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Abstract. The study aims to develop a method of effectiveness evaluation
for geothermal heat recovery in closed mines of Donbas using relations of
heat transfer theory in rocks and fluids. Geothermal heat is proposed to
recover using coaxial geothermal probes to be installed in flooded closed
mines. As a result of evaluation and ranking, five top promising sites with
the highest expected performance indicators among 27 closed mines
located in Donbas have been identified. The evaluation method takes into
account geological settings, mine condition, and heat exchange parameters
of the probe with mine water. The locations of the most promising sites
were found to correlate with the areas of higher geothermal flux and the
deeper mines. The results obtained can be used in feasibility studies on
installation and operation of geothermal probes in closed mines.

1 Introduction
Under the current trends of the global energy market and the requirements of the United
Nations Climate Change Convention (Paris Agreement 2015) many coalmining countries
are currently experiencing a sharp decline or shut down of coal production (Fig. 1), which
is accompanied by mine closure [1, 2]. Among the major European coalmining producers,
Belgium was the first to close its mines by 1992, France did it in 2004, and Great Britain
closed its coal mines in 2015. Since 1960 till 1980 the number of German coal mines
decreased from 146 to 39; the last active mine in the country “Prosper-Haniel” in Bottrop
(Ruhr Basin) has been closed in December 2018 [3 – 5].
Following the global trends, Ukraine intends to abandon thermal power generation till
2050 by increasing the share of “green” energy and gradual reducing of the coal share in
the country’s energy balance [6, 7]. The concept of reforming the coalmining industry
presented to the Verkhovna Rada Committee on Energy and Housing and Utilities in
January 2020 [8 – 11] provides the forthcoming closure of state-owned mines. At the
moment, 102 of 148 coal mines in Ukraine are state-owned, whereas 67 of them are located
in the uncontrolled territory; 29 of the remaining 35 state-owned coal mines in the
controlled territory are planned to be closed in the near future.
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The closure of mines is a fairly costly and capital-intensive process associated with the
need to maintain the safe groundwater level in terms of prevention from waterlogging on
post-mining lands, contamination of upper aquifers used for water supply, and flooding of
neighbouring operated mines. In addition, a shortage of thermal energy in coalmining
regions, emerged due to mine closure, makes it relevant to search for alternative energy
sources and the opportunities for the optimal use of residual and renewable resources of
mines after shut down [12 – 14].

Fig. 1. Coal production in major coal-producing countries.

Up-to-date geothermal applications in surficial layers and closed mines [15, 16] recover
renewable thermal energy accumulated in soils, rocks, and mine water. More than a half of
geothermal systems in mining industry (57%) have been installed in coal mines [17, 18],
which indicates their high attractiveness for the geothermal industry.
All geothermal systems are subdivided into 2 types. So-called open systems use lowgrade heat of mine water or soil/rock directly; in closed systems, the heat transfer fluid is
circulating through U-shaped or coaxial geothermal probes with heat exchange to soil/rocks
or mine water. The potential of open system application across Ukraine has been evaluated
in [21]. On the one hand, open systems are able to recover a large amount of geothermal
heat at relatively low costs, albeit they need a significant area to place heat exchangers
between mine water and the heat transfer fluid [19, 20]. On the other hand, open system
application requires the installation of an additional heat exchange loop with clean water or
other fluid to minimize water pollution caused by suspended particles, salts, and chemically
aggressive compounds contained in mine water; this reduces the open system profitability.
Due to lower environmental impact and higher compactness, closed geothermal systems
have become widespread in heat supply [20 – 22]. According to probe positioning, these
systems are divided into horizontal and vertical ones. Horizontal probes are usually
installed next to houses at a depth below the level of frozen earth, in trenches or pits. Their
disadvantage is the need for a quite large area to place tubes and a relatively low heat
output per a running meter. Vertical probes allow recovering the thermal energy of rocks
lying deeper, which enables reaching higher heat output [23]. In addition, heat exchangers
of vertical systems do not require large space for installation and do not depend on solar
radiation. For these reasons, this study focuses on the evaluation of closed geothermal
system performance.
At the time being, just one closed geothermal installation operates in Ukraine at the
“Blahodatna” mine in Western Donbas; it takes water at a temperature of 17 ºC with the
discharge of 200 m3/h [24 – 26]. To comparison, now in Germany there are 10 active
geothermal systems processing mine water of a temperature up to 50 ºC [15]. Mine water heat
recovery systems have been installed in the Netherlands, Spain, Slovenia, Bulgaria and the
UK. The coefficient of performance (COP) of heat pumps varies from 2.5 to 7 depending on
the mine water temperature. The wide range of COP indicates the potentially high
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profitability of closed geothermal systems and the need for their further optimization that can
be done by varying heat pump parameters taking into account local geothermal conditions and
available infrastructure of closed mines, particularly, methane drainage boreholes. In this
concern, the study aims to develop a method for evaluating the potential sites for mine water
heat recovery within a large coalmining region to identify the most promising locations.
Regarding to geothermal and geotechnical conditions of the Donetsk coal basin, we examined
27 closed mines in terms of potential application of geothermal probes.

2 Geothermal heat recovery designs in closed mines
The common practice of mine closure that can last for decades, includes three methods of shut
down [27 – 29]; they are 1) complete flooding with suspension of water hoisting;
2) maintaining mine drainage (so-called “dry” conservation), and 3) combined method, when
the mine water level in the shaft is maintained at a certain position usually higher than the
deepest mine working. The first method implies backfilling the shafts and other mine
workings connected to the ground surface, as well as the installation of reinforced concrete
floors. Mine water level rebound after shut down of mine drainage causes the flooding of a
part of underground mine workings and watering the aquifers drained before and during
active mining. “Dry” conservation allows preventing from possible flooding of neighbouring
active mines and waterlogging of adjusted areas. Following the combined method, the mine
water level should be maintained usually 70 – 100 m below the local basis of erosion. Noncombustible materials, such as oxidation products of coal-bearing rocks (mudstones and
siltstones) or sand and gravel mixtures, are used as the backfill material.
In the process of mine closure, a part of underground mine workings may be filled
either with air, water or backfilling materials. Regarding the variety of geological settings
and mining conditions, two designs of geothermal heat recovery at closed mines are applied
[15]. Based on the post-mining experience in Ruhr area (Germany), U-shaped geothermal
probes are installed in backfilled shafts, preferably in methane drainage boreholes of small
diameter. Whereas, coaxial probes are installed, as a rule, in the flooded part of shafts with
thermal insulation of tubes in the backfilled zone (Fig. 2) to prevent form heat losses of a
circulating fluid above the mine water level. The option of using U-shaped probes in the
Donbas mines without backfilling of shafts is not yet technically possible, so this paper
focuses on the potential application of coaxial probes, which, unlike U-shaped ones, can be
installed in the shafts without backfilling.
The analysis of low-temperature geothermal applications in the world [30 – 32] shows
that most of generated thermal energy is spent for heating buildings, baths, fish farming and
greenhouse facilities, which strongly depends on seasonal temperature variations. Thus, the
criterion for evaluating the geothermal probe application should take into account a certain
critical temperature Tmin, defined as a minimum to turn on the heating that means the
beginning of the heating season. According to regulatory requirements in Ukraine and some
European countries, heating of civil and industrial facilities should begin when the average
daily air temperature for several days Tav becomes stable below Tmin = 8 ºС. The heating
season ends when the air temperature becomes higher than Tmin = 8 ºС for several days.
Based on long-run annual average temperatures, the heating season in the Donetsk coal
basin lasts 158 days starting from October 29 and ending by April 4. The rest time of the
year fluid circulation in the probes should be suspended in order to allow raising the mine
water temperature by the geothermal flux.
During the heating period the heat transfer fluid can either be supplied directly to the
heating circuits (under floor heating, fan coil units, radiators), or, if the temperature is
below 20 ºC, used as a source of low-grade energy in the heat pumps. After the heating
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period, the thermal energy recovered by geothermal probes may be used for heating other
facilities like greenhouses, fish farming, sports and recreation facilities, or converted into
electrical energy. All geothermal applications with the probes should maximize the use of
the thermal potential on the ground because unused low-grade heat in such circulation
systems is irretrievably lost.
The temperature of mine water and rocks cooled by the geothermal probe during the
winter season rebounds slowly. For that reason, and due to the low demand for thermal
energy in summer, it is recommended to suspend fluid circulation in the geothermal probe
to renew the thermal potential of mine water and rocks with the geothermal flux. The
duration of a summer pause in heat transfer fluid circulation should be sufficient to restore
the underground temperature to the almost initial values existing before probe operation.

3 Evaluation method
The first step of the method is the assessment of the geothermal gradient for a mine that can
be determined by the formula:
Т −T
q
Г = z nl =
,
(1)
H z − H nl λ r
where Tz is the temperature of rocks at a depth Hz, Tnl, Hnl are the temperature and depth of
the neutral layer; q is the geothermal flux; λr the rock thermal conductivity.
The probe performance indicators are calculated under the following assumptions:
1) the heat transfer fluid temperature remains constant in the submerged part of the probe,
2) thermal resistance of the probe outer wall is low. Then, based on heat transfer equations
[35 – 37], the total heat flux taken in the submerged part of the coaxial geothermal probe of
a cross-section shown in Fig. 3 can be expressed as:
H mw

qΣ =

qext ( z ) dz ,



(2)

H mw − H w

here Hmw is the mine water level; Hw the length of the submerged part of the probe; qext(z)
the heat flux per running meter of the probe (specific heat flux) at the depth z:
qext ( z ) =

Tnat ( z ) − T0
R2 + R3

,

(3)

Tnat (z) the natural mine water temperature at the depth z evaluated according the
geothermal gradient Γ:

Tnat ( z ) = Tnl + Г z ,

(4)

T0 the lowest temperature of the heat transfer fluid; R2 the thermal resistance of the outer
(steel) tube (see Fig. 3):
d
1
(5)
ln z , out ,
R2 =
2λ z π d z,int
R3 the thermal resistance of mine water:

 2 y0
2y
1
R3 =
ln  0 + 
d

2λ w π
d
 z , out
 z , out

4

2


 − 1  ,




(6)
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where λz the steel tube thermal conductivity; dz,out, dz,int are the outer and inner tube
diameters, respectively; λw is the water thermal conductivity; y0 the distance from the tube
axis to the outer contour of the shaft.
a

b

Fig. 2. Installation designs of U-shaped (a) and
coaxial (b) geothermal probes in the closed mine
[15].

Fig. 3. Cross section of a coaxial probe.
Thermal insulation is shown as hatched area;
notations see in text below.

The heat transfer fluid temperature at the probe outlet on the ground is calculated as:
 qΣ
T2 = 
 QC ρ
f f



 + T0 ,


(7)

where Q, Cf, ρf are the discharge, specific heat capacity, and density of the heat transfer
fluid.
The probe performance effectiveness at different mines can be evaluated and ranked by
different indices. The first specific parameter is the average heat recovery per a running
meter of the probe calculated as:
qΣ s =

qΣ
.
Hw

(8)

The performance effectiveness of geothermal probe connected to the heat pump loop is
evaluated by the coefficient of performance СОР as the key and common criterion:

COP = h

T1
,
T1 − T2

(9)

where h is the coefficient of heat pump efficiency; Т1 the temperature in the heated
building, Т2 the temperature of the fluid in the probe after gaining heat underground.
In the practice of heat exchanger operation, the probe performance effectiveness is also
evaluated by the coefficient of thermal and hydrodynamic efficiency Е calculated as:
E = qΣ Q ΔP ,

(9)

where ∆Р is the hydrodynamic resistance to the moving heat transfer fluid evaluated as
follows:
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ΔP = ρ f gH z ,

(10)

where Нz is the pressure losses in the probe tubes calculated as:
2
χ z 2 ( H w + H mw ) v 2f 2
4 χ z1 H w v f 1
⋅
⋅
,
, H z2 =
H z = H z1 + H z 2 , H z1 =
2g
dint
d z,int − d out 2 g

(11)

where dout, dint the outer and inner diameters of the inner thermally insulated tube of the
probe (see Fig. 3); χz the friction coefficient for flow inside the inner and outer tubes:
χ z1 =

0 ,309
 lg ( Re1 / 7 ) 

2

, χz2 =

0,309

[lg(Re 2 / 7 )]2

.

(12)

The flow velocity in the probe needed to estimate the Reynolds numbers in Eq. 12 is
calculated by the following equations:
vf1 =

Q
Q
, vf 2 =
,
S z,int
Sint

S z ,int = S1z ,int − S 2z ,int , S1z,int =

2
πd z,int

4

(13)

, S 2 z ,int =

2
πd 2
πd out
, Sint = int .
4
4

The Reynolds numbers for the flow in the outer and inner tubes can be calculated as
Re1 =

v f 1 ( d z,int − d out )
2υ

, Re 2 =

v f 2 dint
υ

,

(14)

where vf1, vf2 are the flow velocities in the outer and inner tubes; Sz,int, Sint the cross-section
areas of the outer and inner tubes; S1z,int, S2z,int the areas of the inner cross-section of the
outer tube and the outer cross-section of the inner tube; υ is the kinematic viscosity of the
heat transfer fluid.

4 Results and discussion
The developed evaluation method has been applied to identify the most promising sites in
Donbas by examining the closed coal mines. We collected and processed the available data
on the mine water level, mining depth, geological settings, as well as the results of
geothermal flux survey in this region [35] (Fig. 4). The key performance parameters such as
efficiency factor, the coefficient of thermal and hydrodynamic efficiency, and COP have
been calculated for each site. In this study, the mines have been ranked according to the key
parameter COP calculated by Eq. 9; the dimensionless parameter E was considered as the
supplementary criterion to take into account operational expenses.
The performance indicators have been calculated for the following values of input
parameters: Tnl = 10 °C; T0 = 6 ºC; λz = 15 W/(mºC); λw = 0,65 W/(mºC); dz,out = 0.114 m;
dz,int = 0.1 m; dint = 0,08 m; dout = 0.035 m; Cf = 3800 J/kg ºC; ρf = 1030 kg/m3; Т1 = 50 ºC;
h = 0.5; Q = 5.55·10–4 m3/s. As a heat transfer fluid we suggested the 34% water solution of
ethylene glycol. Table 1 presents the initial data and evaluation results for five top most
promising sites in Donbas in terms of installation and operations of low-temperature
geothermal systems to recover mine water heat. The identified mines are shown by circles
in Fig. 4 whereas criss-crosses denote other examined mines.
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Table 1. Evaluated performance indicators of a geothermal coaxial probe at five top promising
mining sites in the Donetsk coal basin. Here Hm, Hmw are the depth of the mine and the mine water
level, respectively; Hw is the thickness of the flooded zone.
No.

Mine

1
2
3

Г,
Hm,
m
ºC/m
0.0333 1190
0.0278 1200
0.0390 1095

“Leninа”
“Artioma”
“Haievoho”
Named after
4 60 rokiv Radianskoi 0.0361 1018
Ukrainy
5
“Haharina”
0.0361 948

Hmw,
m
474
270
439

Hw,
m
716
930
656

qΣ,
qΣ,s,
W/m kW
55.12 39.47
42.48 39.51
58.96 38.68

Т2,
η
COP
Е
ºC
24.1 210.29 0.592 6.25
24.2 181.97 0.592 6.25
23.8 223.70 0.592 6.16

120

898

42.67 38.32

23.6 193.11 0.592

6.12

251

697

44.58 31.08

20.3 186.81 0.592

5.43

Fig. 4. Map of deep geothermal flux combined with the locations of 27 closed mines (criss-crosses) in
the Donetsk coal basin. Five identified top promising mining sites are shown as circles with a yellow
centre; enumeration of mines is the same as in Table 1.

The expected total heat flux that can be recovered at the identified promising sites by
the coaxial probe varies from 31.1 to 39.5 kW at the heat output of 42.7 – 59.0 W/m and
COP of heat pumps of 5.43 – 6.25. The performance efficiency has been determined with
an increase in the length of the submerged part of the probe. As seen in Fig. 4, the selected
sites correlate with the areas of elevated geothermal flux; at the same time, the coefficient
of thermal and hydrodynamic efficiency E and COP depend on multiple parameters and do
not have clear patterns, thus, should be studied in more details for each individual site in
feasibility studies.

5 Conclusions
A method to evaluate the effectiveness of geothermal heat recovery by coaxial probes in the
watered zone of a closed flooded mine has been developed based on the equations of heat
transfer in rocks and fluids. The evaluation method has been applied to rank 27 examined
closed coal mines in Donbas in terms of geothermal heat recovery and identify top
promising mining sites. The calculations allowed evaluating the key efficiency indicators of
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geothermal system performance including COP as the primary criterion and the coefficient
of thermal and hydrodynamic efficiency of the probe as the supplementary criterion. The
probe performance efficiency depends on multiple parameters, thus it does not have clear
patterns and should be studied in details for each individual site.
The developed evaluation method can be further improved by taking into account the
temperature changes of the heat transfer fluid in the probe inner tube and mine water, as
well as by estimating the duration of the period required to restore the natural temperature
of mine water after probe operation during the heating period. In addition, it is necessary to
expand this approach for evaluating the performance effectiveness for U-shaped probes
installed in the backfilled zone of shafts.
The developed method of geothermal heat recovery evaluation needs to be further tested
and applied to other coal basins taking into account their conditions and geological settings.
The obtained results may serve as the basis for developing a universal complex criterion to
evaluate and optimise the probe efficiency depending on key performance parameters,
including flow rate, fluid properties, probe size, seasonal changes of temperature, and
energy demand by local consumers. The results obtained can be also used for feasibility
studies on installation and operation of geothermal probes in closed mines.
This study was performed within the project “Possibilities of low-temperature power generation and
energy storage for the valorisation of the energy use potential of mine water”, which is being
completed in cooperation with the Department of Applied Geology at Ruhr-University Bochum under
the support of Forum Wasser und Bergbau (Germany).
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