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Abstract

:

Low-carbon energy transitions taking place worldwide are primarily driven by the integration of renewable energy sources such as wind and solar power. These variable renewable energy (VRE) sources require energy storage options to match energy demand reliably at different time scales. This article suggests using a gravitational-based energy storage method by making use of decommissioned underground mines as storage reservoirs, using a vertical shaft and electric motor/generators for lifting and dumping large volumes of sand. The proposed technology, called Underground Gravity Energy Storage (UGES), can discharge electricity by lowering large volumes of sand into an underground mine through the mine shaft. When there is excess electrical energy in the grid, UGES can store electricity by elevating sand from the mine and depositing it in upper storage sites on top of the mine. Unlike battery energy storage, the energy storage medium of UGES is sand, which means the self-discharge rate of the system is zero, enabling ultra-long energy storage times. Furthermore, the use of sand as storage media alleviates any risk for contaminating underground water resources as opposed to an underground pumped hydro storage alternative. UGES offers weekly to pluriannual energy storage cycles with energy storage investment costs of about 1 to 10 USD/kWh. The technology is estimated to have a global energy storage potential of 7 to 70 TWh and can support sustainable development, mainly by providing seasonal energy storage services.
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1. Introduction


The transition toward a sustainable and resilient energy system compliant with Paris climate targets requires large-scale storage of variable renewable energy, such as wind and solar, over different time periods from hours to weeks and seasons. Seasonal pumped hydro storage (SPHS) and hydrogen electrolysis (green hydrogen) are the two most envisioned alternatives for long-duration energy storage. However, the site specificity of SPHS and the high cost plus the low efficiency of green hydrogen have been an impetus for research on emerging solutions for long-duration energy storage, e.g., based on solid gravitational energy. Different geological and geographical locations can be considered for storing energy, such as mountains, oceans, underground caverns, or mines.



The number of closed or abandoned mines is challenging to estimate, but it is likely to be in the range of millions of sites globally. At least 50,000 of them are estimated to exist in Australia; over 550,000 have been found in the USA, including over 100,000 that pose a significant environmental risk; and over 10,000 are known to exist in Canada [1]. Old mines, exceptionally small mines and those located far from population centers, are rarely documented, and some abandoned mines are only found when an accident occurs. Figure 1a presents the current mining activity around the world. A list of the deepest underground mines worldwide is presented in [2].



The number of underground mines in the USA has shrunk from 2800 in 1983 to 500 in 2020 (Figure 1b). One important factor contributing to this reduction is the poor health conditions in mines due to air pollution and the risks involved in mining activities. The high number of underground mine closures increases the number of mines available for energy storage, as proposed in this paper.



Underground mines usually use lifts in mine shafts to transport the ore. Lifts are made up of several parts, as stated in [4]. The speed of gravity-stored weights is relatively slow (0.25–1 m/s), and the motor speed is generally 1500 rpm, therefore they do not match. Thus, gearboxes should be one of the necessary pieces of equipment for underground mines. Hence, the motors are being constructed with gears and regenerative brakes, which produce clean and safe electricity during descents, to achieve high and smooth acceleration while providing high-quality transportation services and maintaining a high overall energy efficiency [4]. The high-efficiency permanent-magnet synchronous gear motor (PMSGM) has been created for intelligent elevators. The PMSGM motor/performance generator’s characteristics have efficiencies higher than 92 percent [5,6,7]. Regenerative braking improves efficiency, mainly when the elevators operate with all cars wholly occupied. Regenerative braking system lifts are already applied in newly highly energy-efficient buildings. This allows the lifts to supply energy to the grid when descending with people or cargo. The efficiency of lifts can be improved by utilizing new technologies and best practices involving motors, regeneration converters, control software, counterweight optimization, or rope-free lifts [6].



Batteries and pumped-hydro storage (PHS) are the two most common electrical energy storage (EES) options for storing energy [8,9,10,11]. Batteries have a declining capital cost [12]. They will likely provide a cost-effective solution for intraday energy storage and ancillary services [13,14,15,16]. Due to the high cost of stored energy (150–200 $/MWh [12]), as well as in some situations, a high rate of losses and self-discharge during the day, the use of batteries to store energy in a weekly cycle might never become economically viable [17]. Additionally, the widespread use of batteries in power and mobility applications raises concerns about the sustainability and availability of resources, given the substantial reliance on materials for batteries [18,19]. PHS may store significant energy for weekly, monthly, or seasonal cycles [20,21,22,23,24]. For a large installed storage capacity, PHS plants are the only economically viable solution [25,26,27]. This is because the economy of scale lowers the cost of tunnels, pipelines, turbines, and generators per unit of generation capacity [28]. For instance, increasing the tunnel’s diameter results in a twofold increase in cost. It also quadruples the volume of water transported through it, increasing the plant’s capacity. As a result, PHS projects are more cost-effective in terms of installed capacity ($/MW), as demonstrated by [29].



The geospatial technology requirements significantly limit the potential for conventional PHS facilities. Although its global capacity is massive [30], individual projects often face unexpected local constraints that impede completion or even commencement. Therefore, the recent interest in underground PHS systems utilizing exploited or soon-to-be-closed subsurface mines is not unexpected. The attractiveness of using already existing underground structures is motivated by the prohibitive costs of excavation, materials-handling costs, risks related to mining, and time required. A prominent example is a recently proposed underground PHS system in Pyhäjärvi (Northern Ostrobothnia–Finland) in Europe’s deepest base metal mine (depth of 1444 m). Reports suggest that the project will be realized in two phases. Specifically, phase one presents a demonstrator and a full-scale system. Phase two reaches 75 MW of capacity [31,32]. The total storage capacity is estimated at 530 MWh, and round-trip efficiency should reach 77%. The generation with total capacity would last 7 h and a charge would last 9 h. However, the investment and exploitation of underground PHS are associated with additional risks, such as water pollution due to leakage [33], environmental impacts, and geological risks [34]. To overcome these issues, the water extracted from the mine can be treated, and the underground reservoirs would have to be sealed to reduce geological risks. A significant advantage is that such projects can be potentially realized near energy demand centers, and their spatial requirements are limited to the upper reservoir.



Solid gravitational energy storage, a technology for storing potential energy with solid materials at various elevations, is being funded by several companies and research projects [35]. Energy Vault stands out from the competition by erecting and deconstructing a tall tower composed of concrete blocks. The low head difference between the lower and top storage sites is a drawback of this method. The need for extreme accuracy while building the “concrete tower” might contribute to its erosion over time [36,37]. There are plans to transport a concrete mass from the lower to the upper storage location utilizing train tracks [38,39,40,41]. In addition to the need to build rail tracks, the weight of the train itself is similar to that of the concrete block, resulting in more significant energy losses. Compared to the steep decline suggested in this work, the slope of the train tracks similarly lowers the overall power output and efficiency [42]. The prospect of producing electricity using Electric Truck Hydropower is a comparable option that has recently drawn much interest [43]. Gravitricity proposes a similar alternative to the solution in this paper, storing potential energy using existing mining shafts [44,45,46,47,48]. The concept of storing energy in abandoned mine shafts is described in [49]. Storing energy in underground mines has 100 to 1000 times more energy storage capacity than Gravitricity because of the additional storage sites on the top and bottom of the mine. An overview of EES technologies, including the gravel energy storage technique [35,50] and others [51], which are similar to the concept described in this research is published in [52]. Other than hydrogen and other synthetic fuels with relatively low AC-to-AC efficiency with high capital costs and SPHS, limited to mountainous regions, there is no viable technology for long-term energy storage.



This research proposes a novel method to manage and exploit decommissioned underground mines called Underground Gravity Energy Storage (UGES) as a potential filler for this gap. It uses decommissioned underground mines to store energy by filling them up with sand. The UGES design proposed in this paper is considerably different from what has been proposed in the literature and industry, which has not been patented. The remaining content of this paper is structured as follows. Section 2 discusses the methods, while Section 3 presents the results. Section 4 discusses the proposed technology, and Section 5 concludes the paper.




2. Materials and Methods


The methodology used to evaluate UGES is presented in Figure 2. In Step 1, the technology is described, the system components are defined, the energy storage process is explained, and gravity energy storage equations are presented. Step 2 consists of designing the UGES project, selecting the material for storing potential energy, estimating energy storage and power capacity, and running a case study for a mine close to Johannesburg, South Africa. Step 3 analyses the potential for the technology. It estimates the costs of the system, the energy storage cycles, and the global energy storage potential of UGES. It then describes the possibility of using UGES as a carbon storage alternative and other technical characteristics.



Underground Gravity Energy Storage (UGES)


UGES is a gravitational energy storage technology that consists of filling an underground mine with sand to generate electricity when the cost of electricity is high and then removing the sand from the mine to store energy when electricity is cheap. The main components of UGES are the shaft, motor/generator, upper and lower storage sites, and mining equipment (Figure 3). The UGES shaft has variable depths and diameters. The deeper and broader the mine shaft, the more power can be extracted from the plant. In addition, the more volume in the mine, the higher the plant’s energy storage capacity. To maximize power capacity, the sand containers in the shaft occupy approximately 50% of the shaft’s volume. The other 50% of space is required for filling and emptying the containers with sand. To reduce the costs and number of cables to support the sand containers and the forces exerted on the motor/generator, we propose several motors/generators throughout the shaft. The containers in Figure 4 are independent, i.e., each module can be put into operation or removed independently (to complete loading and unloading), ensuring that the system does not stop due to the putting in or removal of carriers. In addition to independence, the container must enable the rapid loading and unloading of heavy objects (sand). Thus, we consider setting up loading stations, which can be similar to ski lift stations.



The containers applied in the shaft are foldable to optimize the utilization of the shaft. During storage mode, the sand is removed from the container on the shaft’s top and then is returned to the bottom of the shaft to be filled again. The container is folded to occupy the least space on the shaft, as shown in Figure 4. Foldable containers that are not completely sealed could leak sand during operation. This would cause energy loss and damage equipment in the mine or block the shaft. To mitigate this problem, we propose foldable containers with inner bags as carriers, where the bags act as liners for the foldable containers. This results in a space-saving foldable carrier while preventing the safety hazard of sand leakage.



The motor/generators are installed on both sides of the mine shaft, as shown in Figure 3. They should be installed on top of the filling and empty stations to minimize the risk of damage. The total power capacity of the plant consists of the sum of the capacity of all motors/generators. Other advantages of having several motors/generators are that motors/generators with a small capacity are easy to find in the market and are inexpensive. It should be noted that the motors in Figure 4 are electrically connected in parallel to ensure the independence of each motor input and removal. If one motor/generator brakes or requires maintenance, the others can continue operation. Depending on the power requirements for energy storage, the system can alter the lift’s speed. The lift can raise its speed if the power requirements are high, but it might lower the system’s overall efficiency.



The system should be designed to provide a constant power supply. However, due to possible power fluctuation as a result of dropping and loading of the sand to the system, a partial loss of torque and generation is expected. To resolve this issue, the proposed UGES design presented in this paper has multiple motors/generators to ensure a high degree of continuity in the generation profile. We expect slight deviations in the continuous supply, of −10 to +10%, which needs to be balanced with grid balancing measures or additional short-term storage onsite.



The upper storage site of a UGES plant is designed to store as much sand as possible on the surface surrounding the mine shaft to minimize the energy required to store the sand on the surface. We propose a circular sand pile surrounding the mine shaft, as shown in Figure 5a. The sand pile’s outer diameter will depend on the availability and cost of land. If the land cost is high, the sand pile can rise vertically as the trucks dump the sand on top of the sand pile. The sand pile can reach heights of 50 m or more. Figure 5b shows the upper storage site filled up and the UGES plant fully charged. The lower storage site consists of filling the entire underground mine with sand. The mine is filled from its extremes until the channels reach its shaft. Figure 5c presents the lower storage site filled up, and the UGES plant discharged.



The mining equipment is essential to managing the sand in the upper and lower storage sites. They consist of dump trucks, conveyor booms, bucket wheel excavators, and soil compactors. Dump trucks or conveyor belts transport the sand from the mine shaft to the storage sites and back. The dump truck should be electric. This is because they can recharge their batteries while driving down sand piles or tunnels in the underground mine, increasing the efficiency of the UGES plant. Conveyor belts can also create a sand pile around the mine shaft. Conveyor belts should also generate electricity when lowering weights. The excavators and bucket wheel excavators extract sand from the upper and lower storage sites to load the dump trucks or conveyor belts. The soil compactor is applied to the sand piles to allow dump trucks to drive in the sand piles and increase their stability.



Equation (1) represents the quantity of energy stored, which is proportional to (i) the mass of the energy being stored; (ii) the height difference between the lower and upper storage sites; and (iii) the system’s overall efficiency. The system’s energy storage capacity increases as the head difference and storage mass increase.


  E = m × h × g × e  



(1)




where E is the energy stored in the containers (in Joules), m is their mass (in kilograms), h is the average height difference between the upper and lower storage sites (in meters), g is the gravitational acceleration (in meters per second), and e is the system’s efficiency, which is assumed to be 80% based on [53].



Equation (2) can compute the power produced by the UGES plant. The power of a UGES plant depends mainly on the shaft’s dimensions, the sand’s speed, the number of containers in the shaft, and the equipment’s efficiency.


  P =   H × e ×  (  ρ ×  K l  × A × H  )  × g    H V  ×   10  6     



(2)




where  H  is mine depth (in meters);  e  is the efficiency (gravitational potential energy to electrical energy), assumed to be 90%;  ρ  is the density of the sand, assumed to be 1600 kg/m3;    K l    is the load factor, assumed to be 90%;  A  is the area of container (in m2);  g  is the gravitational acceleration (in meters per second);  V  is the carrier rated operating speed; and     10  6    is the conversion factor (Watt to Mega Watt).





3. Results


The amount of usable space will determine the suggested design’s storage medium in the upper storage site (surface) and the lower storage site (underground), which is proportional to the energy storage potential of the mine, the demand for the energy storage service, and the energy storage costs. For instance, a solution including a sand and water mixture can be appropriate due to its low cost. However, if the mine is small and the demand for energy storage is high, materials with a higher density may be used if the additional cost of the material permits. The densities and prices of various storage mediums have been compared [54,55,56,57,58].



The paper investigates UGES projects with 4,000,000 and 40,000,000 tons of sand. Assuming a sand density of 1600 kg/m3 and that the cone-shaped sand pile has an average height of 50 m, the area required is 0.15 and 1.5 km2. Table 1 compares various operational setups for UGES (the usual weight limit applied in conventional lifts is shown in Table 1). Concerning the mine storage capacity, the number of storage containers varies greatly. Assuming that the lifts in the mine have an average power generation capacity of 10 MW, the storage cycle in days is projected to be (87.2/24/10 * 1000 = 363.3). The plant’s capacity factor is poor because it spends half of the time storing energy and half of the time producing electricity.



Additionally, to generate electricity, the lift must travel up and down. The electricity generation capacity factor is 35% if the system is used at a 70% capacity factor. The energy storage capacity of a mine with 4,000,000 tons of sand and a 200 m average height difference is 1.74 GWh (4,000,000 × 1000 × 200 × 0.8 × 9.81/1000/1000/1000/60/60 = 1.74 GWh), which is slightly smaller than a usual daily pumped storage plant [59]. Higher average height differences in the UGES plant result in longer storage cycles and greater energy storage capacity. As shown in Table 1, various operational configurations could lead to energy storage cycles of a week, a month, or a year. Since batteries can more reliably, affordably, and efficiently supply short-term energy storage, the UGES design and operation should concentrate on long-term storage cycles (weekly, monthly, or yearly). However, the UGES could also supplement short-term energy storage on emergent occasions.



The power capacity of UGES plants depends on the amount of sand that can be lowered each time. This varies with the shaft depth, dimensions, speed, and density. The density is assumed to be 1600 kg/m3. Table 2 presents the power capacity of UGES projects. As can be seen, a project with a 200-meter depth with container dimensions of 1 m × 1 m and a speed of 0.25 m/s has a power capacity of 0.35 MW of electricity.



On the other hand, a project 1000 m deep with container dimensions of 4 × 4 at a speed of 1.0 m/s has a power capacity of 113 MW. This power capacity is similar to a small PHS plant. PHS plants have higher power capacities because of the larger tunnel diameters (10 m), larger velocities (4–6 m/s), and the whole tunnel being filled with water.



To display the operation of a UGES plant, we propose using a solar power plant with 1.35 GW and a UGES plant with 100 GWh storage capacity in the TauTona mine to meet 1% of the demand for electricity in South Africa [60]. The TauTona mine and solar power plant are located 50 km from Johannesburg, South Africa, with the coordinates of −26.4160 latitude and 27.4274 longitude, as presented in Figure 6a. Data from the Renewable Ninja website create the location’s solar generation profile [61]. The minimum power capacity required to supply the energy described in Figure 6a is 36 MW. The proposed UGES plant has an average depth of 1150 m and 40,000,000 tons of sand and operates with a speed of 0.25 m/s. Figure 6b illustrates how the UGES plant is intended to store energy in seasonal cycles. The short-term energy storage cycles are not described and are assumed to be performed with other energy storage alternatives, such as batteries and pumped storage. Besides providing seasonal storage generation, the UGES plant can also generate power during exceptionally hot days.



This study supposes that the mine shaft and the underground tunnels are already in place. However, there is still the need to buy the sand and the mining auxiliary equipment and install the cables, moto/generators, and foldable containers. This paper does not consider the additional charge of renting the mine and its top to store the containers and sand. The costs of UGES components are described in Table 3. A mine with 40,000,000 tons of sand and an average height difference of 1000 m is being utilized to demonstrate the system’s cost. A 1.6 USD/kWh price tag is projected for energy storage. The cost of storing energy with UGES decreases with an increase in the height difference between the lower and upper storage locations. Table 4 presents the UGES energy storage costs and power capacities at different depths. It should be noted that because natural underground mine caverns are irregular, there may be associated remediation costs which are not considered in this study due to the difficulty of assessment.




4. Discussion


The main technical limitation of UGES is the high power capacity (MW), which involves the shaft lift and equipment to transport the sand in the upper and lower storage sites. The system’s main benefit is the low energy storage costs (MWh), which involve the cost of the sand and the land required to store the sand in the upper storage site. Thus, UGES is proposed for weekly, monthly, seasonal and pluriannual energy storage cycles with small power requirements. The comparison between the energy storage cycle and installed capacity between UGES with batteries, PHS, ammonia, and hydrogen is shown in Figure 7. The limitations of batteries for temporary energy solutions are highlighted in this figure, together with long-term energy storage options [62]. See [63,64,65,66,67,68,69] for further information on technologies with short storage cycles. The findings can help energy planners and decision-makers comprehend this storage system’s potential costs and benefits compared to other options.



UGES is attractive for generating or storing a stable amount of energy in weekly, monthly, or seasonal and pluriannual cycles due to their low energy storage cost and high power cost, as shown in Table 5. UGES have similar energy storage costs to PHS but higher installed capacity costs. Given the low installed capacity cost of batteries, a UGES plant should be connected to battery storage so that the plant can provide short- and long-term energy storage services cheaply.



Comparing UGES with underground pumped hydropower storage, the latter technology should be given priority due to its lower investment and operational costs. However, if underground pumped hydropower storage cannot be applied due to lack of area for the upper reservoir, lack of water in water-scarce regions, uncontrollable groundwater and surface water pollution, or due to structural impairment of the mine, UGES should be considered. UGES should also be used if the focus is long-term energy storage, such as seasonal, 3 or 10 yearly energy storage cycles, as underground pumped hydropower storage results in significant losses due to evaporation.



The Global Coal Mine Tracker [71], a database containing slightly more than three thousand records, was used to estimate the global potential for UGES. The database represents entries related only to coal mines. This sample is significantly smaller than the numbers quoted in the introduction. However, a detailed, global and open database is currently unavailable. We motivate the selection of coal mines based on the following argumentation. The world is transforming its energy system, halving coal extraction for energy-related purposes. At the same time, UGES can provide an alternative source of revenue to the people working in the mines and the community to overcome one of the critical barriers in energy transitions, i.e., the loss of jobs and the restructuring of the incumbent industry.



Out of the three thousand entries in the database, 55% are underground mines, 41% are surface/open-pit mines, and the remainder are hybrid underground/surface mines. Mines have various statuses: operating, shelved, proposed, canceled, mothballed, and closed. For global potential estimation, we have considered all of them apart from the canceled ones (26 projects were marked as such). The majority of sites are located in East Asia (39.6%), followed by South Asia (17.8%) and the US and Canada (11.6%). The average underground mine’s depth is roughly 500 m. Based on the calculation presented in the Results section and assuming 4,000,000 tons of sand for the UGES plant, we have estimated the global potential to be slightly above 7 TWh. China is the only country with a TWh scale potential (5041 GWh storage potential), whereas India and the USA have 649 GWh and 579 GWh, respectively. The potential of Europe (both EU zone and non-EU zone) exceeds 0.55 TWh. Increasing the capacity to 40,000,000 tons of sand increases the global potential to 70 TWh. It must be stressed that the results presented here represent pure theoretical potential, and each site requires a detailed case-study level analysis. The spatial distribution of underground mines and their depths is presented in Figure 8. Figure 9 presents the storage potential of the mines. Figure 10 presents the UGES energy storage potential per country. Figure 11 presents the number of underground mines per energy storage potential. Figure 12 presents the energy storage potential and number of sites per major global region. This study did not (and could not) consider all mine specifics, but it gives a good approximation of underground mines generally.



Gravity energy storage requires a significant amount of weight for its applications. Instead of using sand as the storage material, it can use carbon-based materials. These can be logs of wood, sawdust, or wood clip blocks. The higher the density, the better. An outer layer should be added to the wood to avoid its decomposing. Care should be taken to prevent fires in the mines, mainly when the mine is deep, dry, and hot. Assuming that 50% of the weight of wood is carbon [72], 1 kg of wood stores 3.6 kg of CO2. Table 6 presents the amount of CO2 sequestered and stored in UGES plants with 72,000,000 tons of wood. Assuming a coal plant with a CO2 emission of 900 kg/MWh, the UGES plant captures and stores the CO2 equivalent to a 1 GW power plant generating electricity at full capacity for 33.5 years. Other carbon-based materials with high density are presented in [73].



Another advantage of UGES is that the operation of an energy storage facility on the mine would reduce the decommissioned mine’s monitoring costs. Table 7 compares different gravitational energy storage technologies with UGES. Another option that might be interesting is to combine several gravity energy storage technologies, as shown in Figure 13. Note that the depth of the underground mine can be significantly greater than the proposed values presented in this paper, as shown in [2].



In cold regions, UGES can be combined with geothermal energy. This is because the temperature of the mines can reach 60 °C or more, while the outside temperature is below 0 °C. In these cases, containers filled with phase change material (PCM) can be used instead of sand. The PCM material would melt in the mine with the high temperatures and provide heating services to customers on the surface surrounding the mine. The combination of the two services can significantly reduce the cost of UGES.




5. Conclusions


In light of the findings of this study, to produce a modest but constant amount of energy for a long time, UGES could be designed to store energy over weekly, monthly or seasonal scales, depending on the demand for energy storage. To offset the short-term changes in electricity consumption of solar and wind generation, this modest but consistent electricity generation might be supplemented with other storage technologies, such as batteries and PHS. The cost of installed energy storage for UGES is estimated in this study to vary from 1.0–10.0 USD/kWh, assuming an average height difference between the upper and lower storage sites of 1500 and 200 m, respectively. The project is less expensive the more significant the height difference. The power generation capacity varies with the mine’s depths, the mine shaft’s diameter, and the sand moving speed. This paper proposed constructing several motors/generators along the shaft to reduce the cables’ costs and allow using smaller, more common/affordable motors/generators. The system’s technical lifespan can range from 20 to 30 years. The technology’s storage potential ranges from 7 to 70 TWh globally, with most of this potential concentrated in China, India, the USA, and Russia. A precise description of the UGES system performance is outside this paper’s scope. We propose a more detailed analysis of the system’s performance and efficiency for future work. UGES is a particularly interesting technology for long-term energy storage to reduce seasonal fluctuations in electricity demand and wind and solar generation.
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Figure 1. (a) Mining activity around the world [1], (b) Number of underground mines operational in the USA from 1983 to 2019 [3]. 
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Figure 2. Underground gravity energy storage methodological framework. 
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Figure 3. Underground Gravity Energy Storage system: A schematic of different system sections. 
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Figure 4. (a) Foldable container to optimize the utilization of the shaft (b) motor/generator sheaves to increase traction on the rotor (side view), and (c) rotor and generator. 
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Figure 5. (a) upper storage site arrangement of Underground Gravity Energy Storage and UGES (b) fully charged and (c) discharged. 
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Figure 6. (a) UGES plant in the TauTona mine, 50 km from Johannesburg in South Africa, (b) electricity supply for 1% of South Africa’s demand with the integration of solar power and UGES. 
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Figure 7. Comparison of long-term energy storage technologies’ installed capacities and energy storage cycles (UGES, PHS, hydrogen, and ammonia) and short-term energy storage (batteries). 
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Figure 8. Spatial distribution of underground mines and their respective depths. 






Figure 8. Spatial distribution of underground mines and their respective depths.



[image: Energies 16 00825 g008]







[image: Energies 16 00825 g009 550] 





Figure 9. Spatial distribution of underground mines and their storage potential. 
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Figure 10. Underground Gravity Energy Storage potential per country in GWh. 
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Figure 11. Distribution of underground mines per energy storage potential. 
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Figure 12. Energy storage potential and number of sites per major global region. 
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Figure 13. Combination of several gravity energy storage technologies. UGES—Underground Gravity Energy Storage. ETGES—Electric Truck Gravity Energy Storage [75]. MGES—Mountain Gravity Energy Storage [74]. 
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Table 1. Comparison of UGES configurations with 10 MW generation capacity.
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Sand (tons)

	
Average Height

Difference (m)

	
Long-Term Energy Storage (GWh)

	
Storage Cycle

(Days)






	
4,000,000

	
200

	
1.74

	
7.27




	
500

	
4.36

	
18.17




	
1000

	
8.72

	
36.33




	
40,000,000

	
200

	
17.44

	
72.67




	
500

	
43.60

	
181.67




	
1000

	
87.20

	
363.33
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Table 2. UGES power capacity with different depths, tons of sand, and speeds.
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Shaft Depth (m)

	
Container

Dimensions (m × m)

	
Speed (m/s)

	
Power (MW)






	
200

	
1 × 1

	
0.25

	
0.64




	
0.5

	
1.27




	
1

	
2.54




	
2 × 2

	
0.25

	
2.54




	
0.5

	
5.09




	
1

	
10.17




	
4 × 4

	
0.25

	
10.17




	
0.5

	
20.34




	
1

	
40.68




	
500

	
1 × 1

	
0.25

	
1.59




	
0.5

	
3.18




	
1

	
6.36




	
2 × 2

	
0.25

	
6.36




	
0.5

	
12.71




	
1

	
25.43




	
4 × 4

	
0.25

	
25.43




	
0.5

	
50.86




	
1

	
101.71




	
1000

	
1 × 1

	
0.25

	
3.18




	
0.5

	
6.36




	
1

	
12.71




	
2 × 2

	
0.25

	
12.71




	
0.5

	
25.43




	
1

	
50.86




	
4 × 4

	
0.25

	
50.86




	
0.5

	
101.71




	
1

	
203.42
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Table 3. Cost estimate for UGES with 40,000,000 tons of sand, 1000 m, and 30 MW power capacity.
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	Type
	Description
	Cost





	Material
	Desert sand and water, costing $1 per ton, are the materials chosen for energy storage [58]. The amount of sand required is 40,000,000 tons. The lifetime of the sand is considered to be 100 years.
	40 million USD



	Mining equipment
	The mining equipment consists of dump trucks, conveyor booms, excavators, bucket-wheel excavators, and soil compactors. The lifetime of the mining equipment is ten years.
	60 million USD



	Power generation
	This item includes the cables, the motor/generators, and the electrical equipment to increase the voltage of the electricity. The power is estimated to have a cost of 2000 USD/kW. The plant has a speed of 0.5 m/s and a power capacity of 30 MW. The lifetime of the power generation system is 20 years.
	60 million USD



	Total cost
	The UGES energy storage system assumes 40,000,000 tons of sand with an average generation head of 1000 m.
	160 million USD



	Energy storage costs
	The plant’s storage capacity is 98 GWh, and the energy storage investment costs USD $160,000,000.
	1.6 USD/kWh
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Table 4. UGES energy storage costs and power capacities at different depths.
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	Average Height Difference (m)
	Energy Storage Costs (USD/kWh)
	Power Capacity (MW)





	200
	8.2
	6



	500
	3.3
	15



	1000
	1.6
	30



	1500
	1.1
	45
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Table 5. Cost comparison between Seesaw and other technologies [12,22,25,51,70].
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	Installed

Capacity Cost (USD/kW)
	Energy Storage Cost (USD/kWh)
	Capacity

(MW)
	Components Lifetime (Years)





	Seasonal pumped hydro storage (SPHS)
	400–1000
	2–50
	30–10,000
	100 (dam),

30 (turbine)



	Batteries (Lithium-ion)
	250
	150–200
	0.001–1000
	3–6 (battery)



	UGES
	2000–4000
	1–10
	1–100
	100 (mine),

10 (trucks),

20 (motor)
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Table 6. Amount of carbon sequestered and stored in UGES plant.
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Wood (tons)

	
Carbon Dioxide Captured (tones)

	
Average Height

Difference (m)

	
Energy Storage (GWh)






	
72,000,000

	
264,000,000

	
200

	
31.392




	
500

	
78.48




	
1000

	
156.96




	
1500

	
235.44
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Table 7. Advantages and disadvantages of UGES compared with other gravitational energy storage alternatives.
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	Technologies
	Advantage
	Disadvantage





	Energy Vault
	It can be implemented in any location. It does not require an existing exhaust mine to operate.
	The energy storage costs are significantly higher because concrete blocks are more expensive than sand and because the average height of the tower is significantly smaller than in UGES projects.



	Gravitricity
	Does not require upper and lower storage sites. The electricity generation and energy storage are continuous and do not require to be combined with ultra-capacitors or batteries.
	UGES stores 100 to 10,000 times more energy than Gravitricity, significantly lowering energy storage costs. Gravitricity is limited to one block of mass going up and down.



	Lift Energy Storage Technology (LEST)
	Provides decentralized energy storage services close to the demand for energy storage. There are already building with regenerative braking systems.
	High-rise buildings are some of the most valuable locations in a city. Filling a building with containers might not be a viable alternative. The building has restrictive ceiling bearing capacity, which restricts the weight a building can support.



	Mountain Gravity Energy Storage (MGES) [74]
	Has potential in locations with high mountains. MGES can also be used to generate hydropower, increasing the overall returns of the project.
	UGES lower storage site uses a decommissioned mine. MGES upper and lower storage sites can be located a considerable horizontal distance apart, which increases costs and lowers the system’s efficiency.



	Electric Truck Gravity Energy Storage (ETGES) [75]
	Has potential in locations with high mountains. ETGES can also be used to generate hydropower, increasing the overall returns of the project.
	UGES lower storage site uses a decommissioned mine. ETGES upper and lower storage sites are located at large horizontal distances apart, which increases costs and lowers the system’s efficiency.
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