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Stecuła, K.; Prostański, D.; Matusiak,

P.; Kowol, D.; Kopacz, M.; Olczak, P.

Technical and Economic Aspects of

Electric Energy Storage in a Mine

Shaft—Budryk Case Study. Energies

2021, 14, 7337. https://doi.org/

10.3390/en14217337

Academic Editor: Helena M. Ramos

Received: 6 October 2021

Accepted: 1 November 2021

Published: 4 November 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Mineral and Energy Economy Research Institute, Polish Academy of Sciences, 7A Wybickiego St.,
31-261 Cracow, Poland; kulpa@min-pan.krakow.pl (J.K.); kopacz@min-pan.krakow.pl (M.K.);
olczak@min-pan.krakow.pl (P.O.)

2 Faculty of Civil Engineering and Resource Management, AGH University of Science and Technology,
Mickiewicza 30 Av., 30-059 Cracow, Poland

3 Faculty of Organization and Management, Silesian University of Technology, Akademicka 2A,
44-100 Gliwice, Poland

4 KOMAG Institute of Mining Technology, Gliwice, Pszczyńska 37, 44-101 Gliwice, Poland;
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Abstract: The transformation of the energy sector towards an increased share of renewable energy
sources in the energy mix requires attention in the area of electricity storage. Renewable energy
sources (photovoltaics or wind energy) are marked by the intermittency of electricity production
and require the construction of energy storage to adapt the energy supply to the demand, providing
greater stability. The authors focused on verifying the solution of gravitational energy storage in
existing shafts of hard coal mines in Poland. The issue is significant for Poland, as a country with
an extensive mining infrastructure, which is searching for new scientific and practical solutions to
utilize disused mining shafts for new purposes. In the analysis, the focus was on one shaft located
within the Upper Silesian Coal Basin (Górnośląskie Zagłębie Węglowe), maintained for the drainage
of the neighboring deposit. The article presents the calculation of energy that can be stored and an
analysis of the effectiveness of energy storage in the shaft. The basic assumption of the analysis
was 1 cycle of work per day (charging and discharging) in order to use the effect of low prices at
night and high prices during peak hours (according to Towarowa Giełda Energii (TGE) quotations).
Although energy storage already functions around the world, the studied case is new, because it
refers to the usage of existing shafts which makes it a non-investment case. The results of the study
showed that the obtained economic effects of the analyzed solution are low, therefore there is no
economic justification of activities related to its implementation, taking into account the current
price conditions.

Keywords: energy transformation; shaft; coal mining; gravity energy storage; resources; renewable
energy sources; energy storage; electricity price; Poland

1. Introduction

In recent years producing the energy from renewable sources has become a priority
for many countries around the world. In 2020 renewable energy use increased by 3% and
demand for all other fuels declined. Almost 7% growth in electricity generation from
renewable sources has been noted [1]. Share of renewables in global electricity generation
increased to 29% in 2020 from 27% in 2019. More and more countries are investing in the
development of new, clean technologies that will reduce the negative impact of human
activities on the environment. Such solutions must be effective and efficient at the same
time. In the case of renewable energy, especially solar, wind, and hydro, climatic conditions
play a crucial role. In this respect, countries differ significantly from each other. This is one
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of the reasons for the notable discrepancies between the shares of renewable energy sources
(RES) in each country. Other reasons are political, economic, technological, awareness-
related, and related to the natural resource base [2,3].

Continuity and steadiness play the most important roles in energy production. Pro-
duction of energy from renewable sources carries the risk of discontinuity, resulting from its
dependency on changing weather conditions. Moreover, significant differences between the
periodic energy demand and its production from RES are often being observed [4]. It can
happen that relying on energy production from RES will not meet all energy needs–there are
so-called blackouts. Then, it is necessary to use the energy from other sources–conventional
ones. On the other hand, there can be opposite situations in which energy production
exceeds demand. They are not favourable. For this reason, basing on energy production
only from renewable sources is problematic, especially in the countries with changing
weather conditions [5]. Energy storage is one of the solutions to solve this problem.

2. State of the Arts

There are many methods for energy storage. Smart Energy International [6] divides
the different types of energy storage into the following technology categories:

• Batteries;
• Thermal;
• Mechanical;
• Pumped hydro;
• Hydrogen.

Use of batteries is the most common way of energy storage. There are lithium-ion,
lead-acid, nickel-cadmium, sodium-sulphur and zinc-air batteries as well as flow batteries
with liquid electrolyte. Thermal energy storage involves the capture and release of heat
or cold in a solid, liquid, or air. Mechanical storage uses kinetic forces of rotation or
gravitation to store energy. It can include a system based on flywheels, compressed air,
and gravity. Energy storage with pumped hydro systems require water cycling between
two large reservoirs at different levels. Energy is stored in the water in the upper reservoir,
which is released when the water is discharged into the lower reservoir. Energy storage
with hydrogen involves its conversion from electricity via electrolysis for storage in tanks.
From there it can undergo either re-electrification or supply to emerging applications [6,7].

Energy storage technology is a relatively new direction in the energy industry but the
key one in terms of benefits. Applying energy storage can improve the energy system’s
effectiveness, increase the use of renewables, and enhance grid stability. In practice, various
energy storage solutions are applied around the world. Examples of practically applied
solutions are described below.

The British start-up Gravitricity (Edinburgh, UK) has developed an energy storage
technology that is based on the use of gravity. It can be described as an extended version of
the existing technology used in pumped storage power plants. The Gravitricity system is
based on a winch system, used to store potential energy. It uses large loads pulled into the
shaft area. Electrical power is generated or absorbed by lowering or lifting the weight up.
The potential energy of weights is converted into kinetic energy, which is then converted
into electric energy. Charging a gravity-based battery is lifting the weight up the shaft, and
discharging it–lowering the weight. The service life of Gravitricity is at least 50 years and it
is estimated to provide 80–90% efficiency. Gravitricity is able to generate electricity with
a power of 1 to even 20 MW in the time interval from 15 min to 8 h. Its energy storage
system can provide power to more than 13,000 households for two hours. If necessary–it
can provide a short-term impulse of very high power. At present, the Gravitricity creators
are working on a demo platform in Scotland. The 16-meter-high structure is connected
to the local power network. Its total output is 250 kW. Subsequently, they will build the
prototype of energy storage facilities in South Africa, Australia, and European countries [8].

Mountain Gravity Energy Storage (MGES) is another example of an energy storage
system based on gravity. It is based on lifting a certain mass during charging and lowering
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it during discharging. This solution uses sand, gravel, or other material located on a
mountain peak. It works by transporting sand or gravel from a lower storage site to an
upper level. It stores potential energy from the upward travel and releases it on the way
back down. MGES is also suggested to be combined with hydropower in the case of river
streams on a top–then, in periods of high availability, water could replace sand and gravel
in the storage vessels.

On the other hand, using sand, brings many benefits, especially economic. Firstly,
sand is inexpensive. Secondly, unlike water, it does not evaporate. It means that potential
energy is not being lost, and sand can be reused again and again. It is also a promising
solution for dry regions. MGES can extend over 5000 meters, allowing for long-term
storage. The cost of MGES ranges from 50–100 USD/MWh of installed capacity [9,10].

The Swiss energy storage company Energy Vault (Lugano, Switzerland) uses solutions
that are similar to Gravitricity. However, it uses concrete blocks as weights. The construc-
tion is a six-arm crane on top of a 33-story tower. It is worth noticing that use of software
that automates the process, controls cranes, and manages energy resources depending on
the current demand is an important element of the system [11].

The Rehau solution is an example of thermal energy storage. The Swiss company
Rehau (Rehau, Germany) uses the road infrastructure as a source of thermal energy. Rehau
uses the systems of thermal collectors that are built into the surface. The collectors are
connected with PE-Xa probes. In summer, solar heat is being recovered from the asphalt
surface and stored underground. Afterwards, the heat is used in winter to remove snow
and de-icing the road. A similar system can be installed in tunnel cases. The heat from
the collectors is being transferred to the heat pumps and used for other purposes. This
type of thermal energy storage has been successfully implemented in the Jenbach tunnel in
Austria. The energy output ranged from 10 to 15 W/m2. The stored energy was used to
heat buildings above the tunnel [12].

Many studies on the use of abandoned mines for energy storage are described in the
literature. For example, they refer to thermal energy storage [13,14], compressed air energy
storage [15–17], underground pumped hydroelectric energy storage [16,18–23], and gravity
energy storages with suspended weights in mine shafts [24].

Poland also has considerable, but not fully recognized, potential for the use of me-
chanical energy storage in mine shafts. The infrastructure of many mines, that are not
operated, can be used as the basis for building energy storage systems. Some mines have
been merged within the process of restructuring the Polish mining industry [25]. When one
of the merged mines remains out of use, it cannot be shut down because of technical and
organizational reasons, in particular those related to pumping water and ventilation [26].
It is worth noting that the shafts are shut down by filling them with material, aproperly
selected for the hydrogeological conditions [27]. Then, the shafts of a closed mine are left
unused. The lack of possibility for further underground mining or backfilling the shaft/s
causes an “impasse”. However, they show great potential for energy storage. Based on this
premise, the article presents the issue of using mining shafts in Poland for energy storage.

3. Test Objects–Shafts

In the area of Upper Silesia, hard coal mining on an industrial scale began in the
second half of the 18th century, namely in 1748, when the first mines were established near
Ruda (now Ruda Śląska) and Murcki (southern part of Katowice). Coal mining usually
began at the outcrop of the seam using the open-pit method, and when shallow coal was
extracted, vertical shafts were developed as early as 1818, some shafts reaching up to 70 m
depth. In the second half of the 19th century, deeper deposits of hard coal began to be
extracted, so the depth of the shafts increased, and in 1911 a 774 m deep shaft was opened
in the Karsten-Zentrum mine, while in the interwar period (1918–1939) the deepest shaft in
Poland reached a depth of 800 m [28]. Since the beginning of the economic transformation
in Poland, a downward trend has been noticeable in the volume of extraction, and thus also
in the number of coal mining plants and eventually, in the number of operating mining
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shafts. Between 1990 and 2002, 102 shafts (32 mining, 38 ventilation, 32 exit and auxiliary
shafts) were shut down in Poland.

In the last decade in Europe (especially in the European Union countries) there has
been a noticeable trend of abandoning mining and coal-based energy. In 2012, 128 million
tons of hard coal and 433 million tons of brown coal and lignite were mined in the countries
of Euracoal, while hard coal was imported at the level of 211 million tons [29]. The effect of
the EU policy of supporting renewable energy sources (RES) as well as the CO2 emission
allowance trading system (an increase from less than €10 per ton of CO2 in 2012 to over
€50 per ton of CO2 in 2021) is the decision of the Polish authorities to close all steam
coal mines by 2049. This creates an opportunity to implement a gravitational energy
storage system, which is also being considered in Poland. Only within the structure of
Polska Grupa Górnicza, the largest mining company in Europe, there are 70 shafts, the vast
majority of them deeper than 300 m, which is the minimum depth necessary to implement
the Gravitricity system. Table 1 lists shafts with a depth of more than 1000 m along with
the planned date of liquidation of a given Movement.

Table 1. List of shafts over 1000 m deep in PGG structures.

Mine Department Shaft Depth [m] Shaft Diameter [m] Planned Year of
Decommissioning

KWK “ROW” Jankowice VIII 1103.7 8.5 2049
KWK “ROW” Rydułtowy Leon IV 1210.7 8.5 2043

KWK “Staszic-Wujek” Staszic VII 1126.0 9.0 2039
KWK “Ruda” Bielszowice V 1130.0 7.5 2034
KWK “Ruda” Halemba Grunwald IV 1030.0 6.5 2034

KWK “Sośnica” - VII 1047.0 8.0 2029

Due to the possible further development of energy storage technologies, shafts be-
longing to mines to be liquidated in the coming years, as well as shafts currently within
the structures of the Mine Restructuring Company, are particularly important for the
implementation of the gravity energy storage system in Poland. This year, SRK (Spółka
Restrukturyzacji Kopalń, Bytom, Poland) received the transfer of Ruch “Pokój”, which is
part of the KWK “Ruda” coal mine with three shafts with a depth of 624 to 847 m. In 2028,
the “Bolesław Śmiały” mine is planned to be decommissioned (4 shafts), and in 2029 the
“Sośnica” mine (six shafts). The coming years may also see the decommissioning of one of
the Tauron Wydobycie S.A. mines, which has 16 shafts, of which 14 are deeper than 300 m-
at the time of writing, there is no agreed schedule for the company’s decommissioning.
Before a decision about the implementation of a gravitational energy storage system in the
shafts of these mines, it is necessary to assess their technical condition-the construction
of an energy storage system requiring a major shaft renovation will probably prove to be
economically ineffective.

4. Determination of Functionality Correctness

For the purposes of the case study of the implementation of gravity energy storage
system, the Budryk KWK “Centrum” shaft, a property of the Mine Restructuring Company
(SRK) located in Bytom was selected.

The beginning of mining at the site dates back to the late 1850s, when, after the end
of calamine mining, hard coal was mined at the “Karsten” and “Centrum” mines. In the
years 1950–1990 the mine operated under the name “Dimitrov”. On 1 September 1993, the
Centrum mine merged with the Szombierki mine, thus creating the Centrum-Szombierki
Hard Coal Mine. Decommissioning of KWK “Centrum-Szombierki” mine was a two-stage
process. First, in 1996, the operation of the “Szombierki” division was ended, and then on
9 May 2015, pursuant to a resolution of Kompania Węglowa, division Ruch “Centrum” was
put into liquidation, at the same time transferring the plant’s assets to SRK as a division of
KWK “Centrum”.
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The Budryk shaft (Figure 1) is located in the city of Bytom-the first (western) section of
the shaft was put into operation in 1969 (up to the level of 774 m), and the second (eastern)
section in 1973, (up to the level of 930 m). The total length of the shaft is 983.3 m with a
diameter from 7.6 to 7.84 m. The Budryk shaft tower is a free-standing, tower structure
erected between 1966–1968 to a height of +64.8 m. The hoisting machine was located at the
+48 m level. The Budryk shaft together with the adjacent Staszic shaft, according to the
plans of SRK, are to be transformed into the central pumping station, draining the eastern
wing of the Bytom Basin by the end of 2021 [30]. This pumping station will protect the last
active coal mine in the area belonging to Węglokoks Kraj-KWK “Bobrek”, which, according
to the approved schedule, will be closed in 2040. The technical specifications of the shaft
are presented in Table 2.
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Figure 1. Schematic diagram of the Budryk shaft (own work) 1—hoist frame (tower), 2—Koepe
pulley with motor, 3—deflection sheave, 4—separating beam, 5—west part shaft, 6—east part shaft,
7—hoisting ropes, 8—balance ropes, 9—skip cage (installed deadweight), 10—shaft tube with lining.

The establishment of the central pumping station assumes technical maintenance of
the Budryk shaft (including water pumping costs) on the side of SRK at least until 2040.
According to these assumptions, it can be assumed that the investment costs or operating
costs for the use of the shaft as a gravitational energy storage are negligible.
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Table 2. The technical specifications of the Budryk shaft.

SHAFT

Parameter Unit Value

Shaft diameter [m] 7.6 ÷ 7.84
Shaft depth [m] 983.3
Shaft lining concrete

Conveyance guides rigid, double-sided, frontal
Guides [mm] 200 × 150 steel, box

Main girders [mm] 180 × 140 steel, box
HOIST FRAME

Type of tower free-standing, tower
Material steel, reinforced concrete

Year of construction 1966–1968
Hoisting rope maximum operational line load [daN] 51,021

Maximum emergency load [daN] 4 × 98,550
HOISTING MACHINE

Location above the shaft, on the surface
Year of construction 1971

Machine drive electric, direct
Number of drive motors [pc.] 1

Voltage [V] 650
Direct current [A] 4000

Engine revolutions [rpm] 90
Type of rope carrier Koepe pulley, multi-rope

Diameter of the rope carrier [mm] 3400
Number of hoisting ropes [pc.] 4
Power of hoisting machine [kW] 2400

HOISTING ROPES
Number of hoisting ropes [pc.] 4

Total length of rope [m] 1100
Total cross-section area of hoisting wires [mm2] 606.1

Nominal tensile strength of wires [N/mm2] 1670
Rope diameter [mm] 36

Computational rope breaking load [daN] 4 × 99,766
Actual rope breaking load [daN] 327,232

Approximate unit rope weight [daN/m] 5.4
BALANCE ROPES

Number of ropes [number] 2
Total length of rope [m] 1075

Width and thickness of rope [mm] 153 × 29
Total cross-section area of hoisting wires [mm2] 802.8

Nominal tensile strength of wires [daN/mm2] 160
Computational rope breaking load [daN] 126,039

Approximate unit rope weight [daN/m] 11.5

5. Initial Calculations

Total energy that can be stored for one pass in a skip cage corresponds to the difference
of potential energy of transported mass between the lower and upper positions in the given
shaft. The basic assumptions for the calculations are presented in Figure 2 and Table 3.
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Figure 2. Schematic diagram of the Budryk shaft hoisting machine, 1—hoist frame (tower), 2—Koepe
pulley with motor, 3—deflection sheave, 4—separating beam, 5—west part shaft, 6—east part shaft,
7—hoisting ropes, 8—balance ropes, 9—skip cage (installed deadweight), 10—shaft tube with lining,
h1 = 49.7 m, h2 = 34.34 m (Figure 2 correspond to Figure 1).

Table 3. List of parameters used for calculations.

Item Parameter Symbol Value

1 Diameter of Koepe
pulley d 3.4 m

2 Diameter of
deflection sheave D 3.0 m

3
A payload for
transporting the
run-of-mine

Q 12,500 kg

4 Pulling depth H 929.14 m

5 Maximum excessive
load ∆S 125 kN

6
Lowering speed of
the loaded
conveyance

v 3 m/s

7 Motor efficiency η 0.9
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The difference in potential energy of a conveyance loaded with mass Q = 12,500 kg
over the path H = 929.14 m

∆E = Q × g × ∆H = 12, 500 × 9.81 × 929.14 = 31.65 kWh (1)

Taking into account efficiency of the motor η = 0.9, energy that can be stored in one
cycle is:

Ec = ∆E × N = 28.48 kWh (2)

6. Calculations of Generated Power and Travel Time

The assumed speed of lowering the loaded conveyance is v = 3 m/s -rotational speed
of the motor is calculated.

n =
v

π × D
=

3 × 60
3.14 × 3.4

= 16.85 rpm (3)

For the purposes of estimating the expected motor power, the angular velocity
is calculated:

ω = 2 × π × n = 2 × 3.14 × 16.85
60

= 1.76 1/s (4)

and the static moment on the shaft:

M = ∆S × D
2

= 125 × 3.4
2

= 212.5 kNm (5)

The expected motor power will be

P = M × ω × N = 212.5 × 1.76 × 0.9 = 337.5 kW (6)

Estimated travel time for one cycle takes into account acceleration and deceleration
during starting and braking at a = 3 m/s2. The time of starting and stopping will be
t1 = t2 = t = 1 s. With such assumptions, the distance travelled by the conveyance during
starting and braking was calculated according to the following formula:

s =
2 × a × t2

2
=

2 × 3 × 1
2

= 3 m (7)

Time the conveyance travels at a constant speed is:

t =
H − s

v
− tm =

929.14 − 3
3

= 308.71 s = 5.14 min (8)

For the calculated expected motor power and travel time, the energy that can be stored
in one cycle will be:

Ec = P × t
T
× η = 337.5 kW × 308.71 s

3600 s
× 0.9 = 26.05 kWh (9)

7. Conditions of Energy Market

Energy storage is one of the ways of responding to energy market demand. This
demand can be identified by current energy prices, which represent a balance between
energy supply and demand. However, it should be noted that energy prices also take into
account factors other than demand/supply, not analysed in this work, such as the accuracy
of energy demand forecasts in different perspectives.

In Polish conditions, energy prices fluctuate on an hourly basis at most, and e.g., in
Germany on a 15-min basis. The main electricity trading market in Poland is Towarowa
Giełda Energii—TGE (Polish Power Exchange), and the primary measure (largest volume)
of prices on an hourly basis is the day-ahead market (DAM). Historical DAM prices from
the beginning of 2016 are presented in Figure 3.
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Figure 3. A day-ahead electricity price TGE—POLPX Warsaw 2016–2021 [31].

In 2020, COVID-19 contributed to relatively low energy prices. From the turn of
2020/2021, energy prices are strongly influenced by the cost of CO2 emission rights, as
1 MWh of electricity in Polish conditions involves an average emission of about 0.75 Mg
of CO2. At current prices, emission rights alone are worth at least 40 EUR per 1 tonne
of emitted CO2 (July 2020), i.e., about half of the monetary value of energy. In addition,
energy prices are affected by the introduction of the capacity market in Poland [32,33].

For the above reasons, considering the prices on the energy market prior to 2021 was
insignificant. A detailed price was analysed in the period from 5 April 2021 in the scope
of day-ahead and intraday market. These prices are shown in Figure 4. and additionally,
prices on the German market were taken into account to show the scale of possible price
changes in the future on the basis of a market with a higher RES share (Poland is aiming
for a higher RES share in the energy mix) [32,34].
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Figure 4. DAM (day-ahead market) and IDM (intraday market) prices on POLPX 2021 Warsaw and
DAM prices Germany, in the period 5 April 2021–16 July 2021 [31,35].

Energy prices in Poland in the analysed period were practically never lower than
40 EUR/MWh (with minor exceptions), while in Germany prices were negative on several
occasions. Detailed ordered price values are presented in Figure 5.
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Figure 5. Structured chart of DAM and IDM on POLPX 2021 Warsaw and DAM Germany prices.

The smaller amount of data with IDM prices is due to the fact that there was no trading
every hour in the analysed period. It can also be noticed that the price changeability on the
German market is much greater in the range −70 to 150 EUR/MWh than in Poland, i.e.,
for DAM 22-113 EUR/MWh. Due to the lack of data, the DSR market was not included in
the calculations contained in the article.

8. Economic Analysis

Table 4 presents an analysis of the energy storage efficiency in a shaft. The basic
assumptions of this analysis were as follows:

• The conveyance performed only two cycles a day to take advantage of the effect of
low prices at night and high prices during peak hours,

• Prices-fixing 1 at the Polish Commodity Power Exchange (POLPX),
• Cost of energy purchased: the product of the energy required to lift the weight and

the minimum price during the previous day (night hours),
• Cost of energy sold: product of the energy [MWh] generated as a result of lowering

the weight in the shaft and the maximum price in peak hours.

In the calculation of the economic effect, it was assumed that energy would be pur-
chased at minimum prices (between 3 and 5 am) and sold at maximum prices during peak
hours. This approach is an approximation of the maximum effect that can be achieved for
the analyzed case of energy storage in the shaft.

Figure 6 presents changeability of the economic effect (profit) for approx. 380 observa-
tions, in the July 2020–July 2021 perspective. The right side of this figure is a histogram-the
distribution of economic effects converted into 365 days a year. It can be seen that there
are 90% of all observations between 150 Euro and 716 Euro. The average value was
401 EUR. It can also be seen (left side of Figure 6) that the economic effect is of high periodic
changeability, resulting from the difference between the minimum and maximum market
energy prices.
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Table 4. Analysis of storing energy in the shaft.

Disc.
Minimum

Per Day
[EUR/MWh]

Maximum
Per Day

[EUR/MWh]

Cost of
Energy

Purchased
[a] EUR

Cost of
Energy Sold

[b] EUR

Economic
Effect

Per Day
[b-a] *, EUR

Economic
Effect

Per Year,
EUR

2020
July 44.6 59.6 1.41 1.70 0.29 211

August 37.1 48.0 1.17 1.37 0.19 140
September 46.8 73.0 1.48 2.08 0.60 437

October 47.8 67.3 1.51 1.92 0.40 295
November 35.9 43.4 1.13 1.24 0.10 74
December 47.8 90.0 1.51 2.56 1.05 768

2021
January 26.2 56.2 0.83 1.60 0.77 564

February 43.9 63.3 1.39 1.80 0.41 302
March 48.8 74.9 1.54 2.13 0.59 430
April 51.0 72.4 1.62 2.06 0.45 327
May 55.2 74.1 1.75 2.11 0.36 264
June 59.8 84.4 1.89 2.41 0.51 374
July 73.6 97.8 2.33 2.79 0.46 334

Average 47.6 69.6 1.5 2.0 0.48 348

*—the difference is determined for twice the mass, assuming a two-skip shaft movement only twice a day.
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Figure 6. Distribution of economic effects (profits) for energy storage in the shaft. On the left: x
axis—consecutive daily observations, y axis—economic effect, on the right: x axis—economic effect, y
axis—probability. Source: own report.

In turn, in Table 4 statistics of purchased and sold energy are compiled, which are the
basis for estimating the daily and annual economic effect broken down by the consecutive
months of the analyzed period. The minimum and maximum values are the daily values
of the lowest energy prices at night and the highest during the day for a given month,
respectively. The value of purchased energy was determined for the minimum value
and the value of energy sold for the maximum value of the price. The economic effect is
presented both on a daily and annual basis.

Analysing the results, the following can be concluded:

• the positive economic effect is only the result of speculative transactions on the energy
price market, and the process itself does not generate an energy surplus,

• the effects show a cyclical tendency, with the growing trend of energy prices on
the POLPX,

• the maximum annual effect of 550–770 Euro is visible for the winter months, due to
the highest differences in energy prices during the day,

• the economic effect of averaging the daily minimum and maximum prices over the
year was EUR 348.
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The achieved economic effects (profit), resulting solely from the difference in energy
prices on the market, are insignificant. In the case of other shafts of a closed mine (not used
by SRK)-additional costs should also be taken into account, in particular, the costs related
to maintenance of the shaft and the hoisting machine as well as pumping the water. If these
costs were taken into account, however, the positive economic effects would be canceled
out altogether.

In order to expand the scope of the analyzed research problem, two scenarios were
simulated, in which the spread between extreme prices on the energy market was increased.
In the first scenario (HigherBenefits), it was assumed that the minimum prices may be
even 20% lower and the maximum prices 40% higher than the daily prices observed in
subsequent periods. In the scenario of maximum effects (MaxBenefits), it was assumed
that the minimum price will constitute 50% of the price from a given calculation period
(based on historical prices), and the maximum will be twice as high (Table 5).

Table 5. Scenario analysis of economic effects.

Scen. HigherBenefits Scen. MaxBenefits

Min = 80% Max = 140% Min = 50% Max = 200%

Disc. Daily Difference
[b-a], EUR

Difference Per Year
[b-a], EUR

Daily Difference
[b-a], EUR

Difference Per
Year [b-a], EUR

Minimum 0.8 600 1.9 1390
Maximum 2.4 1737 4.4 3217
Average 1.6 1146 3.2 2344

On the basis of the results presented in Table 5, it can be concluded that the effect
achieved with a very large spread between the minimum prices at night and the maximum
prices during peak hours is still not great. The average effect in scenario 1 is approximately
1146 EUR and in the MaxBenefits scenario 2344 EUR per year, respectively. The maximum
economic effects in these scenarios are EUR 1737 and EUR 3217, respectively.

To sum up, the obtained economic effects (potential profits) of the analyzed solution
are small and do not justify activities related to the implementation of such an undertaking
on a shaft not functioning for other needs, due to the excessive costs of its maintenance.

9. Conclusions

The assessment of the gravity energy storage system implementation possibility with
the use of existing mine infrastructure was the subject of analysis. The authors focused on
the case of one shaft located within the structures of SRK and maintained to dewater an
adjacent hard coal deposit that is still in operation.

The attached economic analysis showed that the positive economic effect is only the
result of speculative transactions on the Polish Commodity Power Exchange (POLPX), and
the process of storing energy in the shaft in the presented experiment does not generate
energy surplus. The effects show a cyclical tendency, with electricity prices rising over the
last year at the POLPX. The maximum economic effect, calculated per calendar year, varied
from 550–770 EUR was recorded for the winter months when the greatest differences in
energy prices during the day were recorded. The economic effect resulting from averag-
ing the daily minimum and maximum energy prices on the POLPX calculated per year
amounted to EUR 348.

The accompanying scenario analysis showed that even with a very large spread be-
tween the minimum prices at night and maximum prices during peak hours, the economic
effect (profit) in such an experiment remains relatively low. Assuming a two-times increase
in the maximum price and a two-times decrease in the minimum price, the economic effect
reaches EUR 3217 per year. Therefore, there is no economic justification for taking activities
related to the practical implementation of the presented solution, taking into account the
current price conditions.
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Despite the fact that in the literature and practice, the solutions on energy storage
are applied, the case described in the article differs from others. It refers to the significant
problem of using mining shafts, which stopped being utilized for mining purposes. Cur-
rently, Poland searches for new scientific and practical solutions in this area. It should
be highlighted that the studied case is characterized by the lack of investment inputs. In
assumptions, this case was favorable due to the negligible operating and investment costs
which resulted from using existing infrastructure.

In practice, when assessing the technical and economic efficiency, additional costs
should also be taken into account, in particular those related to the maintenance of the shaft
and the hoisting machine as well as pumping water out. Taking these costs into account,
however, would cancel out the positive economic effects.

It is worth emphasizing that from the scientific point of view, the results of the analysis
provide new content and are the basis for further research in this area. The authors plan
further tests in the field of:

• Intensification of energy capacity per day in the above-mentioned modified solution;
• Economic results if more shafts are used for energy storage;
• Synergy effects in cooperation with other types of electricity storage.
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