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Abstract: Poland has had a total of 70 mines, but now more than half of them is out of operation. This
mining closure raises with respect to the environment and unemployment. Innovative technology is
needed to overcome the problems that arise and could simultaneously make use of abandoned mine
infrastructure. The increased electricity generation coming from renewable energy, which produces
fluctuating and intermittent energy for the electric power system, causes frequency problems such
that energy storage technologies are needed. Abandoned mines can be used for the implementation
of energy storage plants. This paper explores the possibility of using abandoned mines in Poland for
electrical energy storage. Closed mines can be used to store clean and flexible energy. This idea has
the potential to support sustainable economic development within the community following mine
closure in Poland.

Keywords: electrical energy storage; electrical energy storage in abandoned mines; energy transition
of Poland

1. Introduction

By 2040, global energy demand will increase significantly, and the demand for energy
sourced from renewable sources is also predicted to have increased by 15% [1]. The
European Commission has also targeted 27% of total energy produced globally by 2030
being renewable energy [2]. The acceleration of infrastructure development for renewable
energy sources with low emissions and high efficiency is being carried out intensively in
order to achieve this target.

The European Union’s climate and energy policies have a significant impact on
Poland’s national energy strategy, especially with respect to energy transition. The use of
renewable energy sources (RES) in Poland is growing fast and continues to increase. Last
year, energy production from RES in Poland amounted to nearly 28 TWh, and in 2020, PV
energy production increased to a level 3.5 times higher than that in the previous year. In
addition, onshore wind power plants were also put into operation [3].

The use of electrical energy generated from renewable energy sources such as solar
and wind pose a massive problem for the stability of the power grid due to its intermittent
nature. To overcome this problem, technology that is able to produce flexible electrical
energy, striking a balance between supply and demand, is needed. Energy storage systems
(ESS) are emerging as one of the key solutions for effectively integrating high shares of
solar and wind renewables into power systems in Poland [3].

Energy storage systems can be very useful in improving the quality, reliability, and
performance of electrical power systems. There are a range of energy storage technologies
that exist nowadays, and each of these different technologies has specific applications.
These technology categories can be distinguished on the basis of their working principles
and their typical scale of application. There are five main categories of energy storage
system, namely chemical, electrochemical, electrical, mechanical, and thermal.
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Guney and Tepe [4] provide a thorough explanation of the energy storage system,
including its characteristics, benefits, environmental effect, and implementation options.
Aneke and Wang [5] investigated the ways in which a variety of different energy storage
systems were implemented and performed. Luo et al. [6] presented a comparison of the
many types of electrical energy storage systems on the basis of economic and technical data.
Hall and Bain [7] examined the scientific and engineering requirements of different storage
systems, describing the state of the technology and development of superconductors,
flywheels, and electrochemical energy storage. Previous studies have frequently been
limited in terms of the types of energy storage considered. Some studies, for example,
focus solely on the sort of energy storage required for a certain application, such as
utility applications.

A broader study of all forms of energy storage should be conducted to gain a better
understanding of their characteristics, possible integration opportunities, and policy devel-
opment requirements. Furthermore, with such a wide energy storage sector and numerous
technical and economic papers released each year, the most recent evaluations are critical
for publications aiming to provide reviews on a variety of issues.

The mining sector plays a critical role in meeting energy needs and supporting the
economic development of the country. The coal and lignite mining sector is also an
important part of the Polish economy. Despite the downturn over the past few decades,
Poland remains the largest hard coal producer in Europe, and has much larger reserves
compared with other EU member states [8]. Hard coal reserves that can be exploited are
located in Upper Silesia and in the Lublin basin in eastern Poland [8]. Hard coal and lignite
are used to meet Poland’s electrical energy needs, accounting for a percentage of 78.3%,
or around 133 TWh, in 2018 [8]. Lignite is mostly extracted from open mines or tunnels,
while coal mines operate both on the surface and underground. Figure 1 shows the areas
of lignite and hard coal mining in Poland. Total coal production in Poland has decreased
by more than 50%, from 150 million tons in 1990 to 70 million tons of coal in 2016. This is
due to the closure of coal mines, with 40 of the 70 total mines in Poland having closed [9].
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Figure 1. Location of main hard coal and lignite mining areas in Poland.

Poland has four rock salt deposits that are actively managed and utilized, two of them
as underground salt mines (Sieroszowice/Kazimierzow and Ktodawa) and the other two
as a storage for gas and oil (Géra and Mogilno) [10].

Apart from increasing the unemployment rate and decreasing the amount of coal pro-
duction, the closure of mine sites has also had an impact on the environment. Technology
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that can reduce these impacts as well as turn the mines into new sources of energy supply
is urgently needed. Based on studies [11,12], Poland has 28 active underground mines,
with a depth of 300-800 m and a water outflow of 209 Mm?3/year. It is possible that mines
that are no longer in operation can in the future be used for underground energy storage.

The infrastructure in abandoned mine areas, such as excavation, space and pumping
installations, need to be optimally reused using innovative technology in order to possess
greater added value, rather than just being used for waste disposal or being left alone to
become an environmental problem. Typically, Underground Hydro Energy Storage (UP-
HES) and Underground Gas Storage (UGS) are proposed as uses for abandoned coal mines,
and Compressed Air Energy Storage (CAES) has been analyzed for its applicability in
abandoned salt mines. Moreover, a new concept of gravity energy storage with suspended
weight is emerging, which has high potential for use in abandoned mines.

This paper reviews the types of electrical energy storage that can be applied to aban-
doned mines in Poland by focusing on a comparison of their operating principles, tech-
nological factors, advantages, and disadvantages. Several papers on a variety of topics,
including the novelty of energy storage, were studied, and are briefly discussed. Some
review papers in the literature provide a more detailed review of one energy storage topic,
such as a review of hydrogen energy storage, whereas the purpose of this paper is to
provide an overview of several electrical energy storage technologies that may be utilized
in abandoned mines in Poland, as well as to draw comparisons between these systems.
Due to the great amount of information on particular topics, some relevant articles were
unable to be included, as they did not fit the aim of this article.

2. Hydroelectric Energy Storage
2.1. Pumped Hydroelectric Energy Storage (PHES)

PHES is a conventional technology for storing electrical energy. This storage technol-
ogy dominates the energy storage systems used around the world, with a total capacity of
up to 180 GW [13]. The working principle of this system is to utilize the potential energy
of water in reservoirs placed at different heights. These reservoirs are connected to the
penstock, pump unit and turbine. The process of storing or charging occurs when the load
demand on the power grid is not too high, in which case the electrical energy from the grid
is used to drive the pump, pumping water from the lower reservoir up, and the process
of discharging takes place when electricity demand is high, in which case water from
the upper reservoir flows down, driving a turbine and producing electrical energy [14].
Usually, a river is used as the lower reservoir in PHES systems. In Poland, the total capacity
of PHES is 1.714 MWe (Table 1).

Table 1. Pumped Hydroelectric Energy Storage power plants in Poland [15].

No. Name Location Head (m) Capacity (MW)
1 Dychow Lubuskie 30 79.5
2 Solina Solina 60 200.2
3 Czorsztyn—Niedzica Matopolskie 46.1 93
4 Porabka-Zar Slaskie 439 500
5 Zarnowiec Pomorskie 119.3 680
6 Zydowo Wielkopolskie 81 150
Total 1713.7

The PHES system has an efficiency ranging from 70 to 80% [16-18]. Although the
efficiency of the storage system is not too high, other benefits can be obtained as a result of
variations in the selling price of electricity.

Using PHES has many advantages. By using PHES systems, the excess energy pro-
duced by power plants can be optimized when demand for electricity is low. Moreover, this
system is able to balance the frequency stability of the electric power system when the grid
is dominated by power generation generated from renewable energy sources such as PV
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and wind [17]. In addition, PHES systems generally have a large capacity, such that this en-
ergy storage technology can be used to meet large-scale electrical energy needs [19]. PHES
also has the advantage of a shorter response time compared to conventional power plants.

2.2. Underground Pumped Hydroelectric Energy Storage (UPHES)

PHES has limitations with respect to expansion and development, because this storage
system is highly dependent on topography. PHES has a minimum requirement in height
between the two reservoirs, and faces challenges with respect to public acceptance, as well
as having a large impact on the environment [20]. To solve these problems, the conventional
PHES system can be modified by placing or building a reservoir underground. From an
economic point of view, the concept of UPHES systems is more convenient, because the
construction of the underground reservoir will not spoil the view in mountainous areas [21].
The lower water reservoir in UPHES is a cavern or underground cavity (Figure 2) [22]. In
addition, an underground reservoir can be constructed directly below the upper reservoir,
such that the horizontal distance between the two reservoirs is optimal, and the connecting
waterways can be minimized [23]. An underground reservoir can be formed by mak-
ing an excavation, but excavations in abandoned mine areas can also be reused for this
purpose [24-26].

Upper Substation

Reservoir ;

Surface

Cable Tunnel .
Air Duct

Lower

Underground Reservoir

Powerhouse
Figure 2. Diagram of UPHS, where the lower water reservoir is an underground cavern or mine.
Adapted from [22].

With the UPHES system, a smaller reservoir can produce the same energy output as the
PHES system, because the UPHES system has a greater distance between the reservoirs [27].
The energy capacity that can be stored by an energy storage system can be formulated as a
function of water potential energy with the following general equation:

P=pgQHn ey

where:

p = density of water (1000 kg/m?)

¢ = acceleration due to gravity (9.81 m/s?)

Q = discharge through the turbine (m3/s)

H = hydraulic net head, discounting head loss (m)

1 = turbine and generator efficiency, which is usually around 90%.

The UPHES system makes it possible to utilize abandoned mining excavation infras-
tructure. The height difference in the system is obtained by installing a reservoir that is
at ground level, while another reservoir is built using a mine excavation or a shaft that is
underground. The main components of the UPHES system, including the powerhouse,
turbine and generator, can be located underground. Both reservoirs can be underground;
however, UPHES systems that place one reservoir above ground are preferred because
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they have lower engineering costs, are more effective, and can also store a larger amount of
energy [20].

The implementation of UPHES systems in mining areas that are no longer operational
can take advantage of existing mining infrastructure such as pumps, excavations or shafts,
pump rooms, and channels that are already connected to the grid. Water entering the mine
excavation must be balanced with routine drainage, so that the cavity or space under the
ground remains dry and protected from flood water that may have been contaminated and
could be dangerous [21,28].

The operation and exploration of hard coal mines in Poland takes place at several
different depths, e.g., Budryk (levels: 700 m, 900 m, 1050 m, 1290 m), Ruda Ruch Halemba
(Ievels: 380 m, 525 m, 830 m, 1030 m), Ruch Staszic (levels: 500 m, 720 m, 980 m), and
Mystowice-Wesota (levels: 465 m, 665 m, 865 m) [29-31]. The above parameters make it
possible to consider the use of UPHES technology. However, further research on the impact
of this technology on the underground and above-ground environment is be required.

3. Compressed Air Energy Storage

Another type of energy storage technology that can take advantage of former mining
excavations as storage areas for energy is underground compressed air energy storage
(CAES). This system can also store large amounts of energy, but the storage capacity is
lower than that for UPHES systems. The CAES system utilizes the potential energy of
compressed air stored in the underground reservoir. This air pressure is then enhanced
using a compressor driven by electric power [32,33]. In the CAES system (Figure 3),
ambient air is compressed and stored in the reservoir, and when a peak load or greater
power supply is required, the compressed air in the reservoir is heated and expanded in the
turbine to then drive the generator to generate electricity [34]. Research on CAES systems
began to be carried out intensively in 1970, and further research is now becoming more
serious because of its benefits in providing electricity grid frequency stability due to the
high penetration of generators from renewable energy sources that have high intermittency
properties [35,36].

Grid Alr
Compressor Heat Generator
M
_ Recuperator Q'a‘

Compressed
Air
Salt

Cavern
Figure 3. Scheme of Diabatic CAES system. Adapted from [23].

Unlike the PHES system, the CAES system is not limited by topographical conditions,
and therefore be implemented in available locations. CAES systems can store large amounts
of energy or capacity at relatively low cost [35]. This system additionally profits from
variations in the selling price of electricity between off-peak and peak load. This storage
system can support electrical load management, restore electrical systems in the event of
a blackout, and is able to achieve full load in less than 10 min after performing system
start-up [37]. In addition, CAES plants are also able to provide peak load shaving services,
provide compensation for reactive power, and spinning reserve.
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The CAES system stores energy in the form of the potential energy of compressed
air, which is stored in a reservoir and then converted into electrical energy when it is
needed. In off-peak periods, excess electricity is used to drive the compressor to produce
compressed air. Meanwhile, when the electrical system is in the peak load demand period,
this pressurized air is released to drive the turbine, which drives the generator to produce
electricity for distribution to the grid. The gas or air cools down during the release process,
and increases in temperature when compressed. This process can reduce the efficiency of
the system, such that the compressor requires cooling fins to reduce the temperature of the
air during the compression process, while there is also a combustion chamber to heat the
gas during the discharge process before going to the turbine [32,38].

On the basis of the process employed, CAES systems can be divided into three types:

1.  Adiabatic or A-CAES: This method processes the heat generated by the compressor
to increase the initial temperature of the compressed air, then utilizes cold air during
the release of the gas to cool the compressor.

2. Diabatic or D-CAES: In the diabatic process, the heat exchange process does not
occur as it does in A-CAES. The heat generated by the compressor is released into the
atmosphere temporarily to increase the temperature of the gas during the release or
expansion process before going to the turbine, a combustion chamber, which usually
uses natural gas combustion, is used.

3. Isothermal: In this system, constant heat exchange is used to maintain a quasi-
constant temperature in the environment, so that when the compression process
and air expansion take place in the reservoir, the temperature remains at a stable or
constant condition. The drawback of this system is that it is only effective in CAES
systems with a low power level [38].

Of the three types of CAES system mentioned above, the A-CAES system is preferred
because it has the highest efficiency. In addition, adiabatic systems are also less dependent
on fossil fuels. When compressing air in the reservoir using an adiabatic process, not
much heat is lost, and the temperature changes tend to be stable [35]. However, the A-
CAES system requires a larger storage area than D-CAES to produce the same amount
of energy [38]. To increase the air temperature during expansion, in the D-CAES system,
compressed air is mixed with natural gas fuel in the combustion chamber before driving
the turbine. The power requirements of the compressor and the power generated by the
turbine can be obtained from the following equations:

Pc =my (he + hey), )

Pr = (ma + myg) (hex + het), 3)

where Pc is the power required by the compressor and Py is the power produced by the
turbine (kW), m, is the mass flow of air (kg/s) and myy is the natural axis (kg/s). (ke + he1)
the enthalpy difference in the compressor during the compression process, and (. + 1)
the enthalpy difference in the turbine during the process of expansion.

The energy capacity that can be stored in the CAES system is highly dependent on the
volume of the reservoir, the turbine temperature, the discharge time of the compressed air
stored in the reservoir, and the design of the power plant. In accordance with Equation (3),
if the mass flow rate and the power of the gas turbine are increased, the cycle time will
decrease. A CAES plant with a capacity of 300 MW can produce electrical energy for up to
8 h, but the systems require a reservoir with a volume of about 620,000 m? [35].

To build a CAES plant for energy storage using an abandoned mine, there are several
important things that must be considered: geological formations need to be in a condition
tending towards stability, it needs to be built at a safe enough depth, as the system will
operate using air pressure, and it must also be ensured that the storage area is completely
airtight, so that no air can come out. In addition, the reservoir location must also be able to
withstand repeated pressure cycles during operation.
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Hard coal mines in Poland are very large, making them suitable for CAES technology.
However, in order to apply the CAES technology in abandoned coal mines in Poland,
further studies on the impact of this technology on the underground and above-ground
environment are necessary.

4. Underground Gas Energy Storage

Natural gas storage is usually used to reduce fluctuations and daily peak demand.
Natural gas storage is a system that has long been used in various countries [39]. This
stored natural gas is usually partly used to fuel heating systems in countries that have cold
winters [40]. Natural gas storage is a traditional method that is still used in Poland (Table 2).
There are seven natural gas storage facilities available that are still actively operating in
Poland. Figure 4 depicts the locations of natural gas storage facilities in Poland.

Table 2. Underground gas storage in Poland [41].

Working Capacity
No. Gas Storage
Million m3 GWh1
1 KPMG Mogilno 585.4 6521.4
2 KPMG Kosakowo 2394 2669.3
3 UGS Husow 500 5650
4 UGS Strachocina 360 4078.8
5 UGS Swarzow 90 1013.4
6 UGS BrzeZnica 100 1126
7 UGS Wierzchowice 1300 14,729
Sum 3174.8 35,787.9

! Estimated value resulting from the value of combustion heat adopted for conversion.

KPMG Kosakowo PMG Swarzow PMG Husow

PMG Wierzchowice

KPMG Mogilno PMG Brzeinica
PMG Strachocina

Figure 4. Natural gas storage active in Poland [41].

Natural gas storage or Cavern Underground Gas Stores (KPMG) Mogilno and Kosakowo
were built in salt deposits, while other storage facilities have been built in partially depleted
natural gas deposits [41].

Excess electricity generated that is not used due to low demand can be converted into
gas with the Power to Gas (PtG) system and stored underground. This conversion process
can be performed by connecting the UGS with the PtG system. The hydrogen and methane
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gas converted by the PtG system can be stored underground using abandoned mines, salt
cavern or gas infrastructure, and then this gas will be converted back into electrical energy
to meet peak load demands or when needed. It is also possible to use this gas in other
sectors such as for industrial needs or heat supply.

The PtG conversion method (Figure 5) can produce gas through an electrolysis process
to separate water into hydrogen and oxygen [42]. So far, there are three methods commonly
recognized in the PtG system:

1. The first method is a method that is carried out without additional processing. Hy-
drogen gas produced from the PtG conversion process is directly injected into the
natural gas network, stored in gas storage, or can be used for other purposes that
require natural gas [42—45].

2. The second method is a method that is very relevant to the UGS system. In this
process, hydrogen (H;) and carbon dioxide (CO,) are processed by a methanation
reaction to produce methane gas (CHy) [44]. This methane gas is then injected into the
gas distribution network, stored in gas storage, or can be used for all other established
natural fuels [44].

3. The third method adds hydrogen to the gas produced by the PtG process to increase
the quality of the gas through the electrolysis process. In this method, the gas pro-
duces impurities such as carbon dioxide, water, hydrogen sulfide, and particulates.
Therefore, this material needs to be removed from the gas, because it can cause
damage to the storage pipe installation [42].

Excess of

Energy

Electric
Demand

Energy

Figure 5. Methods of PtG system: 1. H gas is produced from the electrolysis electric energy process;
2. CHy gas is produced by processing H, through a methane-synthesis process; 3. H; treated with a
methanol-synthesis process produces methanol (CH3OH); Adapted from [46].

This PtG conversion system has disadvantages in terms of energy efficiency output
and high initial investment costs [40]. When using the H; gas electrolysis process with a
pressure of 25 bar, the PtG system can produce an efficiency of around 70%. If the reactor
in the methane synthesis process is operated at a pressure of 20 bar, the efficiency will
increase by 8% to 78%, and this is the maximum efficiency level in the chemical electro
process [43]. In the subsequent electrolysis process, the efficiency of this system decreases
to only about 55%, and will increase if heat from the reactor is used [44]. The efficiency
of the entire process in the PtG system varies widely between 54 and 77%, depending on
the process conditions and the technology used; if the gas conversion process is continued
to produce methane gas, the efficiency reaches a maximum of about 65% [47]. Research
using reversible solid oxide electrochemical cells and waste heat during the PtG conversion
process demonstrated a round-trip efficiency of up to 70% [48].

It must be ensured that the gas in the UGS system is stored in a very stable, safe, and
airtight place. Gas storage rooms or reservoirs commonly used in UGS systems include salt
caverns and depleted oil and gas mines [40,49,50]. Gas storage in reservoirs utilizing the
excavations in abandoned coal mines and salt mines is also possible [51]. The gas stored
with UGS systems in abandoned mining or salt caverns can be used to meet peak energy
demands and to balance periods of high demand lasting from several hours to several
days [39].
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5. Suspended Weight Energy Storage

The implementation of PHES technology has limitations with respect to the selec-
tion of suitable land, because the system requires a sufficient height difference between
the two reservoirs [52]. This has encouraged the development of new forms of gravity
energy storage utilizing pumped hydropower that is not overly dependent on specific
land conditions [53]. A US company called Gravity Power has patented a technology
that uses a large suspended underground piston to store energy in the form of energy
potential, following which the piston is released to push water through a turbine and drive
a generator, generating electrical energy and delivering it to the grid to meet electricity
demand at peak loads [54]. The shortcoming of the implementation of this gravity energy
storage system is the high capital cost required for excavation and the reinforced concrete
containers required, which account for approximately 82% of the total cost [55].

One way of reducing the cost of the implementation of the gravity energy storage
technology is to use existing excavations in abandoned mines. Gravitricity, a UK company,
has proposed a new gravity-based energy storage technology concept using suspended
weights. Gravity energy storage using suspended weights is a new method for storing
energy that could potentially be used in abandoned mines. This system has the advantage
of requiring less surface land, and the possibility of being combined with other energy
storage systems such as CAES [56]. Although the energy capacity that can be stored using
this system is strictly limited to the maximum weight of the piston and the dimensions of
the shaft, this type of energy storage technology has high potential for implementation in
former mining areas.

The energy storage capacity of the system can be obtained by the following formula:

E=ymg(D-h) 4)

where 7 is the round-trip efficiency, m is the mass of the suspended weight, g is the
acceleration due to gravity, D is the depth of the shaft, & is the height of the suspended
weight, and D' = D — h is the usable depth for energy storage.

Morstyn et al. [57] conducted technical analysis research on the potential use of gravity
energy storage using the suspended weight concept in abandoned mine shafts. The results
of the research showed that the system could produce a maximum ramp-rate to provide
power system services. A report based on the results of a study comparing energy storage
technologies suggested that the concept of gravity energy storage could be competitive
for grid frequency response in terms of Levelized Cost of Energy Storage (LCOS), and
this type of technology has the advantages of high power availability and multiple short
cycles, thus making it suitable for rapid frequency response services and the provision of
grid balancing.

The design of suspended weight energy storage is similar to the design of a crane
with a regenerative braking system [58]. Figure 6 shows a schematic diagram of a gravity-
based energy storage system using a suspension weight. Gravity energy storage generally
consists of four major components, namely mine shafts, the suspended weight, an induction
motor, and an inverter. The motor and inverter can be implemented in parallel to reduce
their size. The energy charging and storage process occurs by lifting suspended weights
using electrical energy from the grid. Meanwhile, the discharging process takes place by
releasing the masses with regenerative braking in order to drive the motor, which converts
the potential energy of the suspended weight into electrical energy, and then the electricity
generated is connected to the grid or the electrical power system.

Suspended weight energy storage is a very promising technology. The following
observation supports this. According to [59], in Poland, the average mine depth (depth of
vertical shaft) is over 700 m, and the maximum depth is over 1200 m; meanwhile, in China,
the average mine depth is less than 500 m, and in India it is only 150 m. As result, in the
future, the following coal mines could initially be considered for suspended weight energy
storage: Budryk (shaft depth—1290 m), ROW Ruch Ryduttowy (shaft depth—1150 m),
Borynia-Zofiéwka-Jastrzebie Ruch Zofiéwka (shaft depth—1110 m), Borynia-Zofiéwka-



Energies 2021, 14, 6272

10 of 16

Jastrzebie Ruch Jastrzebie (shaft depth—1068 m), Knuréw-Szczygltowice Ruch Knurow
(shaft depth—1050 m), Ruda Ruch Halemba (shaft depth—1030 m), ROW Ruch Marcel
and Ruda Ruch Bielszowice and Pniéwek (shaft depth—1000 m).

Electrical

Network

Motor

Figure 6. A schematic diagram of a gravity energy storage system using suspended weight [57].

6. Comparative Analysis of Electrical Energy Storage

The development of energy storage using abandoned mining infrastructure has sev-

eral advantages and disadvantages. A comparison of the benefits and drawbacks of
electrical energy storage is shown in Table 3. Furthermore, storing energy in an aban-
doned mine usually has greater operating and maintenance (O&M) costs than traditional
storage systems [22], but using abandoned mine areas for energy storage technology has
environmental benefits, and could provide Poland with a flexible energy source.

Table 3. Advantages and disadvantages storage technology [60,61].

. Storage

Name Advantages Disadvantages Duration

Technical maturity High cost
PHES High energy storage capacity Low power and energy density Hours-months

Long life cycle environmental impacts
No Location constraints
Technical maturity Variable efficiency
Underground CAES High energy storage capacity Leakage and Safety issues Hours—months

Location constraints

UGS, hydrogen

High Efficiency
Numerous Sources
High energy storage capacity

High cost
Storage Complications
Leakage and Safety issues

Hours—-months

Suspended Weight Energy Storage

Low Cost
High cyclability
High power availability

Technical immaturity
Low power and energy density
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Well-established storage technology systems, such as PHES, face challenges of limited
land availability and topographical constraints whereby appropriate height and huge reser-
voirs are required [62]. In addition, PHES has environmental impacts on the surrounding
natural landscapes, as well as facing challenges with respect to community acceptance [63].
Meanwhile, UPHES systems that use abandoned mines have a lower impact. However,
UPHES require double the investment cost of PHES, at around 2215 EUR/kW [21]. UP-
HES plants are becoming more expensive because of the technical costs involved in the
construction of underground reservoirs. To build a reservoir for a UPHES system with a
capacity of 450,000 m? costs EUR 127.5 million; this price is much higher than the cost of
constructing a reservoir on the surface, which is only EUR 7.4 million [64].

Underground hydroelectric pumped storage (UPHES) has a working principle similar
to PHES, but UPHES has a water reservoir that is underground. The use of an underground
water reservoir means that the UPHES system does not require a large area on the surface.
The potential energy of the water moves vertically in the ground. Menédez et al. [65],
Winde et al. [21], and Pujades et al. [27] have conducted case studies on abandoned mines
following this working principle. The majority of the costs associated with the use of
UPHES technology are spent on the construction of the underground water reservoirs,
while the remaining costs are used for engineering work and connection to the grid [22].

In contrast to conventional gas turbines, gas turbines in CAES systems have separate
gas expansion and compression processes. CAES systems make available the power supply
of the gas turbine during periods of peak load demand. The use of abandoned mine
infrastructure for CAES systems can result in reduced environmental impact. In addition,
water in the mine area can be used for cooling systems.

The cost of constructing a CAES in a cavern in hard rock increases the initial investment
cost by up to 80% [66]. While the initial investment cost for the CAES technology in a
salt cavern is 282 EUR/kW, using an abandoned mine requires an initial cost of 960
EUR/KW [67]. Construction of CAES in coal mines requires a higher initial investment cost
than salt caverns, because coal mines require the use of additional materials to ensure that
there is no air leakage.

In UGS or PtG technology, there are two types of electrolysis processes for producing
hydrogen gas, namely alkaline and polymer electrolyte membrane (PEM). Based on re-
search in [68-71], the total investment cost to be able to produce hydrogen gas through the
PEM electrolysis process is twice as high as that for the alkaline process. The UGS system
or hydrogen fuel cells require total capital costs of 500-10,000 EUR/kW [72]. The invest-
ment price of PtG using an alkaline electrolysis process is around 1000 EUR/kW, which is
equivalent to 5060 EUR/m3H?, and this price is also influenced by the characteristics of
the PtG system, such as pressure and size or volume [68,70,73].

In analyzing the use of energy storage systems technology, it is necessary to assess
the characteristics of the technology to be used (Table 4). This is because each power
plant has its own unique characteristics and requires different integration requirements for
connection to the grid system.

There are recent publications and projects in several countries related to energy storage
that may be applicable to abandoned mines in Poland. A preliminary investigation into
the use of an abandoned mine in Germany for UPHES was conducted [81]. UPHES was
mentioned in a recent Dutch study on energy storage, although only conventional PHES
was considered in the calculations [82]. Energy Vault, the Swiss company that developed
the suspended weight energy storage structure, has already initiated a test program for
the first commercial installations that are expected to take place in 2021 [83]. Another
project, HyPSTER, is testing large-scale green hydrogen generation and underground
storage in French salt caverns [84]. Lutynski [30] focused on the potential benefit of
implementing CAES systems in abandoned mines in Poland and compared this to natural
gas storage in abandoned coal mines. Another review investigated the technological,
geological, and physical difficulties of underground hydrogen storage in the UK, as well
as the locations of salt deposits, and legal and economic considerations [85]. The research
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in [86] investigated the potential benefits of UPHES in the Dutch power system, and laid
the groundwork for comparing UPHES and battery energy storage (BES) performance in
the Dutch power system.

Table 4. Energy storage technology, PHES, CAES, UGS and Suspended Weight.

Storage Energy Den§ ity Power Density Power Capacity/ Lifetime Cycle Efficiency
Technolo (Volumetric) (kW/m?) Duration (Cycles) (%)
By (KWh/m®) y
3003 MW /10 h 4
0.2-2 [61] 0.1-0.2 [61] 18 min [74] >0.5 x 10* [61] 65-85 [61]
PHES 0.5-1.5[75] 0.5-1.5[75] 104-3 x 10%* [62] 70-80 [61]
0.5-1.3 [76] 0.01-0.10 [76] 3003 MW /10 h 1046 x 10* [76] 70-85 [75]
0.4-1.1[77]
CAES 2-6 [61] 0.2-0.6 [61] 290 MW /2 h [78] >10% [61] 41-75 [61]
3-6[75] 0.5-2 [75] 10%-3 x 10* [65,76] 60-90 [76]
0.4-20 [76] 0.04-10 [76] >10% [61]
UGS, hydrogen 500-3000 [74] 1MW /27 h [79] >103 [74] 20-50 [74]
Suspended Weight 40 MW /15 min
Gravity Storage 1.06-1.6 [55,80] 3.13 [54] [60] 700 [59] 80-90 [54]

7. Conclusions

This paper reviewed and compared the technology available for redeveloping aban-
doned mine shafts in Poland for the purpose of electrical energy storage. Poland has
many abandoned mines, and it is predicted that their number will increase in the future.
Using Poland’s abandoned mining infrastructure for energy storage plants has numerous
advantages. By converting abandoned mines into assets that can generate electricity, offer
new power sources, and assist in the transition from high-emission conventional fossil fuel
power plants to low-emission renewable energy, the abandoned mines in Poland have the
potential to become more profitable. Redeveloping abandoned mines as electrical energy
storage systems could be a way of improving congestion in power system distribution and
providing a flexible energy supply to counter the intermittency effects resulting from the
increasing penetration of renewable energy sources in Poland. Moreover, electrical energy
storage systems could support Poland’s program of energy transition towards clean energy,
open opportunities for new jobs, and save the environment from post-mining challenges.

Comparisons of the implementation of PHES, CAES, UGS and suspended weight
energy storage technologies in abandoned mines in Poland were discussed. These energy
storage technologies are potentially favorable for further exploration for implementation
in abandoned mines in Poland. Different types of energy storage technologies are suitable
for specific applications. Among the energy storage types, suspended weight energy
storage is likely to be the cheapest energy storage option and requires minimal land-use.
PHES and CAES systems seem to be preferable due to their high storage capacity, while
UPHES, UGS and suspended weight energy storage are feasible and promising storage
technologies, but still require further research and feasibility studies, because they are
still immature concepts and have certain problems that need to be overcome before a
completely functional technology can be developed. Hydrogen energy storage systems or
UGS could result in large changes to the current energy system.

The redevelopment of closed mines as electrical energy storage plants in Poland has
significant advantages compared to the use of conventional systems. The conversion of
abandoned mines into energy storage would provide assets and new energy resources
for Poland, rather than residual or other problems. Nevertheless, surveys and feasibility
studies are required to obtain a more detailed understanding of the challenges involved in
redeveloping abandoned mines, and to choose the most appropriate electrical energy stor-
age technology in accordance with the conditions of the mines in Poland. The application of
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energy storage systems in abandoned mine projects is interesting—particularly in Poland,
which is predicted to have many closed mines in the future—with the aim of switching
them from high-emission conventional fossil fuels to low-emission energy sources.
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