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Abstract

:

In the context of carbon neutrality, the phase-out of coal from the energy structure has resulted in numerous old coal mines that possess abundant underground space resources suitable for underground pumped hydroelectric energy storage (UPHES). Site selection and estimation of potential are critical to the planning and implementation of UPHES in old coal mines. This paper introduces a two-step site selection concept, including a screening assessment followed by a comprehensive assessment, to determine suitable locations for UPHES. The screening indicators in the screening assessment comprise geological features, mine water disasters, and minimum installed capacity, while the analytic hierarchy process (AHP) is applied in the comprehensive assessment. Additionally, coal mines in Henan Province are preliminarily screened through the screening assessment and the potential for UPHES is thoroughly investigated. The estimated volume of the drifts and shafts in old coal mines is approximately 1.35   ×   107 m3, while in producing coal mines, it is around 2.96   ×   107 m3. Furthermore, the corresponding annual potential for UPHES is 1468.9 GWh and 3226.3 GWh, respectively. By consuming surplus wind and solar power, UPHES is able to reduce 4.68   ×   105 tonnes of carbon dioxide (CO2) emissions. The study provides preliminary guidance for policy-makers in developing UPHES in old coal mines.
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1. Introduction


Carbon neutrality through negative carbon technology and carbon emission reduction has become a global consensus to reduce atmospheric CO2 concentrations and mitigate the impacts of climate change [1,2,3,4,5,6]. On account of coal’s high emission intensity, early and substantial reductions in coal-related emissions are critical in all strategies that aim at carbon neutrality. According to the International Energy Agency (IEA), coal remains the largest global emitter of energy-related CO2, amounting to approximately 15 billion tonnes in 2021 [7]. China, the largest consumer of coal to date, consumed 2934.4 million tonnes of standard coal equivalent (SCE), which comprised 53% of global coal consumption, and brought about 7.96 billion tonnes of CO2 emissions in 2021 (Figure 1) [7,8]. Such immense consumption (accounting for nearly 56% of its primary energy consumption [9]) and production indicate that coal remains the cornerstone of the current energy structure in China. The tremendous CO2 emissions, constituting roughly 80% of total carbon emissions in China [6], reflect that the Chinese coal industry is subject to enormous pressure to reduce carbon emissions. The coal industry, therefore, urgently requires various approaches and means to realize its transition toward low-carbon development.



Low-carbon pathways for the coal industry encompass the entire life cycle of coal mines. Apart from safe, green, and intelligent mining [10,11,12], as well as ecological restoration of mining areas [13], sustainable planning for abandoned and closed mines is of identical importance [14,15,16]. After decades of exploitation, many coal mines in China have been closed because of resource exhaustion. Meanwhile, the coal industry has undergone structural adjustment, transformation and upgrading, leading to numerous coal mines being phased out [15]. Therefore, the number of abandoned and closed coal mines has been increasing year by year, making their treatment or redevelopment an imperative requirement. Some of those mines that have not initiated the closure process, hereafter referred to as old coal mines, possess abundant underground space resources which are applicable to redevelopment. UPHES in old mines is a highly promising alternative [17,18], and it can facilitate the achievement of carbon neutrality by ensuring the integration of renewable energy into the power grid.



Currently, there are some studies on UPHES, with a main focus on technical feasibility [19,20,21,22], environmental impact [23,24], and economic analysis [25,26]. However, limited attention has been paid to site selection [27,28], which is vital to the implementation of UPHES in old mines. Unlike conventional pumped storage projects, site selection for UPHES projects in old mines requires additional consideration of the geological and hydrogeological conditions of the mining area, which may even be decisive or restrictive. Tao et al. [27] proposed a hybrid multi-criteria decision-making framework to select suitable sites for UPHES in abandoned coal mines. However, the proposed framework is a traditional one-step assessment that may weaken the impacts of geological and hydrogeological conditions. In comparison, Yong et al. [28] introduced a two-stage fuzzy evaluation model for site selection, which included an initial veto assessment that excludes candidate sites failing to meet the requirements of restrictive indicators. Permeability coefficient and horizontal distance were determined as two restrictive indicators, which only related to the properties of coal mine goaves. However, the drifts and shafts of old coal mines are more suitable for retrofitting into reservoirs, in which case, these restrictive indicators are of little significance. Therefore, developing reliable and effective evaluation models for site selection is still necessary for the implementation of UPHES in the drifts and shafts of old coal mines.



Additionally, UPHES is expected to play an important role in energy systems in that it presents the possibility of large-scale energy storage in flat terrain and the ability to be coupled with solar and wind power to achieve multi-energy complementarity [20,29]. Therefore, accurately estimating the UPHES potential and its capacity for carbon emission reduction is essential for policy-makers to plan energy systems and determine the required installed capacity. Ge et al. [30] studied the impact of UPHES on carbon emissions by the structural path analysis method from the perspective of the whole industrial chain; however, the carbon emission reduction capacity of UPHES itself remains unclear.



The objectives of this paper are to establish a reliable and effective evaluation model to identify suitable coal mines for the implementation of UPHES and to estimate the overall UPHES potential of coal mines in Henan Province. Therefore, this study introduces a two-step site selection concept, including a screening assessment followed by a comprehensive assessment. The screening assessment adopts restrictive indicators relevant to the geological and hydrogeological conditions of the mining area, while the AHP is applied in the comprehensive assessment. A case study is carried out to validate the proposed site selection concept. Additionally, preliminary screening of coal mines in Henan Province is performed based on the screening assessment. Subsequently, the underground space volume of the qualified coal mines is evaluated, and then the potential for UPHES is estimated thoroughly. Furthermore, this study quantitatively evaluates the contribution of UPHES to reducing CO2 emissions through consuming surplus wind and solar power. The findings of this research provide preliminary guidance for policy-makers in developing UPHES in old coal mines.




2. Trends and Opportunities in the Coal Industry towards Carbon Neutrality


2.1. Trends in the Coal Industry


To achieve carbon neutrality, it is fundamental to restrain coal consumption and production constantly and firmly. Since China is the largest global coal consumer and emitter, energy conservation and CO2 emission reduction in the coal industry are crucial in the present and will be in the future for a long time [31]. As shown in Figure 1, annual coal consumption in China experienced rapid growth before 2011, followed by fluctuations during the last decade. By contrast, for most countries that have already reached the carbon emission peak, their coal consumption has generally declined. For example, as reported by British Petroleum, the annual growth rates of coal consumption for the United States, Germany, and Russia from 2011 to 2021 were −6.0%, −4.3% and −1.4%, respectively. Many studies [7,32,33,34] have predicted that China’s coal consumption in both the power and the industry sectors will peak before 2030, then gradually decrease and become concentrated in limited specific areas, including peak regulation of the power grid, carbonaceous reducing agents, and ensuring energy security [32]. In 2021, the Chinese government announced an action program for reaching the national carbon peak. The program emphasizes strict and reasonable restrictions on the growth of coal consumption in the near future and proposes a reduction be gradually achieved by 2030. Given the action program and the relevant predictions, the conclusion can be drawn that coal consumption in China will plateau at around the current level by 2030 and further decrease after reaching the national carbon peak.



The energy structure in China still heavily relies on coal, which necessitates a profound and systemic transformation. China’s coal-dominated resource endowment implies that its energy transition would entail a direct change from coal to renewable energy instead of changing from coal to oil and gas and then to renewable energy, which is the common pathway adopted by Western countries [35]. Over the last decades, the rapid development of renewable energy has led to a significant increase in its share of primary energy consumption in China (Figure 2a). Meanwhile, the ratio of coal consumption has shown a continuing downward trend since 2011. It indicates that renewable energy is progressively replacing coal in the energy structure. In Figure 2b, a comparison of energy structures of different countries is made, showing that the percentage of coal in China (54.5%) far exceeds that in the US and Germany, which are 11.4% and 16.7%, respectively. In the short term, completely replacing coal in the energy structure may be unattainable and introducing low-carbon technology into the coal industry appears more practical and crucial [6]. On the contrary, in the long term, renewable energy provides the main driving force of carbon emission reduction and energy transition [36]. The Chinese government has formulated the 14th 5 Year Plan (FYP) to promote the development of renewable energy, with a target of reaching a total consumption of around 1000 million tonnes of SCE by 2025. Furthermore, to achieve carbon neutrality, the proportion of renewable energy consumption to total primary energy consumption is anticipated to reach 75.3–78.6%, whereas the proportion of coal consumption needs to decrease to 4.3–4.8% by 2060 [37]. In the long term, as renewable energy consumption increases and substitutes for coal, coal consumption in the energy structure will decline significantly.



In summary, coal consumption in China will show an inevitable downward trend in the medium to long term due to the restrictions on carbon emissions and the development of renewable energy. This trend in coal consumption will lead to a corresponding change in coal production, which is expected to remain steady in the near term but decline in the long run.




2.2. Development Opportunities Derived from Mined Underground Space


Against the background of carbon neutrality, China’s coal industry has entered a new stage, and many coal mines have been abandoned or closed due to safety, efficiency, and economic concerns [38]. Additionally, some coal mines have reached the end of their lifespan after decades of exploitation [15]. As mentioned above, both coal production and consumption in China are anticipated to continue to decrease after 2030, resulting in the further phase-out of coal mines. Notably, during the 13th FYP period, approximately 5500 coal mines in China have already been abandoned or closed. Furthermore, projections suggest that this number will escalate to 15,000 by 2030 [39]. Many of those mines have not yet initiated the closure process and are awaiting treatment. Meanwhile, these old coal mines contain a significant amount of underground space that is still available and accessible, such as hundreds of meters deep shafts, extensive drift networks, and ample goaves. Utilizing the underground space resources in old coal mines not only addresses the problem of treatment but also recreates economic values [40].



Generally, the utilization modes of underground space in old mines can be categorized into four aspects: energy storage, waste disposal, ecological restoration, and CO2 sequestration [40] (Figure 3). Redeveloping old mines for underground energy storage not only offers a second life to otherwise unused assets but also can support the promotion of local renewable energy projects [41]. Solar and wind power are intermittent and subject to seasonal and weather-dependent variation. Therefore, the power grid needs to be equipped with energy storage facilities to balance supply and demand. The growing integration of renewable energy into the power grid would increase the demand for energy storage facilities, especially large-scale energy storage. The abundant underground space contained in the old mines can provide a guarantee for large-scale underground energy storage.



Pumped storage is widely regarded as one of the most reliable, cost-effective, and mature technologies for large-scale energy storage, and it holds great promise for implementation in old coal mines. The process of coal mining naturally forms large quantities of underground caverns, which can serve as ready-made reservoirs with significant elevation differences, making them ideally suited for pumped storage. Moreover, the restored surface areas of old coal mines can be effectively repurposed as sites for wind and solar farms, ensuring a sustainable and renewable power supply for UPHES. This integration of renewable energy generation and energy storage unlocks new opportunities for the coal industry. Most UPHES projects are designed as closed-loop systems, operating independently from naturally flowing water bodies. This design allows the direct utilization of mine water as a supplement, mitigating the risk of water contamination and preserving water resources.



In Austria, the first practical implementation of UPHES was carried out, known as the intra-day pumped storage power plant Nassfeld. To meet the growing electricity demand, the power plant required an expansion of its storage capacity in 2006. In light of technical and landscape-related constraints, expanding the lower reservoir above ground was not feasible [26]. Therefore, an underground cavern system was excavated, consisting of four main caverns measuring about 300 m in length and three connecting caverns, as shown in Figure 4. The caverns were largely unlined due to excellent sedimentary conditions. The lower reservoir is now composed of a surface reservoir and the underground cavern system, with a total volume of 230,000 m3. The power plant now has an installed capacity of 31.5 MW and an estimated annual power generation of 50 GWh. In addition, several planned UPHES projects have carried out feasibility studies in Australia, China, Germany, Spain, and the USA [5,40].





3. Two-Step Site Selection Concept for UPHES in Old Mines


A viable old mine for UPHES should fundamentally possess certain advantages, such as a large-scale energy storage capacity and economic feasibility, as well as favorable geological and hydrological conditions to ensure stable operation and minimize environmental impact. Therefore, site selection plays a crucial role in identifying suitable locations for the implementation of UPHES projects.



The study of UPHES in old mines is an emerging research field, and presently, there are scarce studies [27,28,44,45] on site selection due to the complexity of the technical scheme and the uncertainty of the decision environment. Typically, site selection for conventional pumped storage projects considers techno-economic, social and environmental factors [46]. However, for UPHES projects in old mines, the geological and hydrogeological conditions of the mines themselves are also imperative considerations. Furthermore, with the rapid development of solar and wind power, a wind-PV-coal mine pumped storage hybrid system shows promise for efficient energy allocation in the time dimension [47]. Hence, when conducting site selection for UPHES projects in old mines, it is essential to consider the distribution and utilization of solar and wind power around the candidate mines.



Moreover, some restrictive indicators, such as adverse geological conditions of old mines, may pose challenges to the construction of UPHES projects. The traditional one-step assessment method will weaken the significance of these restrictive indicators, resulting in unrealistic decision-making results. Therefore, to address the challenge of site selection effectively and reliably for UPHES projects in old mines, this study introduces a two-step site selection concept.



3.1. Step I: Screening Assessment


The screening assessment is a process in which several critical indicators are specified as screening criteria, and mines that satisfy the given conditions are immediately eliminated from the list of candidate sites for UPHES projects. By establishing screening criteria through restrictive indicators, the screening assessment not only enhances the efficiency of the entire site selection process but also emphasizes the decisive role of these indicators. In the case of conventional pumped storage projects, the screening indicators frequently involve the gross head, head-distance ratio, and water source. In this study, those indicators are combined with the geological and hydrological conditions of old mines themselves to determine the restrictive indicators for UPHES projects. Finally, geological features, mine water disasters, and minimum installed capacity have been identified as the three screening indicators.



	
Geological features: an old mine is situated in karst topography or where underground rivers are known to exist in nearby areas. Karst topography is susceptible to water dissolution and erosion, which can damage the integrity of underground reservoirs and the stability of surrounding rocks, ultimately posing a risk of underground reservoir collapse;



	
Mine water disasters: an old mine has experienced repeated water inrush accidents throughout its mining history or has a large mine water inflow, e.g., exceeding 600 m3/h. Repeated water inrush accidents indicate that the mine is under complex hydrogeological conditions, threatening the safety and stability of underground reservoirs. Additionally, a substantial mine water inflow during the storage phase would occupy the lower reservoir, reducing actual power generation capacity and resulting in pumping costs surpassing revenue over the long term;



	
Minimum installed capacity: the installed capacity of a UPHES power plant designed in an old mine is less than 20 MW. For a candidate mine, the installed capacity of a UPHES plant can be evaluated by [29]:


   P = ρ gQH η   



(1)




where  ρ  is the density of water;  g  is the acceleration of gravity;  Q  is the planned water discharge through the turbine;  H  is the planned elevation difference between the upper and lower reservoirs, i.e., head height;  η  is the overall mechanical efficiency of the generation system, which is usually around 90%. The Nassfeld power plant, featuring a nominal flow rate of 11.6 m3/s and a head height of 317 m, has an installed capacity of 31.5 MW and an annual power generation of 50 GWh, which can supply around 14,000 households with clean electricity. Based on these specifications, a minimum installed capacity of 20 MW is determined for UPHES power plants in old mines.






According to the three screening indicators, if an old mine fails to meet any of the above screening criteria, it is deemed to have passed the screening assessment. As a result, it can proceed with the second step of the site selection concept.




3.2. Step II: Comprehensive Assessment


An evaluation indicator system is formulated in this study to comprehensively assess the remaining candidate sites, with evaluation indicators identified through consultation with five experts who possess expertise in UPHES and redeveloping old mines.



This system places more emphasis on the distribution and utilization of renewable energy surrounding candidate mines than similar systems proposed in existing studies. UPHES power plants in old mines can effectively provide “peak shaving and trough filling” and surplus energy consumption services for highly volatile solar and wind power. On the other hand, solar and wind power can provide electricity for pumping. Therefore, it is necessary to consider local distribution and utilization conditions of renewable energy to be evaluation indicators. Furthermore, this system introduces a novel economic evaluation indicator, i.e., local peak-to-valley tariff differential. For UPHES power plants, peak regulation for the power grid is a primary objective in daily operations and a key revenue generation method. A higher peak-to-valley tariff differential enhances the economic viability of the UPHES power plant.



3.2.1. Evaluation Indicators


The expert committee reached a consensus on the evaluation indicator system, including eighteen indicators that cover four aspects: geological and natural condition (C1), society (C2), resource (C3) and economy (C4). These indicators possess a tree-like structure in Figure 5 and are further elaborated below.



Geological and natural condition (C1):




	
Gross head (C11): this is the elevation difference between the lowest water level in the upper reservoir and the highest level in the lower one [46]. It is one of the dominant indicators of energy storage capacity;



	
Effective reservoir volume (C12): this refers to the amount of water that can be stored in both the upper and lower reservoirs. In general, a larger reservoir volume enables the plant to store more electricity [28];



	
Hydrogeological conditions (C13): there is a high possibility of underground water exchange occurring between the surrounding geological medium and the reservoirs, impacting the quality of nearby water bodies [48]. Thus, it is essential to consider hydrogeological properties, groundwater characteristics, and circulation behaviors.



	
Stability of the underground space (C14) refers to the nature of maintaining the stability of geological conditions during the transformation and utilization of UPHES power plants [49];



	
Geological disasters and the frequency (C15): the underground reservoirs are susceptible to geological disasters, so site selection should prioritize old mines with a lower occurrence of such disasters.



	
Permeability of the surrounding rock (C16) signifies the hydraulic conductivity of the surrounding rock, which influences groundwater exchanges [48]. A high hydraulic conductivity and a high groundwater head result in the occupation of the lower reservoir by mine water, reducing the available volume for discharge and thus decreasing the efficiency of the power plant.








Society (C2):




	
Local power demand (C21): UPHES power plants should contribute to the peak regulation and frequency modulation of the power grid [50]. The peak-to-valley ratio in power load [27] and the share of renewable energy in the local power grid should be considered to describe the local power demand;



	
Urban area proximity (C22): to maximize the peak regulation effect of UPHES power plants, proximity to the high-load side, typically clustered around urban areas, is crucial. It also facilitates the delivery of materials and the mobility of personnel during construction, as well as the decrease in transmission losses during operation;



	
Employment (C23): this evaluates the effectiveness of UPHES power plants in fostering employment in pertinent regional industries, such as manufacturing and transportation [28]. Additionally, it also involves the re-employment of former coal miners;



	
Local policy support (C24): a stable and supportive local policy environment is important to promote UPHES projects.








Resource (C3):




	
Average wind power density (C31): this refers to the average wind power potential at a particular position. As mentioned above, coupling UPHES power plants with nearby wind or solar farms is quite necessary, and this indicator represents the distribution of wind resources around the candidate site;



	
Average solar irradiance (C32): this refers to the average solar radiation received at a specific location. Similarly, it stands for the distribution of solar resources around the candidate site;



	
Annual utilization hours of wind power (C33): this relates to the number of hours in a year that a wind turbine or wind farm works at its rated capacity. This indicator reflects the utilization of wind resources around the candidate site;



	
Annual utilization hours of solar power (C34): this relates to the number of hours in a year that a solar power system, such as photovoltaic panels, works at its rated capacity. This indicator denotes the utilization of solar resources around the candidate site.








Economy (C4):




	
The unit cost of energy storage (C41): this is determined based on the construction cost and design storage capacity of UPHES power plants [28]. The cost includes expenses for equipment procurement, installation, civil engineering, operation, etc.;



	
Local peak-to-valley tariff differential (C42): it refers to the difference between electricity prices during periods of high demand (peak hours) and low demand (off-peak hours) in a time-of-use pricing structure. A large difference is beneficial to the economics of the power plant;



	
Maintenance and monitoring costs (C43): the chemical properties of mine water are complex and might induce corrosion of the pumping and generating equipment. The expenditure is necessary for regular mine water quality monitoring and equipment maintenance;



	
The integrity of the remaining equipment (C44): this represents the infrastructure in an old mine that can be used sustainably. The remaining infrastructure, including transportation and communication systems, as well as substations, can be used to maximize the utilization of old mine resources and reduce construction costs.









3.2.2. Weight Calculation


For weight calculation, the AHP is a widely accepted subjective evaluation method [50,51,52,53]. It compares indicators in pairs and analyses their relative importance to determine their weights. The AHP has good applicability for both qualitative and quantitative indicators. Given the presence of qualitative indicators in the evaluation indicator system, this study adopted the AHP for weight calculation. The AHP typically involves the following steps:




	
Create a hierarchy: Construct a hierarchical structure by organizing the goal, criteria, sub-criteria, and alternatives in a tree-like diagram. This has been accomplished in the last section, depicted as the tree structure (Figure 5);



	
Construct comparison matrixes: Evaluate the relative importance of indicators by pairwise comparisons. It involves comparing each indicator within a hierarchy level with all others at the same level and assigning numerical values representing their relative importance. The five experts evaluated the relative importance of each indicator using Saaty’s nine-point scale [53];



	
Calculate priority: Pairwise comparison generates a matrix of the relative rankings for each level of the hierarchy. After all the matrices have been created, the vector of relative weight and maximum eigenvalue (   λ  m a x    ) for each matrix is calculated.



	
Check for consistency: Verify the consistency of pairwise comparisons to ensure that they are reliable and do not contain logical contradictions. Inconsistencies require revisiting and refining the pairwise comparison. To validate the consistency, a consistency index (CI) is first calculated by   C I =  (   λ  max    − n   )  /  (   n − 1   )   . The value    λ  m a x     is the maximum eigenvalue of the matrix, and n is the matrix dimension. Then, the consistency ratio (CI) is defined as CR = CI/RI. Value RI is the random consistency index, and it has corresponding values for different matrix dimensions. The acceptable value of CR depends on the dimension of the matrix (0.1 for matrixes    n    ≥    5   ). When the value CR is less than the specified value, it indicates that the consistency is adequate; otherwise, the consistency is inadequate.








According to comparison matrixes provided by the five experts, the final weight of each evaluation indicator is presented in Figure 6.



By weight calculation, indicators that have significant influences over site selection are identified, including the gross head (C11), the effective reservoir volume (C12), the local peak-to-valley tariff differential (C42), the unit cost of energy storage (C41), the stability of the underground space (C14), and the local power demand (C21). These indicators play crucial roles in determining the technical feasibility, safety, and economic viability of UPHES projects in old mines.





3.3. Case Study


Three coal mines located in Yima (M1), Jiaozuo (M2), and Hebi (M3), as depicted in Figure 7, are chosen as potential sites for UPHES in Henan Province. To verify the practicality of the proposed site selection concept, this study applies the method to indicate which candidate site should be prioritized.



3.3.1. The Screening Assessment


First, the basic data of the three coal mines are collected and presented in Table 1. In this stage, geological features, mine water disasters, and the minimum installed capacity of the three potential sites are assessed according to the screening criteria.



Mine M2, with a large mine water inflow, meets the screening criteria and is consequently eliminated from the list of candidate sites. On the other hand, both M1 and M3 fail to meet any of the screening criteria, indicating that they have passed the screening assessment and will be comprehensively assessed in the next step.




3.3.2. The Comprehensive Assessment


In this stage, the evaluation indicator system is utilized to assess the remaining two alternatives. The expert committee is invited to assign scores to each indicator for each mine. The weighted arithmetic mean of all indicator scores is calculated and deemed the final score for the candidate mine. A 10-point scale is employed in the assessment, and a score of nine to 10 represents a site in excellent condition, seven to nine represents a suitable condition, five to seven represents a fair condition, and below five represents an unsuitable condition. The average scores for all indicators for both mines are provided in Table 2, alongside the final scores. Consequently, mine M1 obtained a score above seven, more than mine M3, indicating that it is a suitable site and should be prioritized for the UPHES project.






4. UPHES Potential of Coal Mines in Henan Province


Henan Province is representative of a coal-dominated energy structure and is one of the major provinces for coal production and consumption in China. With the advancement of its energy structure transition and the implementation of supply-side structural reform policies, there has been a decreasing trend in coal demand and production over the last few years. As reported by the Henan Province Bureau of Statistics, coal production has progressively decreased from 110 million tonnes of SCE in 2012 to 71.4 million tonnes of SCE in 2021, as illustrated in Figure 8. Since 2016, Henan Province has started to address the issue of over-capacity in the coal mining industry. In the meantime, the number of closed and abandoned coal mines has continued to increase; consequently, 242 coal mines were shut down during the 13th FYP period. In addition, numerous mines have been closed or abandoned for different reasons, such as resource exhaustion and frequent geological hazards. Due to the abundance of old coal mines, Henan Province confronts a massive burden of treating them. Utilizing the underground space in these mines to construct UPHES power plants not only addresses this issue but also enables large-scale underground energy storage, which contributes significantly to the energy structure transition and achieving carbon neutrality.



An accurate understanding of the volume of underground space is a prerequisite for planning and utilizing these resources. Currently, there is a lack of precise data on the volume of underground space in old coal mines in Henan Province, particularly considering the rapid increase in their number. Therefore, the total volume of underground space in coal mines has been estimated in this study, and on that basis, the potential for UPHES is further assessed. Generally, recently closed mines have better supporting conditions, preserve more intact underground space, and possess up-to-date geological and hydrogeological data, making them more appropriate for redevelopment [29]. On the other hand, mines that have been closed or abandoned for a longer period have already undergone treatment and are not suitable for further exploitation. Therefore, this study exclusively estimates the volume of underground space in old coal mines that have been closed or abandoned since 2016.



From 2016 to 2021, a total of 256 coal mines in Henan Province have been closed or abandoned. However, it is noteworthy that not all these old mines are suitable for UPHES. The proposed screening indicators are employed for a preliminary evaluation, resulting in the exclusion of 52 mines with a projected installed capacity below 20 MW and 21 mines due to mine water disasters. Among the 165 producing coal mines, 12 were excluded due to their small projected installed capacity, while 18 were eliminated because of mine water disasters.



4.1. Estimation of Underground Space Volume in Coal Mines


The underground space in coal mines consists mainly of drifts, shafts, chambers, and goaves. The drift, shaft, and chamber are more stable and reliable than the goaf because they possess favorable supporting and ventilation conditions and maintenance. Therefore, they are considered readily available underground space for utilization, whereas goaves are deemed potentially available [54]. Nevertheless, in this study, the volumes of underground space are calculated separately for both categories.



4.1.1. Volume of Coal Mine Drifts and Shafts


According to a previous investigation, an empirical coefficient  α , related to the scale of coal mines, is introduced to calculate the underground space volume of coal mine drifts and shafts [55]. The corresponding values of the coefficient for coal mines of different scales in Henan Province are listed in Table 3. The volume of coal mine drifts and shafts    V d    is given by,


   V d   = C   ×   α   



(2)




where C is the coal mine production capacity, and  α  is the corresponding coefficient. The production capacity data of coal mines and the estimated volume of drifts and shafts are presented in Table 3. Since 2016, the total volume of drifts and shafts in old coal mines in Henan Province amounts to approximately 1.35   ×   107 m3, while the producing coal mines had a total volume of approximately 2.96   ×   107 m3 by the end of 2021.




4.1.2. Volume of Coal Mine Goaves


Based on the degree of damage and distance to the mined coal seam, the overlaying rock strata above the goaf can be categorized into three distinct zones, namely the caving zone, the fissure zone, and the displacement zone [20]. The caving and fissure zones contain the majority of the remaining underground space in coal mine goaves. Based on the three-zone theory, there exists a relationship among extracted coal volume V, surface subsidence volume V1, rock expansion volume after pressure relief V2, and goaf volume of the working face V3. That is defined by [54],


V = V1+ V2+ V3



(3)







The extracted coal volume V can be calculated by dividing total crude coal production by an average coal density of 1.35 t/m3. The surface subsidence volume V1 can be estimated by multiplying the extracted coal volume V by a sinking coefficient    η s   , which is set to 0.7 for coal mines in Henan Province. The rock expansion volume V2 can be evaluated by multiplying the goaf volume V3 by an expansion coefficient K that is equal to 0.1. Hence, the volume of coal mine goaves can be expressed by,


   V 3   = V  ⋅  (     1 − η   s   )  /  (   1 + K   )   



(4)







Crude coal production data in Henan Province from 2016 to 2021 were collected from the National Bureau of Statistics. According to Equation (4), the volume of underground space formed in coal mine goaves has been estimated, and the results are presented in Figure 9. The total crude coal production in Henan Province reached about 656.59 million tonnes from 2016 to 2021, resulting in a substantial volume of approximately 1.30   ×   108 m3 formed underground in coal mine goaves.





4.2. Estimation of UPHES Potential


The effective reservoir volume and the elevation difference between the upper and lower reservoirs are two crucial factors in determining the installed capacity, power generation and economic profitability of a pumped storage power plant. The effective reservoir volume relates to the amount of water actively involved in the energy storage circulation. When constructing underground reservoirs in coal mine drifts, there are many determinants of the effective reservoir volume, including the arrangement and the spatial topological relationship of the drift network, hydrogeological conditions as well as the operating water level of the reservoir [56]. Typically, there is a distinct possibility of ineffective space and reverse slopes in underground reservoirs due to the undulation and deformation of drifts, resulting in stagnant zones where water does not contribute to the circulation. In addition, the constant inflow of groundwater in most coal mines occupies specific space in the lower reservoir, reducing the actual amount of water available for discharge. To obtain a reasonable estimation of UPHES potential, it is essential to accurately identify the effective reservoir volume of coal mine drifts. However, given the complexity of the spatial topological relationship of the drift network, there is currently no scientifically sound method for calculating the effective reservoir volume. Therefore, based on previous research [54,55,57], this study adopts an empirical reduction coefficient of 0.5 to estimate the effective reservoir volume of coal mine drifts, while 0.3 is used for coal mine goaves. The effective reservoir volume of old and producing coal mine drifts total 6.74   ×   106 m3 and 1.48   ×   107 m3, respectively, whereas the effective reservoir volume of coal mine goaves is approximately 3.90   ×   107 m3.



The elevation difference between the upper and lower reservoirs, i.e., head height, depends on the mining depth. In Henan Province, coal mines currently have mining depths ranging from 300 m to 1200 m, with an average depth exceeding 600 m, providing readily available and ample head height for UPHES. However, not all old coal mines have suitable head heights for building pumped storage power plants. Existing studies [44,57] have indicated that the optimal head height is between 200 m and 800 m. When the head height is less than 200 m, both the efficiency and economic benefits of the power plant significantly decrease. On the other hand, when the head height exceeds 800 m, the current Francis turbine is unable to meet the high-pressure requirements [26]. Thus, multi-stage pumped storage power plants with intermediate storage reservoirs are regarded as an alternative.



For mines with only one mined coal seam, the mining depth exactly approximates the head height, and in that case, semi-UPHES power plants are adequate. Conversely, for mines with two or more mined coal seams, the most favorable elevation difference between the coal seams determines the head height, and full-UPHES power plants are preferable. Figure 10 depicts schematic diagrams for the two different power plant modes. Based on the head height categorized at 200 m intervals, five different scenarios for power plant construction have been proposed. The distribution of some old coal mines in Henan Province within those scenarios has been statistically analyzed and indicated in Table 4.



The formula for one-off power generation of all possible power plants is as follows [57]:


  W =   ∑    k = 1   3     η ρ gV    sk    H  sk   +   ∑    k = 1   2   1 2     η ρ gV    fk    H  fk    



(5)




where  η  is the overall mechanical efficiency of the generation system (90%);  ρ  is the water density (1000 kg/m3); g is the acceleration of gravity (9.81 m/s2); Vsk and Vfk are the effective reservoir volume of the semi- and full-UPHES power plant, respectively; Hsk and Hfk are the head height of the semi- and full-UPHES power plant, respectively; k represents different scenarios.



The ratios provided in Table 4 are utilized to calculate the individual effective reservoir volume for different scenarios, with the median employed as the head height. Conventional above-ground pumped storage plants commonly operate around 300 times per year. However, given the specificity of UPHES plants, such as groundwater contamination that reduces equipment lifespan [58], the assumed annual operation times are reduced to 75%. The estimated UPHES potential of coal mine drifts is listed in Table 5. Similarly, the estimation of UPHES potential in coal mine goaves has been conducted (Table 6).




4.3. Contribution to Reducing CO2 Emissions


The power grid will benefit from the introduction of pumped storage, which stimulates the growth of power generation from renewable energy sources [30]. Renewable energy power is conducive to promoting the low-carbon power grid. Additionally, in a hybrid energy system comprising a wind farm, a photovoltaic (PV) power plant, a general hydropower plant, a thermal power plant and a pumped storage plant, priority regulation of pumped storage can reduce annual carbon emissions and enhance the low-carbon economic performance [59]. Therefore, pumped storage can contribute to the goal of carbon neutrality as renewable energy increasingly penetrates the power grid.



UPHES, as an alternative to conventional pumped storage, can also consume surplus wind and solar power. According to the Henan Energy Regulation Office, the total installed capacity of power generation in Henan Province is 119.47 GW until December 2022. Among them, the installed capacity of wind power is 19.03 GW, accounting for 15.9%, and that of solar power is 23.33 GW, accounting for 19.5%. Figure 11 reflects wind and solar power generation in Henan Province during the last five years, along with the curtailment rates. As depicted, prior to 2020, all generated wind and solar power could be effectively consumed. However, with the increase in installed capacity and generation of wind and solar power, a noticeable consumption problem has emerged. It implies that existing energy storage methods and storage capacity are no longer sufficient to match the amount of electricity generated by wind and PV. In addition, Henan Province has insufficient power generation capacity, with a cumulative electricity generation of 3.33   ×   105 GWh compared to a cumulative electricity consumption of 3.91   ×   105 GWh in 2022. The complete utilization of renewable energy power can reduce external electricity dependence or the working hours of thermal power plants.



In 2022, wind and solar power curtailment rates in Henan Province were 1.8% and 0.5%, respectively. Accordingly, the abandoned wind and solar power during the year amounted to 686.7 GWh and 102.9 GWh, respectively. The surplus power can be consumed by UPHES power plants, with about 631.7 GWh of energy successfully stored (assuming the plant efficiency of 80%). There is enough UPHES potential in existing old coal mine drifts to handle this surplus power, as mentioned above. Based on the method from the literature [60], to generate the same amount of electricity, a conventional thermal power plant would consume 1.93   ×   105 tonnes of SCE and produce 4.68   ×   105 tonnes of CO2 emissions. This value can be regarded as the potential carbon emission reduction capacity of UPHES by consuming the current surplus of renewable energy. Henan Province has set a target of generating 100 billion kWh of renewable energy power in 2025. Based on the current curtailment rates of wind and solar power, the surplus power is forecast to reach 1200 GWh in 2025. Similarly, by consuming surplus renewable energy, UPHES can reduce about 7.11   ×   105 tonnes of CO2 emissions in 2025.





5. Discussion


The two-step site selection concept proposed in this study for UPHES in old mines demonstrates improved reliability and effectiveness compared to existing methods. Firstly, unlike the traditional one-step method, which only employs a comprehensive assessment, the proposed approach incorporates a screening assessment. This addition improves the reliability of the evaluation results by separately considering restrictive indicators. Secondly, the screening indicators adopted in this study are more rational. The three screening indicators, namely geological features, mine water disasters and minimum installed capacity, effectively characterize geological and hydrogeological conditions, effective reservoir volume, and head height of the alternative sites. These indicators are more suitable for site selection when implementing UPHES in old mines. Lastly, the evaluation indicators used in the comprehensive assessment possess better relevance. For example, the indicator, local peak-to-valley tariff differential, represents the possibility of UPHES to generate revenue through peak regulation during operation, thereby better reflecting the economics of the alternative sites. By employing these more reasonable indicators, the effectiveness of the evaluation results is ensured. However, it is important to acknowledge the limitations of the proposed approach. The AHP applied in the comprehensive assessment is a method for calculating subjective weights. To further enhance the reliability, future research may consider incorporating objective weights and combined weights.



Additionally, this study focuses on all coal mines in Henan Province for potential estimation, which has pertinence and policy significance. Henan Province faces two major issues: the vigorous development of new energy sources and the treatment of abandoned coal mines. The estimation provides policy-makers with the overall potential of coal mines under their jurisdiction for UPHES, serving as a reference for energy system planning. Therefore, approximate values are used for the effective reservoir volume and head height in the estimation, while precise values can be obtained in specific cases by utilizing actual mine data and conducting on-site measurements. Subsequently, the exact energy storage potential can be determined based on Equation (5). The estimation results reveal that coal mine goaves have a significantly larger volume and energy storage potential compared to drifts and shafts. However, as mentioned above, goaves with mediocre supporting conditions are regarded as potentially available for utilization. Moreover, further detailed research is essential to develop these underground space resources [20].




6. Conclusions


The paper summarises the trend of China’s coal industry in the medium to long term within the context of carbon neutrality. As the number of abandoned and closed coal mines continues increasing, the utilization of their underground space for UPHES offers new development opportunities to the coal industry. The objectives of this study are to propose a reliable and effective evaluation model for selecting suitable coal mines for the implementation of UPHES and to estimate the overall UPHES potential of coal mines in Henan Province. Thus, a two-step site selection concept is introduced, which consists of a screening assessment and a comprehensive assessment. Additionally, UPHES’s potential for redeveloping coal mines in Henan Province and its ability to reduce CO2 emissions are also estimated. The main conclusions are as follows:




	
The screening assessment incorporates three screening indicators: geological features, mine water disasters, and minimum installed capacity. The comprehensive assessment employs 18 indicators that cover four aspects: geological and natural conditions, society, resources, and economy, to formulate the evaluation indicator system. By weight calculation, indicators that have significant influences are identified, including gross head, the effective reservoir volume, the local peak-to-valley tariff differential, the unit cost of energy storage, and the stability of the underground space;



	
The screening assessment is applied to preliminarily evaluate the suitability of coal mines in Henan Province for UPHES. Consequently, 183 old coal mines and 135 producing coal mines are deemed suitable, and the volume of their drifts and shafts are approximately 1.35   ×   107 m3 and 2.96   ×   107 m3, respectively. Additionally, it is estimated that a total volume of roughly 1.30   ×   108 m3 has formed in coal mine goaves since 2016;



	
The estimated annual potential for UPHES in old coal mine drifts and shafts in Henan Province is approximately 1468.9 GWh, while for producing coal mines, it is about 3226.3 GWh;



	
By consuming surplus solar and wind power, the potential carbon emission reduction capacity of UPHES is currently 4.68   ×   105 tonnes of CO2 emissions. It is forecast that UPHES can reduce about 7.11   ×   105 tonnes of CO2 emissions in 2025.
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Figure 1. Annual coal production, consumption, and CO2 emissions from coal in China. (Data source: Our World in Data [8] and China Statistical Yearbook 2022 [9]). 
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Figure 2. (a) Primary energy consumption in China by fuel type. (b) Primary energy consumption of several countries in 2021. (Data source: BP Statistical Review of World Energy). 
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Figure 3. The four utilization modes of mined underground space in old mines [40,42]. 
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Figure 4. The lower reservoir of the power plant Nassfeld consisting of an underground cavern system and a surface reservoir [43]. 
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Figure 5. Tree structure of the evaluation indicator system for UPHES site selection in old mines. 
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Figure 6. Weight results of evaluation indicators for the comprehensive assessment. 
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Figure 7. The location of three potential coal mines for UPHES in Henan Province. 
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Figure 8. Coal production over the last decade and the cumulative number of old coal mines in Henan Province. 
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Figure 9. Estimated volume of coal mine goaves in Henan Province from 2016 to 2021. 
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Figure 10. Schematic diagrams of UPHES power plants in coal mine drifts: (a) semi-underground UPHES power plant; (b) full-underground UPHES power plant. 
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Figure 11. Statistics of wind and solar power generation and curtailment rates in Henan Province (Data source: the Henan Energy Regulation Office and China Renewable Energy Monitoring Platform). 
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Table 1. The basic information of the three alternatives.
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	M1
	M2
	M3





	Mine water inflow (m3/h)
	300
	2100
	228



	Planned head height (m)
	800
	500
	400



	Effective reservoir volume (104 m3)
	45
	26
	10



	Urban areas’ proximity (km)
	5
	15
	40



	Average wind power density (W/m2)
	160
	170
	190



	Average solar irradiance (kWh/m2)
	1400
	1200
	1300
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Table 2. Average scores for each indicator for the two candidate mines.
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	C11
	C12
	C13
	C14
	C15
	C16
	C21
	C22
	C23
	



	M1
	8.4
	7.8
	6.2
	5.8
	5.8
	6.6
	7.6
	9.2
	7.2
	



	M3
	6.4
	5.6
	7.8
	7.4
	6.8
	7.2
	8.2
	8.2
	7.2
	



	
	C24
	C31
	C32
	C33
	C34
	C41
	C42
	C43
	C44
	Final Score



	M1
	8.0
	6.4
	5.8
	7.2
	5.6
	7.4
	7.6
	6.4
	5.6
	7.21



	M3
	8.0
	7.8
	5.2
	7.6
	5.4
	6.8
	7.6
	7.6
	6.6
	6.87
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Table 3. Estimation of underground space volume of coal mine drifts and shafts.
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Coal Mine Production Capacity

(Mt/a)

	
Coefficient α [55]

	
Old Coal Mines from 2016 to 2021

	
Producing Coal Mines




	
Total Number

of Coal Mines

	
Total Capacity

(Mt/a)

	
Volume

(106 m3)

	
Total Number

of Coal Mines

	
Total Capacity

(Mt/a)

	
Volume

(106 m3)






	
(0, 0.3]

	
0.28

	
153

	
29.88

	
8.37

	
54

	
14.19

	
3.97




	
(0.3, 1.2]

	
0.26

	
27

	
14.47

	
3.76

	
58

	
36.77

	
9.56




	
(1.2, 5.0]

	
0.25

	
3

	
5.40

	
1.35

	
23

	
64.28

	
16.07
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Table 4. Scenarios for UPHES power plants construction in Henan Province and the proportion [57].
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Mode of the Power Plant

	
Head Height (m)

	
Proportion (%)






	
Scenario 1

	
Semi-underground

	
[200, 400)

	
47.6




	
Scenario 2

	
[400, 600)

	
33.3




	
Scenario 3

	
[600, 800)

	
9.5




	
Scenario 4

	
Full-underground

	
[200, 400)

	
4.8




	
Scenario 5

	
[400, 600)

	
4.8
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Table 5. Estimation of UPHES potential for redeveloping coal mine drifts.
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Head Height (m)

	
Old Coal Mine Drifts

	
Producing Coal Mine Drifts




	
Effective Reservoir Volume (106 m3)

	
Power Generation (MWh)

	
Effective Reservoir Volume (106 m3)

	
Power Generation (MWh)






	
Scenario 1

	
300

	
3.21

	
2360.2

	
7.05

	
5183.8




	
Scenario 2

	
500

	
2.24

	
2751.9

	
4.93

	
6044.1




	
Scenario 3

	
700

	
0.64

	
1099.1

	
1.41

	
2414.0




	
Scenario 4

	
300

	
0.32

	
119.0

	
0.71

	
261.4




	
Scenario 5

	
500

	
0.32

	
198.3

	
0.71

	
435.6




	
Potential annual energy storage (GWh)

	
1468.9

	
3226.3
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Table 6. Estimation of UPHES potential for further redeveloping coal mine goaves.
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Head Height (m)

	
Coal Mine Goaves




	
Effective Reservoir Volume (106 m3)

	
Power Generation (MWh)






	
Scenario 1

	
300

	
16.89

	
12,428.4




	
Scenario 2

	
500

	
11.82

	
14,491.2




	
Scenario 3

	
700

	
3.37

	
5787.8




	
Scenario 4

	
300

	
1.70

	
626.6




	
Scenario 5

	
500

	
1.70

	
1044.4




	
Potential annual energy storage (GWh)

	
7735.1
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