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Abstract

:

The novelty of the paper is the analysis of the possibilities of reducing the operating costs of a mine water pumping station in an abandoned coal mine. To meet the energy needs of the pumping station and reduce the carbon footprint, “green” energy from a photovoltaic farm was used. Surplus green energy generated during peak production is stored in the form of green hydrogen from the water electrolysis process. Rainwater and process water are still underutilized sources for increasing water resources and reducing water stress in the European Union. The article presents the possibilities of using these waters, after purification, in the production of green hydrogen by electrolysis. The article also presents three variants that ensure the energy self-sufficiency of the proposed concepts of operation of the pumping station.
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1. Introduction


Climate change and the constant increase in temperature are forcing us to take action to reduce the greenhouse effect. One of the main emitters of greenhouse gases is the energy industry, which is still mainly based on generating energy from fossil fuels.



Current efforts are aimed at resigning from fossil fuels and moving toward low- and zero-emission energy sources. The main emphasis is on promoting the use of wind and solar energy. The disadvantage of these solutions is their lack of stability and overproduction of energy on sunny and windy days. These unstable energy sources require the use of effective systems for storing this surplus energy, which can be used on days when there will be no production from renewable energy sources (cloudy/no windy days) [1,2]. One of the options for energy storage is to store it in the form of hydrogen, produced by electrolysis [3]. The article presents the idea of using rainwater and process water, after appropriate purification, as a water source for the electrolysis process. This form of hydrogen production is the most advantageous from the point of view of zero-emission energy and transport [4,5,6].



Currently, over 95% of hydrogen is obtained from fossil fuels, which is accompanied by greenhouse gas emissions. An alternative option is to obtain hydrogen in an emission-free way, i.e., in the process of water electrolysis. It is necessary to use energy from renewable energy sources in the electrolysis process so as to obtain green hydrogen.



Water electrolysis in the European Union is perceived as an effective source of “green” hydrogen and one of the main conditions for achieving climate neutrality in Europe by 2050, which is a key assumption of the so-called Green Deal. The global shortage of drinking water forced us to search for new sources of water supply for technological purposes. Rainwater is an underestimated method of obtaining water in Europe. In order to optimize water circulation and ensure independence from the power supply from the water supply network, it is necessary to take action to reduce the consumption of energy and water from traditional sources.



Technological progress, the rapid decrease in prices of energy from renewable sources, and the need to drastically reduce greenhouse gas emissions clearly indicate the possibility of using hydrogen as a clean energy carrier [7,8]. Hydrogen can be produced from both renewable and non-renewable sources. Global hydrogen production in 2020 will rely almost entirely on fossil fuels [9,10]. Commercial hydrogen production is currently based primarily on steam reforming of natural gas and partial oxidation of coal. Clean hydrogen production involves the use of biomass and solar hydrogen production methods. The anticipated transition to a hydrogen energy system is likely to be based on H2 produced by natural gas reforming or electrolysis [11,12]. One possible reason for the development of low-carbon hydrogen may be the high cost of production. The average cost of producing hydrogen from electrolysis of water using energy from renewable sources is currently about 6–16 times higher than for hydrogen from natural gas.



Hydrogen production through electrolysis requires relatively large amounts of electricity and water. To produce 1 kg of hydrogen, approximately 50–55 kWh of energy and 9 kg of water are needed. Technical considerations and potential water losses for maintaining the efficiency of the equipment, in extreme cases, cause water consumption by the electrolyzer to increase up to approximately 22 dm3/kg H2 [10,12]. The deteriorating quality and volume of water resources justify the need to look for new possibilities to ensure the safe operation of water supply systems. Due to lower supply risk and lower costs, the public water supply is the most suitable source of water for electrolysis [13,14]. The shortage of clean water in the world means that the use of tap water for hydrogen production may be limited. Therefore, it is necessary to find alternative, stable sources of water to power the electrolysis process. The use of purified rainwater and process water for this purpose, presented in this work, can ensure the proper functioning of the water electrolysis process. The global problem with access to clean water has led to the consideration of unconventional ways of obtaining it. To reduce the risk of drinking water shortages, efforts should be made to increase water recycling. Each case of using water extraction processes to power electrolyzers must be considered individually. The selection of the appropriate method depends on the amount, availability, mineralization of water, and climatic conditions. The decision to choose the specific water treatment technology must be preceded by appropriate analyses [15,16,17]. To produce very pure hydrogen (purity above 99.999% hydrogen 5.0), deionized water is needed [18,19], with a conductivity of no more than 5 μS/cm [20,21], free from any dissolved substances and impurities. Impurities in the water may negatively affect the electrolysis process and the life of the electrodes in the electrolyzer. This mainly concerns the deposition of contaminants on the surface of the electrodes and/or in the membranes. In order to prepare rainwater and process water, it is recommended to use the process line consisting of several water treatment processes. Membrane techniques allow for the recovery of water from rainwater and process water, which, after treatment, will meet the requirements for water intended for human drinking or powering electrolyzers for hydrogen production.



The planned project of energy self-sufficiency of mine water pumping stations may have a significant impact on the social and economic structure of each mining region [17,22]. The project is part of the Just Transition process and is an opportunity for regional development thanks to the introduction of modern technological solutions [23,24]. The variant project in question will create new markets related to modern transport and an energy mix based partly on renewable energy [19,25]. The presented variants of energy self-sufficiency also provide the opportunity to revitalize post-mining assets, which would otherwise be difficult to adapt to another purpose [26,27,28].



One of the tasks of Spółka Restrukturyzacji Kopalń S.A. (SRK S.A.) is the continuous drainage of goafs from liquidated mines [17,29]. Another socially important task is the management of assets left by liquidated hard coal mines [30,31,32]. Cessation of drainage, apart from flooding active mines and low-lying areas on the surface, could lead to contamination of drinking water intakes [22,33]. The company pumps out approximately 100 million m3 of water annually using deep-well or stationary drainage methods (data for 2023). The purchase of electricity is one of the largest components of the costs necessary to conduct this part of SRK S.A.’s activities [14,34]. Consumption of “black” energy in the company in 2023 amounted to approximately 300 GWh, which corresponds to approximately 160 million Mg of CO2 equivalent emissions into the atmosphere [35,36]. In order to reduce the carbon footprint of SRK S.A.’s operations, it is necessary, among other things, to reduce the need to purchase electricity. This can be achieved by modernizing the technical equipment used or by purchasing energy from renewable sources. Financial analysis shows that a faster, cheaper, and more effective method is the use of renewable energy sources combined with the storage of temporary surpluses of generated electricity. The second environmental option for abandoned mines is to treat at least some of the pumped mine water. The amount of water treated depends on the economics of the treatment process. Under current market conditions, only a portion of the pumped water can be effectively treated.



The management of mine and rainwater combined with the development of the concept for the pilot solution for energy self-sufficiency in an exemplary mine water pumping station was the main research goal. Additionally, a very important design element was to reduce the negative impact of polluted water emissions on the environment and increase the financial efficiency of the project [37,38]. The process of pumping water from abandoned mines is inherently expensive. Simply pumping the water is more expensive than purchasing tap water. In addition, mine waters are mineralized waters that require treatment. The degree of mineralization increases with depth. It is possible to selectively pump water with different degrees of mineralization. According to the Ukrainian experience, it would be possible to treat a part of the pumped water [7,39]. Excluding the cost of pumping, the cost of treating less mineralized waters from shallower depths will not exceed the purchase price of pure piped water. Treatment of more mineralized water coming from greater depths is technically possible, but the cost of treatment would already exceed the purchase price of pure tap water. For this reason, the work limits water treatment to less mineralized water. In addition to ecological goals and covering the pumping station’s energy needs with “green” energy, the project aims to revitalize the pumping station facilities, maintain the existing ones, and possibly create new jobs that are alternative to mining.




2. Materials and Methods


A stationary drainage system is maintained in the analyzed pumping station, which is based on the network of approximately 8 km of underground workings adapted for the pumping station and two shafts left for ventilation of these workings. In accordance with the water law permit, water accumulating underground is pumped through pipelines to the surface, where it flows by gravity through the collector to the nearby river [39,40]. To protect rivers and watercourses, constant monitoring of discharged water and pollutants dissolved in it by specialized services of SRK S.A. is necessary [1,15]. The ideal situation would be to completely eliminate these emissions from the environment [37,38,41]. So as to support the operation of the pumping station, 11 post-mining facilities are left, and the unnecessary ones are liquidated. The remaining surface structures are accompanied by the reclaimed area of the former railway siding and storage yards. The reclaimed area near the pumping station has a southern exposure and a regular shape, allowing for the orderly development of panels. It also has suitable access for technical vehicles, as well as closely located power points for medium- and high-voltage installations. About 90 people work in the pumping station, and most of them are underground workers. In 2023, the company pumped out approximately 1 million m3 of mine water. At the pumping station, due to the capacity of the pumps, dewatering is performed for approximately 6 h per day, every day of the year. To facilitate calculations in the pump station model used, it is assumed that the operation of other pump station equipment during the rest of the day is equivalent to an additional hour of pumping. The ventilation system is based on 2 × 92 kW main fans. The operation of the fans is continuous. The pumping station requires approximately 6 GWh of electricity to perform its activities. The mine water pumping station is located in one of the districts of a large city in the Silesian agglomeration.



One of the ways to reduce the demand for purchasing electricity from the grid is to use renewable sources of energy [35,42]. Because of the low windiness of the Upper Silesia region and the neighborhood of residential buildings, the use of wind energy is abandoned in the project. Due to the protection of the local energy market and the limited absorption capacity of the local energy network, the condition for the implementation of the project is not to transfer excess generated energy to the national grid. The project involves the construction of a photovoltaic farm next to the mine water pumping station with a generating capacity of approximately 7.5 MWp. Such a farm can produce approximately 8.8 GWh of “green”, “clean” electricity annually, but the relatively low efficiency of the electrolysis process and subsequent combustion of hydrogen in cogeneration engines will allow the recovery of the assumed 6 GWh of electricity necessary for the pumping station from the stored hydrogen. Insolation on sunny days meets the energy needs of the pumping station [43]. The proper functioning of most renewable energy installations is not possible without energy storage technology during periods of increased energy production [14,24]. Storing energy in green hydrogen produced through electrolysis allows for very effective long-term storage of generated energy surpluses and their use during times of greater demand for electricity. Hydrogen can be produced using various processes and energy sources. Green hydrogen is produced using renewable energy and is one of the key elements of the sustainable energy transformation concept. The energy self-sufficiency project of the mine water pumping station assumes storing excess energy in hydrogen obtained from water electrolysis [5,44]. Energy storage through battery systems or shaft installations allows for short-term storage. For financial reasons, storing energy in the form of hydrogen is more attractive than storing it in battery systems, for example. According to a market study (Q4 2023), storing 1 MWh in the form of hydrogen is 3.5 times cheaper than in battery systems. The project only predicts the construction of the small battery energy storage facility to provide power at night and buffer the generated energy or the possible need to stabilize the operation of the electrolyzer.




3. Results and Discussion


Three variants of the operation of an energy-self-sufficient mine water pumping station were adopted for the analysis, differing in the scope of modernization. In all variants, the modernization of the pumping station includes the following constructions:




	
Photovoltaic farms with a capacity of approximately 7.5 MWp;



	
Electrolyzer;



	
Battery energy storage with a capacity of 1 MWh;



	
Thermal energy storage;



	
Hydrogen storage tank;



	
Oxygen storage tank;



	
Cogeneration engines or hydrogen cells required to power pumping station equipment during periods of non-sunny conditions or at night.








In the second variant, it was additionally proposed to build the Mine Water Treatment Station, and in the third variant, an additional installation for collecting rainwater and process water. The project assumed the use of all green energy produced for its own needs without the need to transfer the surplus electricity produced to the local distributor’s network. It was assumed that excess electricity produced by the photovoltaic farm would be stored in the form of green hydrogen obtained through electrolysis. The hydrogen produced will be stored and used on-site to produce electricity during periods of shortage. Any excess of hydrogen will be transported to another pumping station to generate electricity there. The sale of produced oxygen will cover part of the costs of purchasing “black” energy.



The calculations assumed that it would be necessary to use 9 kg of water to produce 1 kg of hydrogen [43,45]. It was also assumed that the income from the sale of treated water and produced oxygen would be directed to the purchase of electricity from the local supplier. It was assumed that these media would be sold to local distributors for 60% of their retail price.



The amount of energy that could be used by the pumping station was calculated as the own consumption of the part of the electricity produced by the photovoltaic installation and energy recovered from the stored hydrogen, plus electricity purchased from the local supplier from the income of the oxygen’s sale and treated drinking water. Covering the energy demand of the pumping station (expressed in %) for the considered variants is presented in Table 1, Table 2, Table 3, Table 4 and Table 5 and is the ratio of the amount of energy that can be used by the pumping station to the actual demand of the pumping station. Covering the company’s energy demand is given as the ratio of the amount of energy that can be used by the pumping station to the company’s demand, and it is expressed as a percentage.



3.1. Variant I Referring to the Modernization of the Pumping Station by Building a Photovoltaic Farm and Storing Surplus Energy in the Form of “Green Hydrogen”


In the basic version of modernization, on sunny days, the photovoltaic farm produces electricity that powers the pumping station equipment. When energy production exceeds the demand of the pumping station, the excess energy is directed to power the electrolyzer. Any temporary excesses of generated electricity as “waste” energy will be directed to a buffer battery energy storage facility. After charging the warehouse, the electrolysis process will begin, and it will continue until the warehouse is unloaded. In the first basic variant, due to the contamination of mine water, it was assumed that the electrolyzer would be powered by purchased drinking water from the municipal water supply system [46,47]. Mine water will only be used to cool the electrolysis process itself. Thermal energy from cooling the electrolyzer will be stored in the underground heat storage and used for its own needs in the pumping station, for example, to heat utility water in the mining bath. When the electricity production from the photovoltaic installation is low, the produced energy will be collected in the buffer battery energy storage for a short-term full power supply of the electrolyzer after the storage is full [35,36].



Produced oxygen and hydrogen will fulfill storage tanks via compressors. Stored oxygen will be sold to wholesalers specializing in gas trading. Taking into account the obtained income, the “black energy” from the local supplier could be covered. In this system, the auto-consumption will amount to approximately 42% of produced green energy. The rest will go directly to the electrolysis process. During periods of demand for electricity, hydrogen will fulfill cogeneration engines or hydrogen cells, producing electricity and heat. The generated electricity will power the pumping station equipment. The produced thermal energy will be directed to the underground heat storage facility. For energy prices in the fourth quarter of 2023, the proposed investment would fully meet the energy needs of the pumping station. This corresponds to the reduction of approximately 5175 Mg of CO2 equivalent emissions into the atmosphere. The considered variant enables the creation of up to 8 jobs.



Table 1 presents the estimated financial results of the discussed project variant for the negotiated purchase price of electricity in the fourth quarter of 2023. To calculate the payback period, the full investment cost of modernizing the pumping station and any additional costs resulting from the modernization were assumed. These additional costs are the full cost of operating the pump station after modernization minus the cost of operating the pump station before modernization. In the calculation, the benefit is the amount of unpaid electricity bills after the modernization. The amount of expenditure on modernization and the estimated reduction in the costs of purchasing electricity in Table 1 and in all tables are given as a multiple of the expenditure necessary to finance the construction of basic variant I of the modernization of the pumping station.





 





Table 1. Forecasted parameters of the pumping station project with the storage of surplus energy in the form of “green hydrogen”—basic variant I.






Table 1. Forecasted parameters of the pumping station project with the storage of surplus energy in the form of “green hydrogen”—basic variant I.





	
A

	
B

	
C






	
Estimated reduction in the electricity purchase costs

	
0.076

	
[multiple of expenditure on the basic variant]




	
Total expenditure

	
1.00




	
Expenditure return period

	
13.1

	
[years]




	
Energy needs cover of the pumping station

	
100.6

	
[%]




	
Energy needs cover of the company

	
2.2

	
[%]




	
Equivalent reduction in CO2 emissions

	
5175

	
[Mg CO2/year]




	
Auto-consumption of generated electricity

	
42.8

	
[%]




	
Maintenance of workplaces

	
8

	
[items]










3.2. Variant II Referring to the Modernization of the Pumping Station by Building a Photovoltaic Farm and Storing Surplus Energy in the Form of “Green Hydrogen” along with the Construction of the Mine Water Treatment Station (MWTS)


Due to the search for alternative possibilities of obtaining and stabilizing water supplies for the electrolysis process, the possibility of building the Mine Water Treatment Plant (MWTS) adapted to the volume of water pumped by the pumping station was adopted as the optional solution [20,23]. The pumping station provides a constant stream of 1.9 m3/h of moderately saline water to the Mine Water Treatment Station, 24 h a day. Using the full volume of pumped mine water, the pumping station would provide the electrolyzer’s demand for clean, treated water and could supply the local water network with water treated for human consumption as an alternative source of drinking water (World Health Organization recommendations). In the field of mine water treatment, SRK S.A. signed letters of intent with several local governments regarding the possible future receipt of treated mine water. The estimated costs of the construction of the MWTS and water treatment were based on pilot studies already carried out by the company in the pumping stations with comparable mine water parameters.



The installation of the MWTS with a capacity of 1.1 million m3 will increase the annual energy demand of the pumping station by approximately 1.75 GWh. Part of the treated water will be directed to the electrolyzer, which will make the pumping station independent of drinking water supplies from the local water supply system. The income from the sale of the remaining part of the treated water will be the additional source of financing for the purchase of the missing part of the electricity from the local supplier. Table 2 presents the estimated basic efficiency indicators of the option of modernizing the pumping station with the construction of the MWTS.





 





Table 2. Forecasted parameters of the pumping station project with the construction of the Mine Water Treatment Station (MWTS)—variant II (MWTS).






Table 2. Forecasted parameters of the pumping station project with the construction of the Mine Water Treatment Station (MWTS)—variant II (MWTS).





	
A

	
B

	
C






	
Estimated reduction in the electricity purchase costs

	
0.098

	
[multiple of expenditure on the basic variant]




	
Total expenditure

	
1.37




	
Expenditure return period

	
14.1

	
[years]




	
Energy needs cover of the pumping station

	
100.3

	
[%]




	
Energy needs cover of the company

	
2.8

	
[%]




	
Equivalent reduction in CO2 emissions

	
6604

	
[Mg CO2/year]




	
Auto-consumption of generated electricity

	
45.6

	
[%]




	
Maintenance of workplaces

	
14

	
[items]









Increasing expenditures by 37 percentage points increased annual savings when purchasing electricity by 22 percentage points. Expenditure on the construction of the Mine Water Treatment Station extended the expenditure return period by 1 year compared to the basic version (variant I). The option of building the MWTS near the pumping station area slightly reduced the coverage of the pumping station’s energy demand, which, for energy purchase prices from the fourth quarter of 2023, slightly exceeds the pumping station’s needs. However, it should be remembered that in variant II with the MWTS, the energy demand increased by approximately 21 percentage points compared to basic variant I. It was estimated that the auto-consumption of generated “green” electricity would be approximately 45.6%. This corresponds to the reduction of 6604 Mg of CO2 equivalent emissions into the atmosphere. This variant of modernization of the pumping station created approximately 14 alternative jobs to mining.




3.3. Variant III Referring to the Modernization of the Pumping Station by Building a Photovoltaic Farm and Storing Surplus Energy in the Form of “Green Hydrogen” along with the Construction of the Mine Water Treatment Station (MWTS) and an Installation for Collecting Rainwater and Process Water


An optional extension for variant II with the construction of the Mine Water Treatment Station (MWTS) is the addition of installations for collecting rainwater and process water and adapting the capabilities of the MWTS to the increased volume of water requiring treatment in variant III [5,48]. This solution provides for additional treatment of rainwater and process water from washing photovoltaic panels jointly obtained from the rainwater collection system. Due to the annual rainfall, the surface of the roofs, and the surface of the photovoltaic panels, it was estimated that it would be possible to collect about half of the rainwater falling on these surfaces, i.e., about 0.4 million m3 of water. It was also estimated that it would be possible to obtain about half of the water directed to washing the panels, which gives another approximately 0.1 million m3. Due to the relatively low contamination of water from the mining baths, the project included an additional volume of approximately 0.1 million m3 of water that could be treated. In this variant, it is necessary to slightly increase the water treatment capacity of the MWTS to approximately 1.2 million m3 of water per year. The additional management of mixed mine water, rainwater, and process water further reduces water shortages and the discharge of polluted mine water into watercourses. It also reduces the emission of salts and other pollutants into the environment. The expansion of the MWTS will increase the annual energy demand of the pumping station by an additional approximately 0.1 GWh (26 percentage points compared to basic variant I and 6 percentage points compared to variant II with the MWTS). The necessary part of the treated water will be directed to power the electrolyzer, and the income from the sale of the remaining part of the treated water will be used to purchase the missing part of the electricity. Table 3 presents the basic efficiency indicators for the modernization option of the pumping station with the construction of the MWTS and the installation of rainwater and process water collection.





 





Table 3. Forecasted parameters of the pumping station project with the construction of the Mine Water Treatment Station (MWTS) and the installation for collecting rainwater and process water—variant III.






Table 3. Forecasted parameters of the pumping station project with the construction of the Mine Water Treatment Station (MWTS) and the installation for collecting rainwater and process water—variant III.





	
A

	
B

	
C






	
Estimated reduction in the electricity purchase costs

	
0.104

	
[multiple of expenditure on the basic variant]




	
Total expenditure

	
1.39




	
Expenditure return period

	
13.3

	
[years]




	
Energy needs cover of the pumping station

	
106.7

	
[%]




	
Energy needs cover of the company

	
2.95

	
[%]




	
Equivalent reduction in CO2 emissions

	
7027

	
[Mg CO2/year]




	
Auto-consumption of generated electricity

	
46.3

	
[%]




	
Maintenance of workplaces

	
17

	
[items]









Increasing expenditure by 39 percentage points compared to basic variant I increased the estimated annual reduction in the costs of purchasing electricity by 27 percentage points. Expenditure on the expansion of the Mine Water Treatment Station and the construction of the rainwater collection installation extended the expenditure return period by approximately 10 months compared to the version with MWTS (variant II). The option of building the MWTS and building the rainwater and process water collection installation at the pumping station for energy purchase prices from the fourth quarter of 2023 increased the estimated reduction in electricity purchase costs. For these conditions, the pumping station will have an overproduction of electricity, which will exceed the pumping station’s demand by approximately 6 percentage points. The surplus obtained can be used in another pumping station after transporting and burning the stored hydrogen there. It was estimated that the auto-consumption of the generated “green energy” would be approximately 46%. This corresponds to the equivalent emission of 7027 Mg of CO2 into the atmosphere. For proper functioning in this modernization variant, it is planned to create up to 17 new alternative-to-mining jobs for employees relocated from other branches of the company.



About 95% of the hydrogen produced today comes from fossil fuels. Its production is accompanied by greenhouse gas emissions. The alternative proposal is to receive the so-called green hydrogen through water electrolysis using electricity from renewable energy sources (wind or photovoltaic farms). Green hydrogen is indicated in every hydrogen strategy of all EU countries as a guarantee of achieving climate neutrality in the European Union by 2050. The bottleneck may be the lack of access to a sufficient amount of water that can be used to produce green hydrogen. The idea of using rainwater and process water as the water source for the electrolysis process seems to be the partial solution to this problem.



Hydrogen production using renewable energy sources is recognized as one of the elements of Europe’s green transformation. The development of the hydrogen economy, in accordance with the European and Polish Hydrogen Strategy, takes into account, for instance, the use of electrolyzers for hydrogen production.



As a result of the research, three variants of the concept of the pilot solution for energy self-sufficiency, as shown in the example of the mine water pumping station, were proposed. All variants assume the conversion of energy surpluses produced by the photovoltaic farm built in the pumping station into hydrogen. The variants are designed to use the produced hydrogen exclusively for their own needs. The produced hydrogen would power cogeneration engines or hydrogen cells, producing electricity and heat during periods of shortage. Financial results will be increased by the income from the sale of produced oxygen. The calculations assumed that oxygen would be sold for 60% of the current price of technical oxygen. Abandoning the combustion of hydrogen in favor of its wholesale or retail sale would significantly improve the operating parameters of the closed-circuit mine water pumping station energy self-sufficiency project. All variants use a 1 MWh battery energy storage facility. This energy storage will buffer residual electricity production, e.g., in the event of partially cloudy conditions. The stored energy will be used to stabilize the power supply to the pumping station equipment or to power the electrolysis process. According to experts’ opinion, a reduction in the purchase price of electricity is expected in 2024. The calculations simulated a hypothetical price reduction of approximately 18 percentage points. The forecast results are presented in Table 4.





 





Table 4. Forecasted parameters of the closed-circuit pumping station project for a hypothetical reduction in electricity purchase prices—variants I, II, and III.






Table 4. Forecasted parameters of the closed-circuit pumping station project for a hypothetical reduction in electricity purchase prices—variants I, II, and III.





	
A

	
B

	
C

	
D

	
E






	
Variant

	
I

	
II

	
III

	




	
Estimated reduction in the electricity purchase costs

	
0.068

	
0.089

	
0.095

	
[multiple of expenditure]




	
Total expenditure

	
1.00

	
1.37

	
1.39




	
Expenditure return period

	
14.7

	
15.5

	
14.6

	
[years]




	
Energy needs cover of the pumping station

	
109

	
111

	
119

	
[%]




	
Energy needs cover of the company

	
2.37

	
3.08

	
3.29

	
[%]




	
Equivalent reduction in CO2 emissions

	
5632

	
7330

	
7836

	
[Mg CO2/year]




	
Auto-consumption of generated electricity

	
42.8

	
45.6

	
46.3

	
[%]




	
Maintenance of workplaces

	
8

	
14

	
17

	
[item]









In all variants, with constant investment outlays, there was a reduction in estimated savings when purchasing electricity by approximately 10 percentage points. The expenditure return period resulting directly from savings increased by approximately 1 year compared to the calculations for the energy purchase price from the fourth quarter of 2023. Due to the lower costs of purchasing energy from the local supplier, the coverage of the pumping station’s energy demand increased significantly by 9 to 18 percentage points, and the coverage of the company’s energy demand increased by approximately 0.3 percentage points. Further reduction in the purchase price of electricity would further improve the energy efficiency of the system.



Hypothetically, but very probably, the reduction in the purchase price of electricity in 2024 will result in significant overproduction of electricity. One of the conclusions of an excessive increase in the coverage of energy demand for the analyzed pumping station may consider reducing the size of the photovoltaic farm with a simultaneous reduction in the necessary expenditure on the modernization of the pumping station. Table 5 presents the forecast of the operating parameters of the analyzed pumping station in variant III with the construction of the Mine Water Treatment Station (MWTS) and the installation for collecting rainwater and process water after reducing the area of the photovoltaic farm.





 





Table 5. Forecasted parameters of an investment limitation in variant III of the closed-circuit pumping stations for a hypothetical reduction in electricity purchase prices.






Table 5. Forecasted parameters of an investment limitation in variant III of the closed-circuit pumping stations for a hypothetical reduction in electricity purchase prices.





	
A

	
B

	
C






	
Estimated reduction in the electricity purchase costs

	
0.080

	
[multiple of expenditure on the basic variant]




	
Total expenditure

	
1.14




	
Expenditure return period

	
14.3

	
[years]




	
Energy needs cover of the pumping station

	
99.67

	
[%]




	
Energy needs cover of the company

	
2.76

	
[%]




	
Equivalent reduction in CO2 emissions

	
6565

	
[Mg CO2/year]




	
Auto-consumption of generated electricity

	
54.17

	
[%]




	
Maintenance of workplaces

	
17

	
[items]









The farm area was selected in such a way that the installation would cover the current energy demand of the pumping station with a simulated hypothetical reduction in the purchase price of electricity of approximately 18% compared to the price in the fourth quarter of 2023. For such assumptions, the investment 25 percentage points lower than previously expected for this variant would be sufficient [49,50]. Reducing expenditure only slightly reduced the expenditure return period [22,51,52]. However, it should be taken into account that such an action would involve the risk of potential loss of the project’s energy independence after a possible further increase in energy prices.





4. Conclusions


In the face of the global challenge of the deepening shortage of drinking water, it is not justified to use excessively conventional water supply sources (tap water) for industrial purposes. The global water crisis forced the search for new sources of water supply for technological purposes. Undeveloped water sources for food or technological purposes include, among others, rainwater and mine water, which, after treatment, can be the source of water fulfilling the electrolyzer. The current recognition of rainwater and process water treatment technologies allows us to select technological processes so that the system operates safely, reliably, and permanently. The only limitation is the cost of treatment.



For the effective implementation of the hydrogen economy, it is necessary to conduct R&D and, consequently, implement the developed solutions and technologies in energy, transport, and industry. One of the aspects is to conduct research in the area of methods of obtaining and treating water, which will serve as a source of hydrogen and oxygen obtained in the electrolysis process. Electrolyzers powered by energy from renewable sources allow the production of the so-called green hydrogen as a medium for the long-term and stable storage of generated surpluses of “green” energy. The source of water for the electrolysis process can be rainwater treatment and technological water treatment, respectively.



The analyzed pumping station is one of 19 pumping stations located in the Silesian agglomeration. A network of pumping stations belonging to SRK S.A. protects active mines and the ground surface against flooding. The largest component of the operating costs of each pumping station are fees for the purchase of electricity. The answer is to use renewable energy sources to support conventional power supply. The effective use of renewable energy sources requires the use of energy storage. The development and implementation of efficient methods of generating and storing energy is an important task for the company’s operations. These activities are also part of projects increasing the share of energy obtained from renewable sources in Poland’s energy mix. Innovative energy generation and storage systems in liquidated mines are attractive both ecologically and economically.



As a result of the research, three variants of the concept of the pilot solution for energy self-sufficiency in the example of the mine water pumping station were designed. All variants assume the conversion of energy surpluses produced by a photovoltaic farm built in the pumping station into hydrogen. Financial results will be increased by the income from the sale of produced oxygen. The calculations assumed that oxygen would be sold for 60% of the current price of technical oxygen. All variants use a 1 MWh battery energy storage facility. This energy storage will buffer residual electricity production, e.g., in the event of partially cloudy conditions. After the battery energy storage is at least partially filled, the stored energy will be used to stabilize the power supply to the pumping station equipment or the electrolysis process.



The assessment of the adopted variants for the modernization of the pumping station was aimed at presenting a comprehensive assessment of the proposed actions, taking into account possible variants. The result of the analysis is only information that will enable the selection of the optimal variant.



All presented technical solutions are economically justified and recommended for implementation due to the increase in energy security and security of drinking water supplies. The decision on the scale of the project depends on financial possibilities and arrangements with local governments. The implementation of all proposed projects requires expenditure that should be returned after a period of 13 to 15 years (Table 1, Table 2, Table 3, Table 4 and Table 5). Modernization of the existing pumping station infrastructure combined with new technologies that serve the local community will be a self-financing solution with a positive social and image response.



An important aspect in this case is social education in the field of water use, particularly in the implementation of demonstration and pilot projects showing local communities unconventional ways of water treatment before their actual use as a water source, both as a source of technological and process water, as well as water intended for human consumption.
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