using it for energy production) exist but are not widely used. In many countries, government institutions are working with the coal industry to support project development and overcome technical and other barriers to implementation. However, there are no off-the-shelf solutions for all types of mines, and investment, in many cases, is uneconomic.




3. Study Method


The authors were looking to use a method that is already instrumented and not costly for building the model. Given the wide availability of the MsOffice package and the widespread ability to use it, the authors turned their attention to the Solver add-on, which allows the use of econometric model linear programming.



In linear programming [63], the aim is to make efficient use of limited resources or means while meeting the requirements. These problems are characterised by a large number of basic solutions. The prerequisite for selecting one of them is the definition of the objective and the formulation of constraints or requirements. A solution that satisfies both the conditions of the problem and the given requirements is called an optimal solution.



A characteristic feature of linear programming is the formulation of model (1) on the basis of relationships called rectilinear or linear. For the model, conditions written in Formula (1a,b) were fixed. The general formulation of a linear programming problem has the following form:



objective function f(x) => maximise (minimise)


  f   x   =   C   1     x   1   +   C   2     x   2   … +   C   k     x   k    



(1)




under the conditions


    a   11     x   1   +   a   12     x   2   + … +   a   1 k     x   k   ≤   b   1    










    a   21     x   1   +   a   22     x   2   + … +   a   2 k     x   k   ≤   b   2    










    a   m 1     x   1   +   a   m 2     x   2   + … +   a   m k     x   k   ≤   b   m    



(1a)






    x   j   ≤ 0   j   =   1 ,   2 ,   … … ,   k  



(1b)







The mathematical model of linear programming contains three components, ((2) and (2a,b))


  Objective   function   f   x   =   C   j     x   j       j   =   1 ,   2 ,   … ,   k  



(2)






Set of restrictions bi i = 1, 2, …, m



(2a)






  Condition   of    non - negativity    of   variables     x   j   ≥ 0     j   =   1 ,   2 ,   … ,   k  



(2b)







If a solution satisfies the constraint function and the non-negativity condition for the variables, such a solution is called admissible. On the other hand, when the solution satisfies all three of these parts, we are dealing with an optimal solution. When formulating the task in the linear programming language, it should be remembered that if the task involves k variables and m constraints, with k > m, then at most m variables will have a positive value in the optimal solution, and the remaining k − m (read: k minus m) variables will be equal to zero. The following requirements should be kept in mind when formulating a linear programming task:




	−

	
the performance indicator—the optimality criterion—should be strictly formulated and quantified in the task;




	−

	
all decisive factors and constraints should be included in the conditions and constraints, so that the simplified model does not lose its reality and practical value;




	−

	
the specific conditions of the task allow freedom of choice of variants (the variables in the model are interchangeable);




	−

	
the model contains only linear equations and inequalities.









Using the linear programming method, we obtain a set of solutions for the decision variables under study, given known constraints.



The model assumes that the variables will be the output from individual excavations. Of course, the values obtained in the model simulation will be verified based on the limitations of mining and geological conditions and the art of mining exploitation. The parameters included in the econometric model are, on the one hand, market requirements (quality of assortments), specific coal quality parameters for individual headings, and methane output from individual longwalls or, if not possible, estimated using available data.



To develop an example model, sample order data for a selected month, the results obtained in the coal processing department at the level of the coal company and based on the analysis of available data from the ventilation department were used. It was not possible to include full data on methane emissions for individual longwalls due to data secrecy. Therefore, estimates for the entire company are provided. However, this has no significance for the essence of the constructed model because if this model were used, real data would be entered.



Linear programming was chosen for modelling because it is understandable and does not require much additional analysis. You can use existing and measured indicators in operating mines.



The key assumptions in the proposed econometric model are based on the assumption that the volume of methane emissions is related to the volume of production, which is directly related to the ability to meet market needs. Of course, one can consider whether only the amount of coal extracted should be taken into account. However, the authors tried to propose a combination of meeting market needs with reducing methane emissions. This would allow the optimisation of the economic result and, at the same time, take into account the reduction or elimination of environmental penalties.



The main limitation of the model is the variability of mining and geological conditions and the adaptation of modelling to the mining plant operation plan. The authors assume that the proposed model is a tool for supporting management decisions at the operational and tactical levels. The obtained calculations are accurate for a given situation, but it is also possible to calculate variables for various assumptions and, thanks to the obtained sets of results, build mining plans.



The authors analysed which methane ratio should be included in the model, especially since methane is released into the atmosphere not only with the ventilation air. As a result of discussions and talks with the ventilation department in a mining company, the M coefficient was selected as having a direct impact on the effectiveness of modelling the volume of extraction from a given longwall. If it is not possible to directly determine the coefficient M for each analysed wall, it is possible to calculate the assignment coefficient of a given M for each of the walls. Such calculations would be carried out by ventilation departments in a given mine. Earlier studies [64] show that they can be effectively predicted.



This tool is simple to understand and can be quickly implemented at different decision-making levels in coal mines. Therefore, a mining production programming model was developed based on it, taking into account the control of the amount of methane released into the atmosphere from coal mines. The following chapter presents a proposal on how to build objective and constraint functions on selected data. The built functions allow the data to be entered into the Solver and the expected quantities to be modelled.




4. Results of Analysis


This chapter presents a proposal for using linear programming to simulate the amount of methane output for a group of coal workings.



In order to realise the simulation goal by minimising the amount of methane for a group of headings, it is possible to adopt a selected coal methane index for individual mines, together with an analysis of customer needs in a given month (abbreviation: M) [65]. This information is contained in Table 5. The code indicating the type of coal consists of three two-digit numbers. They denote, in turn, the following:




	−

	
net calorific value in MJ/kg;




	−

	
ash content in %;




	−

	
sulphur (S) content, expressed in %.









In order to determine the constraint function, information on coal quality data from each mining branch and the mining capacity of each branch are needed (Table 6).



We accept a sample set of orders consisting of six quality groups with different order quantities:



	−

	
coking coal with qualitative parameters—calorific value 31 MJ/kg, ash content 7%, sulphur content 0.8%—order quantity 27,500 tonnes;




	−

	
coking coal with the qualitative parameters—respectively, as for the first group 30-8-08—order quantity 42,000 tonnes;




	−

	
thermal coal intended for small customers and for the implementation of coal allowances with the parameters—respectively, 30-7-08—order quantity 15,000 tonnes;




	−

	
energy mix with the parameters—23-20-08—order quantity 57,000 tonnes, respectively;




	−

	
energy mix with parameters—respectively, 22-22-08—order quantity 75,000 tonnes;




	−

	
energy mix with parameters—20-25-08—order quantity 10,000 tonnes.







For the calculation of the orders, we assume the scheduled monthly number of orders (abbreviation: M). When creating the constraint functions, we group the extraction volumes based on similar coal quality parameters from the individual pits—



group three:


  N   W   01   = 51,600   t o n n e / m o n t h  



(3)




groups one and two (due to similar quality parameters):


  N (   W   01   +   W   03   +   W   04   ) = 109,600   t o n n e s / m o n t h  



(4)




groups four and five:


  N     W   02   +   W   05   +   W   06   +   W   07   +   W   08     = 181,400   t o n n e s / m o n t h  



(5)




group six (we can allocate to all seams because it is produced by treating all the coal going into the processing plant; a share of 8% of the coal can be assumed):


  0.08   N     W   01   +   W   02   +   W   03   +   W   04   +   W   05   +   W   06   +   W   07   +   W   08     = 23,284.8   t / m o n t h  



(6)




where:



    W   01    —extraction from the mining branch j;



N—the index of commercial coal to raw coal.



In all cases, the quantitative condition is met.



Taking the magnitude of the coefficient N = 0.63, we obtain a set of functions constituting a constraint system for further calculations:


  0.63     W   01     ≥ 15,000  



(7a)






  0.63     W   01   +   W   03   +   W   04     ≥ 69,500  



(7b)






  0.63       W   02   +   W   05   +   W   06   +   W   07   +   W   08     ≥ 132,500  



(7c)






  8.08   ×   0.63     W   01   +   W   02   +   W   03   +   W   04   +   W   05   +   W   06   +   W   07   +   W   08     ≥ 10,000  



(7d)






  0.63     W   01   +   W   02   +   W   03   +   W   04   +   W   05   +   W   06   +   W   07   +   W   08     ≥ 226,500  



(7e)






    W   01   ≤ 82,000 ;     W   02   ≤ 50,000 ;   W   03   ≤ 42,000 ;     W   04   ≤ 50,000 ;     W   05   ≤ 84,000 ;    W   06   ≤ 55,000 ;     W   07   ≤ 57,000 ;     W   08   ≤ 42,000  



(7f)






  f   ( x )   m i n   =   M   1     W   o 1   +   M   2     W   o 2   + … +   M   j     W   o j    



(8)




where:



Mj-ventilation methane index Qw of branch j;



The objective function is, therefore, in the following form:


  f   ( x )   m i n   =   M   1     W   o 1   +   M   2     W   o 2   +   M   3     W   o 3   +   M   4     W   o 4   +   M   5     W   o 5   +   M   6     W   o 6   +   M   7     W   o 7   +   M   8     W   o 8    



(9)







Calculations can be performed in the Solver programme available from the Excel package. This reduces the cost of purchasing professional software and allows simulations to be performed at almost no cost.



Key to the correct operation of the model is the appropriate choice of methane factor and the way it is determined (Table 7). The variability of methane emissions should also be taken into account. The calculated Mj coefficients should result from the current and past measurements, as well as from forecasted values. If it is not possible to determine the methane rate for each longwall, the ventilation methane rate of the average mine can be taken as a single factor M. However, this reduces the accuracy of the calculation. The part of the total methane that results from the de-methanisation efficiency ratio should also be added to the final prediction according to Formula (10) [66].


    Q   c   =   Q   w   +   Q   o    



(10)




where




	
    Q   c    —absolute methane;



	
    Q   w    —ventilation methane;



	
    Q   o    —total methane.








According to data from JSW SA for the full year 2022 [67],




	
    Q   w    —ventilation methane 904.64 m3/min or 475.48 mln m3/year;



	
    Q   o    —total methane 557.38 m3/min or 303.47 mln m3/year,








with a de-methanation efficiency of 38.9%.



These figures indicate the importance of seeking to manage the amount of methane from which mines are held accountable for their greenhouse gas emissions.



Of course, simulation results cannot be taken for granted. They will only be used to support management decision-making. In a coal mine, the mining and geological conditions and the conduct of mining operations in accordance with the art of mining are important for the determination of the output from individual pits.




5. Discussion


At present, there are more than 220 Working Mine Methane projects worldwide in 14 countries. These projects help to avoid around 3.8 billion cubic metres of methane emissions every year. Australia has been particularly active in deploying the power generation and oxidation systems currently available [15].



Forecasting the amount of methane released from active mines is difficult insofar as it is conditioned by changing mining and geological conditions. In contrast, forecasting the amount of methane from sealed mines, flooding mines, and venting mines is a different matter. In these cases, it is possible to take as indicators those determined at their closure. One method is that of the U.S. EPA [68]. This method makes it possible to make emission forecasts and supports economic analyses and operational planning. Of course, this is an example of a method used in the US mining environment. However, the management and corporate responsibility for methane emissions from closed mines will be an important issue in the coming years. Therefore, in parallel, decision-support methods for managing greenhouse gas emissions from both existing and closed mines should be sought [16]. The EU’s ever-improving circular economy policy [69] (the European Union is working on proposals to help move towards a stronger closed-loop economy, in which resources are used more sustainably and production substances are reused) can help mines build a methane recovery and processing systems [70]. A key role in methane recovery is the possibility of using it as a heat and energy source (methane can be used in gas turbines to produce electricity and heat). Methane can help mines build a new energy and heat supply chain and save energy in the economy. The benefits of a more sustainable mining industry also include new and innovative revenue streams (money from its use of methane in the industry). The capture of methane from closed mines can—and should—be an important addition to the national energy mix.



In light of the new direction of the EU in the field of methane emissions (a regulation that introduces a methane emission standard of 5 tons of this gas per 1000 tons of mined coal; a regulation introduced in 2027 and in 2031 as standard for coking coal mines), coal mine forms of response to these commitments. This is especially important when we know that 90% of methane emissions reports in Poland come from hard coal mines. Methane emission is appropriate to the mining and geological conditions of the exploited seams. Therefore, the size of the limit will increase by 28% in 2021 compared to 2011. The direct approach to methane emissions does not take into account the specificity of the industry, and the natural conditions of the coal deposits that manage the coal lines are not affected. Therefore, looking for methods to reduce or optimise the amount of released methane meets their needs. Operation and scientific research are carried out in two versions, developing a method of capturing methane from the release of mine air and optimising the amount of methane for coal extraction alone.



Greenhouse gas emissions, which include methane, are particularly important in light of the climate policy of the International Panel on Climate Change (IPCC) 2023 [71]. This is important for the development of all EU countries [72].



Methane not only pollutes the air but also affects the amount of ozone in the atmosphere. During the period of rising to the level of Los Angeles-type smog, which contributed to death, it became clear that the expulsion of methane has side effects, economic and social.



The European Commission has set two directions for the main tasks [73]:




	
Reform of the reporting system—in the discussed topic, it is a higher task of the Mining Office;



	
Control of material and emissions from coal mines—this aspect is a proposed econometric model.








Attention should also be paid to the existing problems with the unification of methane emission data reporting. Repeatedly, data is duplicated, and misreporting can occur. A large number of reporting entities has a large impact on this state.



Thanks to the result of 1, the amount of methane emission is variable and depends on the parameters of the mined seams. Therefore, the proposed model takes into account such parameters as well as economic and environmental parameters.



This model focuses on measurable parameters at the level of mines and allows for relatively effective modelling of methane emissions. Calculation of methane emissions for a group of mines or the entire mining industry is extremely difficult due to reporting problems. Therefore, the search for methods and tools to optimise methane emissions ‘at source’ is part of the general trend of building cleaner production systems (CP).




6. Conclusions


Coal mine methane (CMM) is the term given to methane produced or emitted in connection with coal mining operations from the coal seam itself or from other gas-bearing underground formations. The amount of CMM generated from a particular operation depends on the capacity of the coal mine, the gassiness of the coal seam and any underlying and overlying formations, operational variables, and geological conditions. CMM can be captured by engineering boreholes that support the mine ventilation system, or it may be emitted into the mine environment and discharged from the mine. The methane removed from working mines via this technique is known as Ventilation Air Methane (VAM). The VAM is released through the ventilation shafts and can then be captured for utilisation rather than allowing it to be released directly into the atmosphere, as may have occurred in the past VAM is released through ventilation shafts, and so, where possible, can be captured for use rather than released directly into the atmosphere, as has been the case in the past. Mine methane can, therefore, provide an energy source as an alternative to simply consuming gas through combustion systems. New energy sources are constantly being sought in sustainable economies around the world. Technologies to recover methane and use it as an energy source can be viable in post-mining countries, and Poland, which will close its last mine in 2049, will be one such country.



The coal (hard) mining industry, similar to the steel industry, is still being restructured in Poland [74,75,76]. Radical changes have been introduced to Polish mines since 1990 when the economy was changed to a market economy and mines became capital companies. It can be expected that with Poland’s radical energy policy (moving away from coal as an energy source), which is in line with European policy, mines need to be restructured again [77,78]. This time, methane may have to be used as a gas. The model we prepared can be used for planning methane management in Poland. The data for the model came from the largest mine in Poland, which is listed on the Warsaw Stock Exchange, which can be considered as a benchmark. A well-known econometric methodology was used to develop the model. Using the applied linear programming method does not require any additional software. It is so intuitive that it can be quickly implemented and used in hard coal mines. This is of particular importance due to the organisational structure prevailing in these mining plants. However, this model will require testing on selected mines and verification of emerging mining and organisational restrictions. Further research will be carried out in this direction. From linear programming, you can move to complex multivariate econometric models. The planned future scope of research will concern the optimisation of methane management in mines. The authors plan to use two analysis segments: segment 1 will concern mines excluded from coal production; and segment 2 will concern active mines. The obtained models will be used to forecast the variables under study until 2049, i.e., until the mines in Poland are closed for mining (hard coal mining) according to Polish Energy Policy [58].
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Table 1. Number of documents for ‘Energy AND Transformation AND Decarbonisation’ in database Scopus.
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	2010
	2011
	2012
	2013
	2014
	2015
	2016
	2017
	2018
	2019
	2020
	2021
	2022
	2023 *





	1
	1
	2
	3
	1
	7
	6
	7
	10
	19
	31
	51
	82
	29 * F 84







* Until 14 May 2023. F-Forecast: average: about 7 papers per month; in December 2023, 84 papers.
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Table 2. Keywords used by authors of the papers in the Scopus database for the ‘Energy AND Transformation AND Decarbonisation’ (top 10).






Table 2. Keywords used by authors of the papers in the Scopus database for the ‘Energy AND Transformation AND Decarbonisation’ (top 10).





	Decarbonisation
	Energy Efficiency
	Energy Policy
	Carbon
	Climate Change
	Carbon Dioxide
	Renewable Energy
	Emission Control
	Gas Emission
	Investments





	252
	55
	48
	48
	44
	39
	35
	33
	29
	28
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Table 3. Rate of transition away from coal in Poland between 2030 and 2040.






Table 3. Rate of transition away from coal in Poland between 2030 and 2040.





	2020
	2025
	2030
	2035
	2040





	70%
	65%
	56%
	38%
	28%







Source: Energy Policy of Poland EPP2040 (abbreviation in Polish: PEP2040) [58].
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Table 4. Deactivation of coal mines in Poland in the period 2028–2049.






Table 4. Deactivation of coal mines in Poland in the period 2028–2049.





	2028
	2029
	2030
	2034
	2035
	2036
	2037
	2039
	2040
	2041
	2043
	2046
	2049





	1
	1
	3 × 101
	1
	1 + 1 × 101
	1 * + 1 × 101
	1
	1
	2
	1
	1
	1
	4







* lignite mine, e-electricity plant. Source: [60].
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Table 5. Coal methane indexes.






Table 5. Coal methane indexes.





	
Orders per Month M






	
Coal quality

	
31-7-08

	
30-8-08

	
30-7-08

	
23-20-08

	
22-22-08

	
20-25-08




	
Coal quantity (tonnes)

	
27,500

	
42,000

	
15,000

	
57,000

	
75,000

	
10,000
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Table 6. Data used in model.






Table 6. Data used in model.





	Name od Branch Mine
	O1
	O2
	O3
	O4
	O5
	O6
	O7
	O8





	Carbon calorific value MJ/kg
	31.6
	26.7
	33.5
	32.6
	26.6
	26.6
	26.5
	26.8



	Coal ash content [%]
	6.06
	17.83
	6.4
	6.82
	17.83
	18.24
	18.24
	17.83



	Sulphur content of coal [%]
	0.83
	0.70
	0.81
	0.80
	0.75
	0.90
	0.90
	0.70



	Max. daily extraction (tonnes/day)
	3700
	2300
	1900
	2300
	3800
	2500
	2600
	1900



	Max. monthly output (tonnnes/month)
	82,000
	50,000
	42,000
	50,000
	84,000
	55,000
	57,000
	42,000
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Table 7. Designations used in the model (9).






Table 7. Designations used in the model (9).





	Mining Branch
	O1
	O2
	O3
	O4
	O5
	O6
	O7
	O8





	Ventilation methane ratio Qw of branch j
	M1
	M2
	M3
	M4
	M5
	M6
	M7
	M8
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