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In the current energy transition, there is a growing global market for innovative ways to generate clean energy.
Storage technologies are potential and flexible solutions to deal with the intermittent nature of renewable re-
sources. Closed mines can be used for the implementation of plants of energy generation with low environmental
impact. This paper explores the use of abandoned mines for Underground Pumped Hydroelectric Energy Storage
(UPHES), Compressed Air Energy Storage (CAES) plants and geothermal applications. A case study is presented
in which the three uses are combined in just one mine. This preliminary study allows estimating an electrical
energy generation of 153 and 197 GWH year ! at the UPHES and CAES systems, respectively, and a thermal

energy generation of 0.41 GWh year ! at the geothermal system, with a total cost of 358 M€. An underground
closed mine can be used to store energy for re-use and also for geothermal energy generation, providing com-
petitive renewable energy with a low CO, footprint. These initiatives aid to ensure sustainable economic de-
velopment of communities after mine closure.

1. Introduction

Global energy demand is set to grow by more than a quarter to 2040
and the share of generation from renewables will rise from 25% today
to around 40% [1]. This is expected to be achieved by promoting the
accelerated development of clean and low carbon renewable energy
sources and improving energy efficiency, as it is stated in the recent
Directive (EU) 2018/2002 on energy efficiency. The European Com-
mission has pledged a 27% share of renewable energy production as a
target for 2030 [2]. Around 17% of primary energy consumed in Spain
comes from renewable sources, mainly hydroelectric and wind, by
means of facilities of the past decade [3]. Large scale implementation of
renewable capacity can result in irregularities in electricity supply
produced by sudden changes in wind speed or solar irradiance, so
flexible generating capacity technologies are demanded [4,5]. Ac-
cording to the Paris Climate Agreement, all electricity generation
should be decarbonized by 2050; since investments in this sector are
usually carried out with a 20-25 year planning, there is no time to lose.

The role of mining is significant in the current globalized economy,
hungry of resources, so pioneering and sustainable post-mining tech-
nologies to reduce environmental impacts and generate new resources
(clean energy and water) will be demanded. The extraction of mineral
resources from underground deposits require shafts and extensive
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galleries to access the mineralized areas. After mining, these voids
(which were usually partially waste filled) are usually left to be flooded,
but often perpetual costs related to pumping to keep a safe water level
or water treatment have to be maintained, becoming long-term li-
abilities. The recharge water frequently needs to be pumped to the
surface and treated at significant cost, constituting a large economic
burden on current and future generations. Innovative technologies for
sustainable post-mining solutions include the geothermal use of mine
water and the pumped energy storage using the mine infrastructure,
taking advantage of the deep mine shafts and voids, and the pumping
installations.

Worldwide, the estimate of the number of abandoned mines exceeds
one million [6]. Fig. 1 shows the main coal mining areas and salt de-
posits in Europe. Lignite is predominantly mined in open pits while
hard coal mines include both surface and underground operations. Salt
caverns are widely used for natural gas storage and currently in Europe
there are over 141 storage facilities accounting for over 98,168 Mm?® of
natural gas storage [7]. Underground energy storage and geothermal
applications are applicable to closed underground mines. Usually,
UPHES and geothermal applications are proposed at closed coal mines,
and CAES plants also are analyzed in abandoned salt mines. Geothermal
power plants require flooded mines, which generally have closed more
than 5 years ago. Conversely, UPHES and CAES plants should be
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Fig. 1. Location of main coal mining areas and salt deposits in EU [13,30].

installed in mines which are not completely flooded. Mountain mines
are not considered for these purposes. Besides, some mines are adapted
to become museums and/or educational centers.

It has been estimated that 3000 MWt of heat energy is available in
the waters of flooded coalfields of Europe [8]. In Germany, about 160
mines in the Ruhr area exploited more than 150 million tons of coal, but
the last two mines in Bottrop (Prosper Haniel mine) and Ibbenbiiren
closed in 2018 [9]. The deepest coal pits in Germany reach depths of up
to 1800 m [10]. Although depths above 1300 m are reached in the Ruhr
area (e.g. in Zeche Prosper-Haniel [11]), the majority of the coal mines
are 500-1000 m deep. Regarding other EU countries, in Poland there
are several active underground coal mines, in Spain there is only one
active underground coal mine and in France, the last coal mine closed
in 2004. Table 1 shows the main potential underground mines in UE
valid for energy storage and geothermal applications.

Pumped storage power plants and compressed air energy storage
plants have been in use for more than a hundred and forty years, re-
spectively, to balance fluctuating electricity loads and to cover peak
loads helping to meet the growing demand for sustainable energy, with
high flexibility. The system increases revenues by selling electricity
during periods of higher demand, when electricity prices are highest,
and they allow to store intermittently provided energy, such as solar or
wind, which have a continuous growth. Those systems designed using

mine (infra)structures are particularly advantageous, provided that
certain requirements, such as sufficient storage capacity and stability,
are met. On the other hand, the use of abandoned mines for geothermal
heat recovery by means of heat pumps constitute a versatile and
practical alternative for the heating and cooling of buildings, having a
low CO, footprint.

In this paper, the literature on underground energy storage using
closed mines, as well as that for the geothermal use of mine water is
reviewed. Finally, the theory is applied to a coal mine in NW Spain, as a
case study.

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

A classical pumped-storage plant is stablished between an upper
reservoir and a lower reservoir (or e.g. a river) connected by a driving
line and a pump-turbine unit. During off-peak times (at night) the water
is pumped from the lower reservoir to the upper reservoir using elec-
trical energy from the grid, and during peak demand times (at some
hours during the day), the water flows back into the lower reservoir
through turbines to produce electricity which is fed back into the grid
[31]. The plant is a net consumer of energy, due to the losses of the

Table 1
Potential underground mines in EU for energy storage and geothermal applications, according to published data.
Country Number of mines State Depth range (m) Water outflow (Mm® year 1) References
France 81 Flooded 500-1200 120 [12,14-19]
Germany 23 Flooded 200-1800 48-54" [12,13,20-22]
4 Non-Flooded 200-1300
Poland 28 Active 300-800 209 [12,13,23-25]
26 Flooded 300-800
Spain 36 Flooded 200-700 37 [12,13,57,82]
12 Non-Flooded 300-600
UK 64 Flooded 300-1200 N/A [12,13,26-29]
2 Ruhr Area.
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pumping, friction, etc.; the energy storage efficiency (quotient between
the energy supplied and the energy taken from the grid) is usually in the
70-80% range [31-35]. However, the profit of this scheme lies on the
price difference between the consumed low-cost surplus off-peak elec-
tricity and the generated peak electricity, which is sold for a higher
price, and this tariff difference is expected to last in the medium term.
Leaving aside other costs, if the efficiency is e.g. 70%, the energy selling
price must be 1.4 times higher than the off-peak price, for the system to
be economical. Pumped storage power plants store electricity in the
form of potential energy of the water, when it is pumped from a lower
to a higher elevation and this potential energy can be converted back
into electricity during demand peaks. The storage capacity is related to
the height difference and the volume of stored water [36]. These sys-
tems complement net-energy producing systems, since they allow
saving excess energy from continuous base-load sources, such as coal,
gas, oil or nuclear and from fluctuating or intermittent sources, such as
wind, tidal or solar power [34]. Pumped storage is the largest-capacity
form of large-scale energy storage available, which is essential for en-
suring grid stability and supply security when conventional fuel is re-
placed by renewable energy sources [32,37] and to cover peak load
demand in an unstable energy environment [38]. In addition, the re-
sponse time of the Pumped Hydroelectric Energy Storage (PHES) to
deliver energy to the grid is very short compared to conventional power
plants. Chen et al. [39] estimate that above 70% of the excess energy
generated by conventional plants can be reused via PHES plants, and
now they account for 99% of bulk storage capacity worldwide, around
180 GW [34,40]. Extensive energy storage technology reviews are
provided in Refs. [41-46], in addition to other references already
mentioned in this section.

2.2. Underground Pumped Hydroelectric Energy Storage (UPHES)

A further expansion of surface pumped storage power plants is
limited by their topographic requirements (available elevation differ-
ence between the both reservoirs) and by their public acceptance in
relation to the land use and the associated environmental impact [36].
In that sense, these systems can be designed so that the lower reservoir
(and even the upper reservoir) are underground (UPHES). This concept
was firstly proposed by Fessenden in 1910 [47]. The advantage is not
economic but the installations are not visible and there is no need to
construct dams occupying scenic mountain areas [38]. In addition, the
lower reservoir can be placed directly under the upper one, so the
horizontal distance between the reservoirs the length of the water
conduits are minimized [48]. The head difference is usually higher than
in PHES systems, so smaller reservoirs can generate the same amount of
energy [49]. Interesting discussions about UPHES can be found at
[50-52]. Although the lower reservoir can be drilled, underground or
open pit mines can be used for that purpose [53-55], being proposed by
Harza in 1960 for the first time [56].

The capacity P (W) of a pumped-storage plant can be obtained from
the general equation:
P=pgQH @
where p is the density of water (1000 kgm ~3), g is the acceleration due
to gravity (9.81 m s7?), Q is the discharge through the turbine m3s™Y),
H is the net hydraulic head, discounting the head loss (mH,0), and 1 is
the efficiency of turbine and generator, which is usually around 90%.
The size of the smallest reservoir controls the duration that the dis-
charge can be maintained, and the energy delivered per cycle [48].
Since Q is the relation between the water volume (water storage ca-
pacity of the smallest reservoir) and the time (operational hours), the
storable amount of energy, in MWh, depends only on the water storage
capacity and the net hydraulic head, H (Fig. 2a). Fig. 2b shows the
output power of the Francis turbine, considering a cycle time at full
load of 4 h.
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2.3. UPHES plants using mine structures

Hydroelectric energy can be produced and stored using inactive
underground mines, so that the pumped storage is stablished between a
reservoir set on the surface or in the upper levels of the mine and a
lower reservoir in deeper parts of the mine by the use of the mine shaft
equipped with turbines. The main components can be located under-
ground (both reservoirs, the cavern containing the hydroelectric energy
generator, the electric supply lines and the return lines connecting to
the grid), but a hybrid system, whose upper reservoir is at the surface, is
preferred. This variant is more effective, since it has a greater storage
capacity, due to a higher height difference between reservoirs, and the
cost associated to the underground work is reduced, too [36].

These UPHES systems provide additional advantages: the voids are
already excavated, the mineshaft is ready to access the mine levels,
where other tunnels can be excavated if necessary, and the mine has its
own underground pumping infrastructure (pumps, pump chambers
connected to the grid, pipes and dams that could be used by a UPHES).
Also, if the continuous ingress of infiltrated water is balanced by cor-
responding discharges, the abandoned mine voids are kept dry and
accessible, preventing them from being flooded with water that may
end up being polluted and in need of treatment [38,57]. Even when the
pumping has to be maintained, the associated costs can be compensated
by the energy generation. Most UPHES are designed to be operated as
closed water loops, but open systems are also possible: using an aquifer
as lower reservoir or allowing that natural recharge feeds the system
while surplus water is pumped back to the surface, so mine flooding is
prevented, as well as water contamination [38]. Moreover, the pro-
posed systems can be combined renewable energy storage, such as wind
and solar power and with geothermal energy exploitation, taking ad-
vantage of the temperature of the deep mine water and also they can be
combined with a system of mine water use as a water resource, for
drinking supply, agricultural or industrial use.

Not every mine is suitable for this application. Exhausted mines are
preferable to those that house still mineable deposits. Moreover, sta-
bility is a decisive factor, so that mines where dissolution processes can
occur (such as evaporite deposits), or those where explosive gasses or
toxic substances could be released, should be avoided [36,58]. Recently
closed mines are preferable to the old ones, because in the former the
morphology of the mine is better known. Even those mines that have
been sealed can be retrofit, resuming the pumping and restoring the
shaft, from which the necessary cavities are excavated. Furthermore, it
is desirable that the selected mines are located in populated areas, so
there are close energy end-users, which could benefit from the system.
On the other side, old mine infrastructure is often preserved as in-
dustrial-historical heritage, and this might difficult its use for a UPHES.

The mine voids (galleries, porosity left after mineral extraction, etc.)
could serve as lower reservoir of the UPHES, but the geological-geo-
mechanical characteristics of the enclosing rocks, as well as the oper-
ating conditions (e.g. pressure variations) must be analyzed thoroughly,
because they can compromise the stability of the underground openings
[58]. This is particularly the case of the workings in the upper levels,
where the oldest infrastructure in the mines is located. Thus, drilling a
new network of tunnels postulates as the most technically feasible al-
ternative for the lower reservoir [57,59]. Bodeux et al. [53] and Pujades
et al. [49] model the influence of the UPHES to groundwater flow due
to the oscillation of the water level. Menéndez et al. [60] model dif-
ferent designs of the tunnel network constituting the reservoir to ana-
lyze their behavior.

Although there are not many examples of UPHES using mine
structures and there are still no full-scale systems in operation, some
technical and feasibility studies have been published. The recently
closed Prosper-Haniel hard coal mine in North-Rhine Westphalia
(Germany) is set to turn into a 200 MW UPHES plant. In this project, 1
million m® of water will be allowed to plunge 1200 m, turning turbines
at the bottom of the colliery's mine shaft, meaning a storage capacity of
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Fig. 2. a) Energy storage per cycle of an UPHES as a function of water storage and net head, considering an efficiency of 90, 98.5 and 99% for the turbine, the
alternator and the transformer, respectively; b) Power generated considering a cycle time at full load of 4 h.

3 GWh [61], although other sources give much conservative values for
realistic scenarios of use [62]. In the case of Germany, a theoretical
total output of 10 GW and a storage capacity of 40 GWh in the suitable
mine structures, are estimated [36]. The additional advantages found
when these systems are applied to the deep and stable South African
gold mines, such as preventing mine water treatment, were studied by
Winde et al. [38], who provide a comprehensive and interesting study
about the applicability of mines for UPHES. The same publication
mentions previous encouraging surveys conducted by the main elec-
tricity provider company in South Africa to explore potential high head
underground pumped storage in mines, which was ultimately not per-
formed due to geological reasons. Previously, other authors had delved
into this topic, such as Uddin [63] who designed an UPHES in a lime-
stone mine in the USA and Braat et al. [64] who proposed to install an
UPHES in the Netherlands, among others.

2.4. Economic efficiency

While wind and solar technologies have become cheaper over time,
energy storage costs have remained high. The UPHES require a big
initial investment difficult to assume for governments or energy com-
panies; e.g. the estimated cost for the Prosper-Haniel project is a 500 M
€ [62]. Wong [48] estimates that the capital costs for a pumped storage
plant are similar to those of an oil-fired plant of analogous size. The
largest investment cost of a UPHES in a mine is underground work,
followed by engineering and grid connection. Meyer [36] estimates that
underground work increases costs up to 1400€ per kW more than
aboveground pumped storages, so hybrid systems, with the upper re-
servoir at the surface, are preferable -as long as they are publically
accepted-. The specific investment costs of a potential UPHES system
planned for the Grund mine (Germany) are approx. 1800 € kW™ ! at a
storage capacity of 400 MWh and a pilot plant would cost 180 million €
[36]. The costs for the Ingula project (South Africa) are about 1080 €
kW™ at a storage capacity of 21,000 MWh and the plant would cost
almost 8 times more than the German one [38]. These values are in
accordance with those stated by Madlener and Specht [54], who esti-
mate that the specific capacity costs for UPHES in coal mines vary
between 1300 and 2000 € kW™, being 2215 € kW ™! a conservative
value calculated in this work. The peak to off-peak price differences in
the tariff for big consumers usually renders UPHES economically viable
over the entire year. According to the first study, the technical aspects
will not determine the investment, but the uncertainty of the future
evolution of the legal framework of the energy market. Notwith-
standing, the current transition to clean energies, as well as other
macroeconomic aspects, such as the eternal pumping costs in the closed
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mines, the environmental benefits or the potential development of so-
cially depressed mining areas, should be taken into account when
studying the viability of a UPHES system in a mine. These systems could
aid to face both the long-term the temporal fluctuations of the electrical
power supply systems, for which large energy storages are needed, and
the short-term fluctuations, thanks to the flexibility and black-start
capability of UPHES.

3. Compressed air energy storage
3.1. Underground compressed air energy storage (CAES)

In addition to UPHES, compressed air energy storage (CAES) sys-
tems allow storing a great amount of energy underground, so power
generation can be detached from consumption. In this case, the po-
tential energy of a compressed gas (air) is stored in large storage tanks
or underground voids. The air pressure is increased by means of elec-
trically driven compressors, which convert the electric energy into
potential energy [65,66]. Like PHES, this technique has been known for
a long time (it was seriously investigated in the 1970's [67]), but it is
attracting much attention recently as a way to compensate for the in-
termittency and unpredictability of power generation from renewable
energy sources [68]. Both types of energy storage are proven to be
sustainable and they have a similar scale and cost (500-2000 € kW 1),
high capacity and long duration of the storage (hours to months). CAES
has low maintenance and it is less restricted by the availability of sui-
table locations, but PHES technology is more mature and it has a longer
lifetime (40-60 years, compared to 20-40 years for CAES) and usually a
higher power rating [69,70].

A CAES system also take advantage of the difference between the
peak and off-peak prices, so applications include: peak shaving, spin-
ning reserve, reactive power compensation or VAR support and arbit-
rage. CAES plants can provide significant energy storage (in the thou-
sands of MWh's) at relatively low costs; they are flexible for providing
load management, capable of black start, have fast startup time (they
can be brought to full load in less than 10 min) and work efficiently at
part load [67,71]. When the energy demand is low, the compressor is
typically driven by surplus electricity to produce compressed air, which
is stored in a reservoir. When the demand is high, the compressed air is
released to drive a turbine, which in turn drives a generator to provide
supplement electricity to the grid (the potential energy of the pressur-
ized air is converted to electrical energy). A gas gets warmer when it is
compressed, and it gets cold when it expands. To improve the effi-
ciency, the temperature of the air can be reduced during the com-
pression process (the compressors have cooling fins), and preheated in a
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combustion chamber before the turbine, since its outflow can be nearly
cryogenic [65,70]. There are three types of CAES systems: i) Adiabatic
or A-CAES: the heat generated through the compression is used to pre-
heat the compressed air, and the cold energy generated by the expan-
sion is used to pre-cool the compressor. ii) Diabatic or D-CAES: a sim-
pler approach which does not include heat exchange, so the heat gen-
erated by the compression is released to the atmosphere and the
compressed air is pre-heated in a combustion chamber, generally
through the combustion of natural gas. iii) isothermal: a quasi-constant
temperature is maintained by constant heat exchange to the environ-
ment, so the air is compressed to a higher pressure and the expansion
does not require gas combustion to deliver energy, but they are only
practical for low power rates [70]. Adiabatic systems are more efficient
(70%) and less dependent on fossil fuels, so they are the preferred de-
sign, since the storage space can be compressed adiabatically with little
temperature change and heat loss [67]. Notwithstanding, in adiabatic
plants, the storage issue is more significant since larger amount of air is
required for generating the same amount of energy of a diabatic CAES
[72].

In a D-CAES, the compressed air from the reservoir is mixed with a
fuel (natural gas) in the combustion chamber and drives the gas tur-
bine. The power generated by the gas turbine and required by the
compressor can be obtained from the following equations:

W/} = (g + Mng)-(hea — heZ) 2

"VC = nitg*(hea — her) 3

Where W; and W, are the power generated by the turbine and re-
quired by the compressor, respectively (kW), i, and riyg are the mass
flow of air and natural gas, respectively (kg s™1), (hei-hey) is the dif-
ference of the enthalpies in the process of expansion in the gas turbine,
and finally (h.o-h.) is the difference of the enthalpies in the process of
compression in the compressor, during charging operations.

The storable amount of energy depends mainly on the capacity of
the underground reservoir and the design of the power plant.
Considering natural gas with a High Calorific Value (HCV) of
12,500 kcal kg ™! as the fuel to reheat the compressed air, Fig. 3a shows
the energy generated as a function of the volume of the underground
reservoir and the temperature of the gas turbine influent. The power
depends also on the discharge time of the compressed air stored in the
reservoir. If the cycle time is low, the mass flow rate and the power of
the gas turbine increase (eq. (2)). Considering a discharge time of 8 h
per cycle, the output power of the gas turbine is shown in Fig. 3b.

A single 300 MW CAES plant requires about 620,000 m® of storage
space, yielding 8 h of electricity [67]. The storage of a CAES plant
should be located in a stable geologic formation deep enough (to safely
operate at the required pressure), which must be well sealed (to prevent
the air from leaving the storage) and able to withstand the repeated
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pressure cycles. The formations should provide the required storage
volume at the operating pressure and be permeable to permit the de-
sired flow rates. Compressed air is usually stored underground in salt
caverns, hard rock caverns (more prevalent), voids or porous rock
formations (saline aquifers) [71]. In Europe, the underground storage in
abandoned limestone or coal mines, which have the potential to be
outstanding storage sites, is considered [66,67]. These sites have a re-
visable history of operating conditions, with high storage capacity,
available infrastructure and excellent permeability, but it should be
relatively close to potential end-users [67]. The very low permeability
and self-healing nature of rock salt guarantee its tightness, whereas it
has to be ensured in rock caverns, which might require linings or hy-
drodynamic containment [73-77]. Storage inside coal mines is feasible
if the drifts and shafts are correctly sealed, to prevent air leakages and
separated from the remaining coal seams, to avoid combustion of coal,
collapse or deformation. Overburden integrity and drift stability, as
well as water inflow should be carefully controlled. To ensure stability,
reduce the likelihood of air leakages, and avoid air contamination, e.g.
with mine dust, the cavern surface exposed to rock can be covered with
about 5 cm of reinforced shotcrete. Moreover, it can be lined with an
impermeable high-strength membrane, such as glass-fiber [73] or air-
tight sheets of very low-permeability polymeric materials, such as butyl
rubber [78]. An advantage of coal mines is that they are often located
near power plants, so the energy transport lines are reduced. In addi-
tion, the underground geology is known in detail and the cost is re-
duced, since the voids have been already excavated and there is a large
surface area available for the installations. In fact, abandoned coal
mines have been efficiently used for natural gas and CO, storage
[66,67]. The environmental concerns of a CAES plant are reduced, since
the system is underground, the combustion turbine emissions are di-
luted with the output of the air cycle, humid air injection lowers NOy
emissions, and limited water volume is required [67].

There are only a few CAES plants in operation. This probably due to
the limitations for the site selection (presence of caverns and favorable
geology), the energy losses, and the required additional heating in the
expansion process [67]. The first utility-scale CAES system, the 290 MW
Huntorf plant, was constructed in Germany in 1978; more than
310,000 m® of compressed air is stored at pressures up to 70 bar in two
salt caverns, located up to 790 m below surface. This plant needs 12 h of
off-peak energy to fully recharge, and it is capable of providing full
power output for up to 4 h and some extra energy for another 10 h. The
second plant, the 110 MW McIntosh plant, was built in 1991 in USA.
Almost 540,000 m® is stored at pressures up to 75 bar in a salt cavern
760 m deep. This plant can deliver full output for 26 h and since waste
heat is recovered, fuel consumption is reduced 25% compared to the
Huntorf plant, which combusts natural gas prior to expansion. The
availability and reliability is above 90% for both plants [65,67,71].
Other projects have been developed mainly in the USA and China

CAES - Output Power Gas Turbine (MW)

1200

= -
= =
(= w
o o

Gas Turbine Inlet Temperature (K)
S
wv
o

1000

0.05 0.1 0.15 0.2 0.25
Underground Reservoir (Mms)
b)

Fig. 3. a) Storable amount of energy per cycle of a CAES plant as a function of the capacity of the underground reservoir and the turbine inlet temperature,
considering a turbine efficiency of 78%; b) Output power of the gas turbine considering a cycle time at full load of 8 h.
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[70,79], highlighting the hybrid systems, such as the wind turbine-air
compressor, which instead of generating electricity, pumps air into
CAES, so technical and economic efficiency is improved by eliminating
the intermediate electrical generation between the turbine and the air
compressor. The lowa Stored Energy Park was planned to integrate a
wind farm with underground CAES, so the excess wind would drive a
compressor and be stored underground in a sandstone aquifer for later
use, but after years of study it was concluded that this aquifer is not
suitable for CAES [65]. Some authors have modelled CAES systems in
order to accurately estimate the storage capacity of a certain cavern
volume [68] or the safety of the rock mass against uplift failure at high
pressure [80].

3.2. Economic efficiency

The requirement of additional energy (usually natural gas) in the
expansion process -to ensure that maximum energy is acquired from the
compressed air-is the major drawback of CAES systems. It is estimated
that 1 kWh worth of natural gas is required for every 3 kWh generated
from a CAES plant. Thus, the economics of CAES could fail as natural
gas prices increase. Notwithstanding, a CAES requires 67% less gas than
a gas turbine generator for an equivalent amount of electricity [67] and
investment in a diabatic CAES used for load-levelling purposes is the
most economical option [70]. Conventional CAES systems have a
higher profitability than UPHES plants in a market with low fuel price
[72].

For plants with energy storage above 100 MWh or 5h of capacity,
underground storage is more cost-effective. Above ground storage (in
gas pipes or pressure vessels) is practical for plants with less than
5-10h of storage [67]. The project lead times for CAES plants range
from one to three years, depending on the size. CAES plants start re-
liably more than 90% of the time and have 95% operating reliability,
showing a good income effect and a good response to the expected risk
[81]. A typical 100 MW CAES plant would have an 85% efficiency and
cost about 1000 € per kW of storage, with a life of 30 years, and a pay-
back period of less than 10 years, but the capacity reduces to 650€ per
kW for a 300 MW plant [67,71,81]. In this work, a cost of 960 € kw~?!
has been considered. Though emerging battery technologies also pro-
vide wind-balancing services, their capacities and storage volumes are
smaller than those of CAES and UPHES plants, with higher costs [71].

4. Geothermal heat recovery
4.1. Geothermal plants using mine water

Closed and flooded mines provide underground reservoirs of mine
water that can be used as a geothermal energy source. Since mining
induces fractures in the rock mass, the infiltration of rainwater from the
recharge area is enabled, so an intense pumping had to be maintained
when the mine was active [82]. This pumping is typically stopped when
the mine is closed, leading to the gradual flooding of the mine voids or
the so-called groundwater rebound [83]. In the course of the mine
flooding, water level rising depends directly on the recharge flow and
indirectly on the void volume [82,84,85]. Since uncontrolled dis-
charges of mine water at the surface (through the lowest mine adit or
any permeable material hydraulically connected with the flooded mine)
are not desirable, pumping is usually resumed and adjusted so the
discharge equals the recharge to keep a permanent flood level. This
created underground reservoir can be regulated and can be given sev-
eral uses: geothermal and hydraulic energy generation, industrial or
drinking water supply, support of rivers’ ecological flow, etc. [82,86].
Mine water is not simply to be perceived as a problem, since it can be
regarded as an energy or water source.

The geothermal potential of mine water is widely recognized, and
increasing research is being undertaken at mines around the world,
especially in coal mines [86-93]. Although most of this research has not
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crystallized in full-large scale operating systems, there are some re-
levant projects in operation in coal fields, such as the Minewater Pro-
ject, at Heerlen, The Netherlands [94] and the complex geothermal
application developed in Mieres, NW Spain [89], which is mentioned
later. Hall et al. [86] and Peralta et al. [95] review geothermal projects
using mine water around the world.

The temperature of mine water flooding underground mines is
isolated from seasonal variations, so it is fairly stable and high enough
to be used for geothermal applications. The underground network of
galleries and other mine workings can be hundreds of meters deep and
they act as an extensive heat exchange interface with the enclosing
warm rocks [96]. The water that floods the mine is therefore warmer
than the ambient air, and it is stored in the mining reservoir in great
quantities. Since the hydraulic conductivity of the reservoir is elevated,
due to the created voids and the increased porosity by fracturing, very
high water yields can be achieved [96]. Hence, flooded mines have the
potential to provide space heating and cooling, by means of heat
pumps.

Heat pumps capture the heat from a cold source (mine water in this
case) and transfer it to a hot source (e.g. water of the heating circuit, by
means of a heat exchanger). The captured heat is used to evaporate a
refrigerant, whose temperature is increased by compression; then, the
heat is released in the exchanger, and the refrigerant's temperature is
reduced again with an expansion valve, so the cycle closes. This cycle
can be reversed to provide air-conditioning. The heat pump efficiency is
expressed by the coefficient of performance (COP), which is the rate of
heat produced by work supplied. A mine water geothermal installation
by means of heat pumps will be more efficient the smaller the difference
between the temperature of the mine water and the delivered tem-
perature, and the higher the COP of the heat pump, since less energy
will be needed to reach the heating or cooling requirements [95]. The
success of the system is also influenced by the convenience of mine
water in sufficient quantity (available and sustainable water flow, re-
servoir capacity) and quality, with a stable temperature, as well as
heating/cooling demand near the mine [96].

The thermal potential of the cold source is [97]:

Pc = AT-F-SH-p @

where AT is the difference of temperatures of mine water going in and
out of the evaporator, F is the pumped flow, SH is the specific heat of
the water (4186.8J kg—1 ™Y and p is the density of water
(1000kg m™3).

The thermal potential of the warm source is:

Pw = Pc-COP-(COP — 1)} 5)
Thus, the work contributed to the compressor of the heat pump is:
We = Pw — Pc = Pw-COP! (6)

Heat transference from the mine water to the heat pumps can be
achieved through different configurations [86]. The most common and
simplest are the open-loop systems, in which the mine water is pumped
out of the mine and discharged after capturing heat (heating mode) or
releasing it (cooling mode). In some cases the spent mine water is re-
injected back into the mine, in a separated location to avoid affecting
the temperature of the abstracted water, and causing a decline of the
efficiency of heat extraction [96]. In the closed-loop systems the heat
exchanger is submerged in the mine and a working fluid is circulated to
take the heat from the mine water, without contacting it [95]. In the
open-loop systems water is usually pumped from the vertical mineshaft.
Stratification breakdown due pumping allows for mixing of waters of
different temperatures and can potentially lead to negative effects on
the thermal resource [98,99]. Numerical models can be used to define
the hydrogeological behavior of the mining reservoir and to predict the
long-term temperature of the water under different scenarios of ex-
ploitation [98,100], in order to define the suitability of flooded mines
as a sustainable thermal resource.
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4.2. Economic efficiency

The most efficient geothermal systems are those providing heating
and cooling simultaneously, particularly those installed in large build-
ings with similar heating and cooling demands over an annual cycle,
such as a hospital [89]. This balanced use allows reaching a high COP of
the heat pump and avoids extreme temperatures and the long-term
depletion of the geothermal reservoir. The distance of potential users to
the mine is a critical efficiency factor, since the cost of pipelines and
heat loss can negate the energetic and financial viability of the whole
system [96]. A possible solution is to drill a well to reach a gallery to
access the mine water, instead of pumping it from the mineshaft, as
usual. For a district heating it is possible to install heat pumps in each
single building to cover the specific heating requirements or to install a
centralized heating plant, which is cheaper. Jardén et al. [89] studied
the possibilities of district heating around a coal mineshaft in Asturias
(NW Spain) and concludes that a low-temperature network could pro-
vide 20 GWh per year for hot water supply, and that all the mines in the
region have an annual thermal supply capacity of 260 GWh. Annual
energy savings up to 70% compared to conventional sources, reduction
of CO, emissions of up to 40% per year, and monetary savings up to
20% were achieved in this site [95]. In this work, a cost of 1230 € kW !
has been considered. Floor heating is the most effective heat distribu-
tion method for low enthalpy sources [95]. New construction buildings
are preferable to install adapted heating systems, but the investment in
rehabilitation of old households to improve their efficiency and to be
directly supplied from the mine water network, is returned in less than
14 years [89]. Another issue affecting efficiency is the fouling, clogging,
corrosion or scaling damage that the mine water could cause to the heat
exchanger. Mine water hydrochemistry should be taken into account to
design the installation [101]. The closed-loop configuration is prefer-
able for mines with poor water quality or when not enough water vo-
lume is available [86].

5. Comparative analysis on cost and environmental impacts with
conventional systems

The use of closed mines for the implementation of underground
energy storage plants and geothermal energy plants has important en-
vironment benefits, but usually higher operation and maintenance costs
(O&M) compared to conventional systems. PHES is constrained by to-
pography and land availability because it requires a minimum elevation
difference between the two reservoirs as well as large storage volumes
[102]. In addition, PHES plants are controversial due to their impacts
on landscape, land use, environment (vegetation and wildlife) and so-
ciety [103]. As it was said, in the UPHES using closed mines at least one
reservoir is underground and the pipeline and the penstock are installed
in the existing shaft, so the impacts are lower than those of conven-
tional PHES. Regarding cost analysis, the investment cost of an UPHES
plant (2215 € kW™ is higher than that of a conventional PHES plant
(1080 € kW 1) [38]. The main difference lies in the construction of the
underground reservoir. In the case study presented in this work, where
a reservoir capacity of 450,000 m® is considered, the cost of the ex-
cavation of a surface reservoir is 7.4 M€, while if the reservoir is un-
derground the cost is 127.5 M€. The construction of an underground
reservoir also requires a new access tunnel to the powerhouse, which is
estimated in 24.9 M€. In addition, UPHES plants require maintaining
the ventilation system of the mine, to allow the evacuation of the ex-
isting air in the lower reservoir during the operation of the turbine-
pump [60]. O&M costs are also slightly higher in UPHES plants com-
pared to conventional PHES plants.

CAES systems work under similar principles as conventional gas
turbines, but the compression and expansion phases are decoupled. The
lag time between charge and discharge offers the advantage of having
the entire power of the gas turbine available during periods of peak
load demand. Like UPHES plants, CAES in existing mining voids
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reduces environment impacts. In addition, mine water could be used for
cooling, when wet cooling systems are employed. The creation of a
cavern in hard rock exclusively for a CAES project increases the costs by
as much as 80% [104]. The investment cost of a conventional CAES
plant in a salt cavern amounts to 828 € kW™ [105], while if it is lo-
cated in a closed coal mine the cost increases to 960 € kW . In a coal
mine, the additional costs of measures to avoid air leakages, such as
shotcrete and membranes, should be taken into account. Conventional
systems such as Combined Cycle Gas Turbine (CCGT) can reach a ca-
pital cost of 952 € kW ™! [106].

The geothermal use of mine water by means of high efficiency heat
pumps offers a low carbon alternative to heat and cool buildings located
near closed mines. Submersible pumps located in the mine shafts, cir-
culation pumps and heat pumps (compressor) require electrical energy
to operate. Depending on the COP, the emission factor of a geothermal
plant using mine water could reach 0.048 kg CO, kWh™?, much less
than conventional plants using fossil fuels: natural gas (0.204 kg CO,
kwh™1), diesel oil (0.287 kg CO; KWh™ 1 or electrical energy (0.246 kg
CO, kWh™1) [107]. However, the investment cost of these systems is
higher than that of the conventional systems. The economic feasibility
of a geothermal plant depends on the distance from the mine to po-
tential users. When the distance increases, the investment cost (a pi-
peline network must be installed) and the energy consumption by the
circulation pumps increase, decreasing the overall efficiency. Invest-
ment cost of a geothermal plant with a distance to potential users of
2km amounts to 1230 € kW ™!, much more than conventional systems
such as natural gas condensing boilers, which can be installed in the
center of thermal energy consumption, without pipe network, having
an investment cost of about 120 € KW ™%,

5.1. Uncertainties and risk of using closed mines for energy applications

The use of closured mines for underground energy storage and
geothermal applications implies a number of uncertainties and risks
which should be considered in a detailed feasibility study. The main
risks are related to the use of mine water and underground voids [38]:

e UPHES plants require the construction of large underground re-
servoirs. Seismic activity in the project area and geotechnical im-
pacts of daily shifting of water mass during the operation stage
(turbine and pump mode) should be analyzed. Regarding mine
water, water quality (operation of the Francis turbine and corrosion
issues) and possible impact of droughts should be studied. Closed
mines will continue to be dewatered to maintain the water level
below the powerhouse, implying a significant O&M cost. For
transporting and housing of large equipment (mainly Francis pump-
turbine and motor-generator) new access from surface to power-
house should be built. O&M costs for maintaining deep infra-
structure, including the ventilation system and the underground
structures (shafts, tunnel of access, reservoir) make UPHES less
profitable.

CAES technology is relatively slow in discharging the stored power
capacity. Due to the high compressed air pressures in the abandoned
mines (45-75 bar), geotechnical studies must be carried out. In the
case of coal mines, an impermeable high-strength membrane should
be installed to prevent air leakages. Like UPHES, for safety reasons,
water level should be maintained below the reservoir. CAES design
involves fossil fuel combustion in the turbine chambers to provide
heat during the expansion phase, with the drawback of CO, emis-
sions. Thus, the profitability of the CAES plant depends on natural
gas price.

Geothermal applications are limited to the volume of mine water
available. Geochemical parameters of mine water should be ana-
lyzed, to prevent corrosion and fouling problems in heat exchanger
or heat pumps. The overall efficiency depends on the water tem-
perature. The most significant drawback of using mine water to
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heat/cool buildings is the influence of the distance from the mines to
the potential users. In many cases, the mines are located far from the
urban centers and the projects are not economically feasible.

6. Case study: application to Lieres mine (Asturias, Spain)

6.1. Study area

For more than two centuries, up to 70% of Spanish coal production
came from the Asturian Central Coal Basin (CCB). From late 1980s,
mining has resulted in the closure of most coal mines and the extraction
is bound to end definitely (only one mine is currently open). In the CCB,
mountain mining was first undertaken in general, from the valley level
to the highest coal outcrops. It was followed by underground mining, by
means of vertical shafts and galleries to access and extract coal several
hundreds of m below the valley. The voids generated during decades of
coal extraction have created underground reservoirs, whose hydro-
geological behavior is similar to a karst aquifer. Some of the abandoned
coal mines in the CCB allow the development of different types of
projects for the generation of renewable energy.

This study focusses on the Lieres coal mine, located in the Asturian
CCB (Fig. 4). Mountain mining was developed in the area from the 18th
century, but in 1916 started the underground mining, which lasted up
to 2001. The mine has 2 connected vertical shafts, separated a distance
of 50 m, reaching a total depth of 780 m, with 16 levels. This is the
deepest Asturian mine. This mine was selected for its great depth, be-
cause it is very close to potential consumers and because it is classically
considered as “dry”, so the pumping costs are reduced.

The geology of the CCB consists of a thick sequence of Upper
Carboniferous (Westphalian) sedimentary rocks that includes both
transitional and marine lithofacies (lutites, siltstones, coal seams and
subordinated limestone levels). The Lieres mine is located in the NE
border of the CCB, within the diagenetic domain (vitrinite reflectance
0.5-1% [108]. It is very close to the angular discordance that lays
Cretaceous (Aptian) detrital sediments over the Westphalian coal-rich
series (Fig. 2). Particularly, the bituminous coal layers exploited in this
mine are located in the north flank of a tight anticline, dipping 75° to
the north. From a hydrogeological point of view, CCB Westphalian
series have low permeability [82].

When the Lieres mine was active, an average water flow of
60,000 m® per year was pumped out. It is popularly known as a “dry
mine” at a basin scale, since the recharge received by infiltration is
much lower than in other mines of the CCB, where it is usual to exceed
one million m® of water per year. This relatively low recharge is mainly
due to the presence of fine-grained impermeable Cretaceous sediments,
which does not allow infiltration in the northern part of the mined area.
Additionally, the scarce development of mining works up to a depth of
almost 300 m below the surface avoids that abundant mining-induced
fractures reach the surface and promote infiltration, unlike other mines
in the CCB, which often receive infiltration from loser watercourses
[82]. The mining voids are now being flooded, creating a hydro-
geologically isolated reservoir, due to the low permeability of the en-
closing rocks. In 2012 the water level was at a depth of 500 m and since
then, it is rising very slowly, with an average rate of 19 m per year, so
the mine is currently flooded up to a depth of 370 m from the surface.
The rate of water rise was faster in the first flooding phases, due to a
lower development of mining works at greater depth.

The average annual temperature in Lieres is 13 °C, and the average
rainfall is 830 mm year ~'. The Thornthwaite evapotranspiration is es-
timated in 71% of the precipitation, so the annual effective rainfall is
240 mm. The basin that represents the recharge area of the mining
reservoir, considering the extent of the mine workings, which might
allow water infiltration, extends 8.8 km? (Fig. 4). Thus, assuming that
the pumped flow equals the recharge within that basin, only approx.
3% of the effective rainfall infiltrates in the mine. This value is much
lower than the calculated for other mines in the CCB [82], since the
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outcrop materials in the basin are much more impermeable (and less
fractured) in this case, as already mentioned. According to the mining
company HUNOSA, the galleries in the Lieres mine have a total length
of 242 km. The volume of voids was calculated assuming a midsection
of 10 m? for the galleries and estimating the void left by the extracted
coal, obtaining a final volume of 2.5 million m®, which is the capacity of
the created reservoir. This is the void volume that may be filled with
water after complete flooding, if pumping is not resumed. As it was
previously stated, the groundwater level in the reservoir is gradually
ascending, at a higher rate when there is more precipitation and slower
when the mine levels are reached.

In a deep mine such as Lieres, up to three types of systems (those
already described) could be carried out. Fig. 5 shows a model of global
energetic use inside a closured coal mine like Lieres. Since this mine has
two shafts, the UPHES and the CAES can be combined. The largest
project is the construction of the UPHES; the upper reservoir is located
at the surface, within the mining site, while the lower reservoir is un-
derground, making sure the turbine is above the water level. The
pumped warm deep mine water can be used to provide geothermal
energy for the heating of the households near the mines. Finally, a CAES
plant could be established, using the upper mine galleries for under-
ground air storage; the fact that Lieres is a “dry mine” is ideal for this
type of system. Thus, the abandoned mine facilities are efficiently used
to generate both electrical and thermal renewable energy.

6.2. UPHES system at Lieres mine

The proposed design for an UPHES at Lieres mine includes a rib-
shaped lower storage system that has to be built new (Fig. 6). The
mineshaft, which is not flooded and easily accessible, can be used to
install the penstock, the connection to the electric grid and the venti-
lation system. A new access tunnel to the powerhouse cavern has to be
built from the surface, for transportation of people and materials and as
emergency route. A net of concrete-reinforced tunnels, located above
the powerhouse, constitutes the lower reservoir, with a capacity of
450,000 m®. Transversal tunnels, with a mid-section of 30 m?, and a
total length of 15 km, are arranged on both sides of a central tunnel. A
surge tank can be built in prevention of rapid rises of pressure and to
provide extra water if necessary.

The gross head is 450 mH>0, but a net head of 439 mH,O is con-
sidered (80 m below the current flood level in the reservoir). Below the
lower reservoir, some mine voids are kept dry to create extra water
storage capacity from a possible pipe burst, so any escaping water
circulates down the shaft, preventing the damage of the powerhouse.
Assuming that the systems operates 4h per day at full-load, with a
water flow of 30m>s~?, and a turbine power of 116 MW (eq. (1)),
whose efficiency is 90%, the power generation of the facility per cycle
would be 464 MWh. This value is in accordance to other similar projects
[59]. The power of the pump, whose efficiency is 80% is estimated in
92 MW. The generation of energy would be 153 GWh year ™' and the
electricity consumption would be 195 GWh year ™~ *.

Underground hard-rock excavations are very costly, so the relatively
inexpensive raise-bore technique is preferable, when possible. The total
cost of the project is estimated in 257 million euros and the cost per kW
is 2215 € (Table 3). The project is believed to be economically feasible.
As it represents a sustainable post-mining solution, economic incentives
in the form of tax breaks or subsidies that otherwise would have to be
spent on legacy water issues, should be desirable [38].

This is only a preliminary assessment of the feasibility of using the
existing coal mine infrastructure for the potential development of an
UFHES in Asturias, and the Lieres mineshaft has been selected as one of
the most convenient locations to develop such a project.
Notwithstanding, the authors believe that the construction of a UPHES
pilot plant at this site is in principle possible in technical, legal, en-
vironmental and economic terms. A future detailed plan and cost-ben-
efit analysis would be the next phase.
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Fig. 4. Location of the study area. Horizontal projection of the workings and recharge basin of the Lieres mine. North-South geological section across the Lieres

shafts.

6.3. CAES system at Lieres mine

In this case, a diabatic CAES system is proposed, so the stored air is
preheated before the combustion with the help of the hot exhaust gas,
which leads to an increase of process efficiency. Thermal cycling of
compression heat and exhaust heat recuperation strongly influence the
process efficiency [109]. During compression a high temperature is
reached that could exceed the capability of the compressor and of the
air storage. Thus, compression is usually subdivided in several stages,
intermitted by intercooling and followed by an after cooler. The design
considers 4 intercooled compressor stages and a heat recovery system
that optimizes the efficiency of the plant and reduces the consumption
of natural gas. Fig. 7 shows the proposed system design and the tem-
perature-entropy (T-s) diagram of the plant. The upper part of the mine
voids would be used for the storage. This include the galleries of four
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mine levels, with an average cross section of 10 m?, and a total length
above 15 km, together with the shaft volume, adding up a total volume
of 182,000 m® (above the water level). The galleries should be sealed
and reinforced with concrete, and isolated with materials able to
withstand high storage pressures (45-75 bar), avoiding contact with
coal. Uniaxial compression tests performed in the study area show a
resistance values of 150 and 50 MPa for the sandstone and the shale,
respectively, which are higher than the resistance measured at caverns
considered stable for pressurized underground storage [110].

Table 2 shows the considered parameters of the air compression and
expansion stages and other characteristics of the CAES. The power of
the plant is 105 MW. The charge time of each cycle is 10 h while the
discharge time of each cycle is 8 h. The energy per cycle, considering an
efficiency of 78%, is 655 MWh and the annual energy production is
197 GWh.
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Fig. 7. Schematic layout for the CAES plant proposed for the studied underground coal mine and corresponding T-s diagram with the main points of the cycle.

Table 2

Main characteristics of the CAES plant.
Cycle Efficiency 52%
Energy input for 1 kWh, 1.6 kWhg,,
Energy content per cycle 655 MWh
Compression
Max. Electricity input 55 MW
Max. Air mass flow rate 100kgs™!
Expansion
Max. Electricity output 105 MW
Control range 20-105 MW
Max. Mass flow rate 145kgs ™!
Control range 20-105 MW
Max. Mass flow rate 145kgs™!

6.4. Geothermal use of Lieres mine water

Mine water in other mines of the CCB is wusually at a
temperature > 20 °C at a depth below 100 m. The upper sections of the
mines display seasonal temperature variations, whereas the tempera-
ture is more stable in the lower parts of them. Water temperatures re-
ported from other mines studied for geothermal purposes range from
less to 12-21 °C [86], so the mining reservoirs in the CCB constitute an
attractive resource. In particular, the water that could be eventually
pumped from the Lieres mine, is expected to have a promising tem-
perature, given the depth of this mine and its scarce recharge from
rainfall. Water from other mining reservoir in the CCB (at Mieres) is
currently used as a geothermal resource to supply heating and cooling
to several public buildings (including a hospital), and district heating
projects using this and other mining reservoir are ongoing [101]. The
currently exploited mining reservoir has been extensively studied and
modelled to define technical, economical and long-term feasibility
[89,98]. Thus, there is a wide theoretical and practical experience in
the region about this type of applications, which have public accep-
tance.
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The water level is currently at a depth of 370 m inside the mine but,
according to the groundwater rebound, it is ascending and eventually
the water recharging the reservoir will have to be permanently pumped
to maintain a safe flood level. In that case, this pumped water would be
discharged to a local watercourse, but it could be used as a geothermal
resource instead. In order to combine this use with the proposed
UPHES, the current water level should be depressed below 450 m of
depth. The village of Lieres has 1500 inhabitants and their residential
homes, as well as a projected industrial park, are located near the mine
and could be potential end users.

The geothermal gradient in the studied area varies from 0.027 to
0.032°Cm™"! [111], so if average value of 0.03°Cm ™' is considered,
the mine water would be around 26 °C at a depth of 450 m. According
to eq. (4), if a heat pump that extracts 5 °C worth of heat from the mine
water, considering a pumped annual flow of 60,000 m®, 1700 h year !
for heating [97], the heat available is: Pc = 0.21 MW. To produce hot
water at 35°C, a COP = 6.73 can be considered [89]. Applying equa-
tions (3) and (4), the thermal potential of the warm source is
Pw = 0.24 MW and the work contributed to the compressor of the heat
pump is We = 0.04 MW. Thus, a heat pump available 1700 h per year
would produce 410 thermal MWh, consuming 60.9 electrical MWh.
Since the mine water has to be pumped anyway to keep a safe flood
level, the economic feasibility of the system is patent.

Fig. 8 shows a scheme of a possible geothermal installation, where a
heat pump is fed from a tank of mine water (for example, at a con-
servative temperature of 19 °C), providing cold water for cooling at 7 °C
and hot water for heating at 50 °C [89].

6.5. Energy balance and investment costs

Table 3 shows a comparative analysis between the generation plants
that have been proposed in the case study: the power generation (UPHES
and CAES) plants, applied for the adjustment of the electrical system, and
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Fig. 8. Scheme of a mine water heat pump with heat and cold storage [89].

Table 3
Comparative analysis between the proposed UPHES, CAES and geothermal
plants in terms of energy production and investment costs.

UPHES CAES GEOTHERMAL
Power (MW) 116 105 0,24
Energy Generation (GWh year™ ') 153 197 0,41
Investment cost (M€) 257 101 0,30
Investment cost (€/kW) 2215 960 1230

the thermal power generation plant, applied for heating. Although in
general an UPHES is more effective than a CAES, the particular char-
acteristics of the proposed systems in this case study determine that the full
load time is higher in the CAES, which generates more energy per year.
Expanding the reservoir volume could increase the energy generated by
the UPHES. The geothermal installation is the least expensive, but given
that the energy generation is relatively low (due to the low water flow), it
has the highest price per kW. The energy production could be improved if
a higher water flow could be pumped from the mine, if recharge is in-
creased, injecting external water from a river, for example.

7. Conclusions

The use of mine shafts and voids for UPHES and CAES is technically
feasible and especially useful in the context of a transition to renewable
energy with competitive economics, and that is also the case for geo-
thermal use of mine water. In particular, this paper shows the technical
viability of a UPHES potentially implementable in an abandoned coal
mine, combined with a CAES plant and co-generation of geothermal
energy. The proposed systems confirmed the expected high efficiency,
reliability and availability. The economic feasibility still has a high
level of uncertainty and needs to be refined in future phases.

Conditions at some EU mines were found to be favorable for further
exploration and implementation of the UPHES and CAES concepts and
the geothermal applications, which can be extrapolated to other mining
areas worldwide. A joint venture between the mining company and the
energy provider companies would be ideal for the exploitation of the
resource. The main restrictions to be considered for the design of an
energy system in a mine are:

e engineering, operational and economic requirements, which define
the feasibility of the project,

e geological, geotechnical and hydrogeological parameters which
might affect the stability of the reservoir and the water flow and
quality,
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® legal and societal factors, which should be taken into account to
avoid discontent in nearby communities and to guarantee the suc-
cess of the project.

The economic viability of a UPHES, a CAES or a geothermal in-
stallation using mining structures should not be based simply on the
energy generation, but also on its potential to avoid the post-closure
water pumping and treatment costs and other benefits, sometimes in-
tangible. These systems:

® save CO, emissions, helping to meet growing international demand
for non-carbon based energy,

e give stability to the energy market, allowing for fluctuating solar
and wind energy integration into the grid through flexible energy
storage and

e stimulate social and economic development of the former mining
areas, creating favorable conditions for other activities through re-
liable electrical and thermal energy, as well as water supply.

The use of closed mines for underground energy storage plants and
geothermal applications has significant environment advantages, but
typically higher operation and maintenance costs compared to con-
ventional systems. The case study shows an UPHES system with a re-
servoir capacity of 0.45Mm?> and a net head of 450 mH,0, a CAES
system with a reservoir capacity of 0.18 Mm?® at 45-75 bar, and a geo-
thermal system using a mine water flow of 215!, which could generate
153, 197 and 0.41 GWh year™?, at a cost of 257, 101 and 0.3 M&, re-
spectively. The individual characteristics of each system, such as the
reservoir volume, define their profitability.

Thus, the abandoned mines are turned into assets generating energy
and providing new resources instead of residues. These projects are
particularly appealing for countries that have a large number of aban-
doned (coal) mines, to switch from high-emission conventional fossil
fuels to low-emission renewable energy.
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