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Geothermal energy from flooded mines is a high-potential clean energy resource that can provide heating to
large communities with power comparable to small-scale power plants. The transient energy recovery process
for utilizing this energy resource, however, has not been well understood, especially those involving the heat
transfer in mine water with the widely-observed layering phenomenon where the temperature and salinity are
stratified. To better understand the transient energy recovery process considering such a layering phenomenon,
this study presents a numerical analysis of transient heat extraction from a flooded mine shaft with mine water
dominated by thermohaline stratification. The numerical analysis is conducted based on a realistic case using an
open-loop heat pump system. The simulation results show that, when normal pumping rates are used, the water
temperature available to heat pumps almost keeps unchanged because the transient energy recovery using an
open-loop system only leads to a temperature reduction of 0.2-0.3 K. By comparison, the simulation results in
this study are consistent with those measured from real demonstration projects, showing the accuracy of the
simulations and confirming the high efficiency and reliability of this energy innovation. The modeling results in
this study also reveal that heat extraction does not affect the stability of thermohaline stratification when normal
pumping rates, e.g.,0.0014-0.03m>/s, are adopted, but will break thermohaline stratification with pumping
rates over a hundred times of the commonly-used ones. These findings provide guidelines for future applications
at different scales, and the methodology reported in this study can be used to assist the design of the energy
recovery systems.

1. Introduction heat pump systems are conventionally used for geothermal applications

[9]: Ground-Water Heat Pump (GWHP), Ground-Coupled Heat Pump

Increasing consumption of energy for heating buildings, either do-
mestically or commercially, has drawn worldwide attention to renew-
able energy resources. Compared to conventional energy resources,
e.g., fossil fuels, renewable energy, e.g., solar energy [1], wind energy
[2], bio-materials energy [3], hydropower energy [4], and geothermal
energy [5], is more attractive because such types of energy are green,
clean, sustainable, and eco-friendly. Among them, geothermal energy is
gaining momentum worldwide because of its economic benefits [6] and
its huge quantity of heat continuously generated by the Earth’s interior
[7]. To utilize geothermal energy, heat pumps with the ability to
transfer heat from or to the ground are the most energy-efficient means
of heating and cooling buildings in the world [8]. Three major types of

(GCHP), and Surface-Water Heat Pump (SWHP). SWHPs achieve heat
exchange via heat convection of bulk water in a lake or a pond;
therefore, heat transfer in SWHPs is more significant than that in
GWHPs via heat convection of borehole water (not bulk water) and that
in GCHPs via heat conduction between the ground and water pipes.
The use of water in flooded mines for geothermal applications is a
variation of SWHPs and has been pioneered worldwide in recent years.
Numerous underground mines around the world were flooded with
water after their closure [10]. Because the great depths of mines pro-
vide high water temperatures contrast with the air temperature,
abandoned flooded mines are potentially large-scale geothermal energy
reservoirs for providing sustainable and low-enthalpy energy with low
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Nomenclature

g gravitational acceleration vector [m/s?]
t time [s]

p total pressure [Pa]

Dy hydrodynamic pressure [Pa]

Ty reference temperature [K]

T temperature [K]

Tr‘;f pumping reference temperature [K]
AT temperature difference [K]

T inlet temperature [K]

Tour outlet temperature [K]

So reference salinity [%, w/w]

S salinity [%, w/w]

E. total energy [J]

E, total pumping energy [J]

U velocity [m/s]

A cross-sectional area [m?]

Ap cross-sectional area of pipes [m?]
m pumping rate [m3/s]

Va cell volume [m?]

Qin inlet energy rate [W]

Q outlet energy rate [W]

Qr net energy rate [W]

cp specific heat [J/(kg K)]
up pumping velocity [m/s]
z elevation [m]

Dimensionless numbers

N buoyancy ratio

M cell number

i cell index

Greek symbols

0 density [kg/m>]

0o reference density [kg/m®]

Veff effective kinematic viscosity [m?/s]
Br thermal expansion coefficient K1
B solutal expansion coefficient [% 1]
ar thermal eddy diffusivity [m?/s]

Ay effective thermal diffusivity [m?/s]

agy effective solutal diffusivity [m?/s]

carbon emissions [11] by means of heat pumps [12]. Since the pio-
neering geothermal recovery with mine water in Canada [13], this
energy innovation has been pioneered in many real projects around the
world, such as Germany [14], Scotland [15], the United Kingdom [16],
and Netherlands [17]. In the U.S., a real project detailed in [18] has
been running well for heating a 1394 m? building with mine water in a
flooded copper mine using an open-loop heat pump system since 2009.
Two other demonstration projects in Markham [19] and Overton [20]
in the U.K. have also shown high levels of performance coefficients with
an open-loop heat pump system for heating buildings. For real in-
stallations, the investment and economic payback are usually the major
driving force. The designed annual thermal energy, in general, de-
termines the investment. Installing a geothermal heating plant with
0.41 GWh/year thermal energy can cost about 0.33 million dollars
[21]. According to Petricko et al. [22], the investment of installing a
geothermal heating plant with 10 MW of power could be several million
dollars with a payback period of about 17 years. 10 MW of power, in
fact, can provide heating to multiple buildings for about 1,700 house-
holds [23]. The investment of installing a single-building geothermal
system for heating, however, is around $100,000 and the payback can
be achieved quickly within 3-5 years [18].

Besides the above-introduced real projects, many numerical and
field studies have evaluated the heat reserves in mine water for geo-
thermal applications. MaJolepszy [24] estimated that a maximum
thermal power of 20 MW can be extracted over 50 years with a tem-
perature reduction of 7-8 °C by modeling heat extraction from a flooded
coal mine. Bailey et al. [25] predicted a thermal power of 47.5 MW
available in mine water for geothermal applications in the coalfields of
Great Britain. Jardén et al. [26] reported that 260,000 MWh can be
annually extracted with mine water in a mine in central Asturias, Spain.
In other mines in Spain, Menéndez et al. [23] estimated 20 MW of
thermal power available for heat recovery. In addition, 38.1-120.8 MW
could be recovered from the flooded Sierra Almagrera mines [27]. The
above results revealed the great thermal potential for geothermal ap-
plications with mine water. In real applications, the temperature var-
iation in mine water is a key to determining the efficiency and sus-
tainability of the application. Loredo et al. [28] found that the mine
water temperature almost remained unchanged during heat extraction
based on the field data. Andrés et al. [29] also found that the mine
water temperature was very stable during heat extraction via numerical

simulations in a period of 90 years under different scenarios of water
extraction and injection. These results showed that mine water is a very
reliable resource for heat recovery. In addition to the heat potential
assessments, numerical studies also have been conducted to understand
the optimal and efficient use of mine water for heating. Raymond and
Therrien [30] modeled the groundwater flow in flooded mines in Ca-
nada to investigate the long-term performance of geothermal energy
recovery. They found that a sustainable water pumping rate for energy
extraction was 0.049 m>/s if the mine water temperature after heat
extraction was 3 °C. Raymond and Therrien [31] investigated the op-
timal design of a heat pump system for the energy application and
found that the minimum and maximum water pumping rates were
0.019m3%/s and 0.063m?/s, respectively, by modeling groundwater
flows and heat transfer in the mine-water-surrounding-formation
system. However, all of the above-mentioned modeling studies treated
mine water as a 1D flow; as a result, the realistic heat and mass
transport in large bodies of mine water has not been well considered.

To date, a few numerical studies considered more realistic heat and
mass transport mechanisms in mine water for modeling heat extraction.
Madiseh et al. [32] investigated forced convection in mine water inside
a tunnel at the bottom of a flooded mine for heat extraction. Thornton
[33] analyzed the effect of the thermal convection in mine water to
evaluate the heat exchanger placement and configuration in a vertical
flooded mine shaft. Strictly speaking, these studies did not reveal the
realistic heat and mass transport mechanisms in mine water due to the
exclusion of salinity transport in mine water. Field measurements
showed that the salinity in mine water is in a range of 65.4-610.4 ppm
[34] and it will increase as the depth goes deeper because of the geo-
chemical gradient [34,35]. Thus, the realistic mine water movement in
most flooded mines is driven by a special heat and mass transport
mechanism: Double-Diffusive Convection (DDC) [35]. The buoyancy
force that drives mine water to move is affected by heat and salt
transport with different diffusivities, where the distributions of heat and
salinity affect the vertical density gradient of mine water in the opposite
way [36]. Due to DDC, mine water has a distinctive feature that has
been observed as a widely-existing phenomenon in mine water around
the world, e.g., Germany [35], the U.K. [37], France [38], and the U.S.
[39]. This feature is that temperature and salinity in mine water are
stratified to form different layers along a mine shaft, which is termed
thermohaline stratification. Each layer has almost the same
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temperature and salinity. Significant heat and salinity gradients occur
at the interface between two adjacent layers. To understand such
thermohaline stratification, Reichart et al. [38] modeled the mine water
movement dominated by DDC. However, thermohaline stratification
was not successfully observed in the study [38]. Recently, Bao and Liu
[40] succeeded in reproducing thermohaline stratification in large
bodies of mine water via multiphysics simulations. The study [40]
scientifically explained the formation of thermohaline stratification,
where the structure of thermohaline stratification is consistent with
those observed from field measurements. Despite the progress, no re-
search has been reported on modeling heat extraction from real flooded
mines considering thermohaline stratification.

Thermohaline stratification governed by DDC is, in fact, critical to
the efficiency and sustainability of this energy application and thus
cannot be overlooked. For heat extraction using an open-loop heat
pump system (commonly used in mine water-based geothermal appli-
cations, e.g., [18,20]), one key consideration in the determination of
the efficiency of heat pumps for extracting heat is the water tempera-
ture available to the heat pumps, which is determined by the water
temperature distribution and pumping location. In addition, the var-
iation of the temperature distribution (i.e., the structure of thermoha-
line stratification), which is affected by the pumping rate, pumping
location, and natural heat and mass transport, will further determine
the future water temperatures available to the heat pumps. This will
determine both the efficiency and sustainability of the whole geo-
thermal application. Therefore, thermohaline stratification interacts
with the selection of geothermal energy system parameters (i.e.,
pumping rates and locations) in a very complicated way. One example
is that heat extraction with a high pumping rate may affect the in-
stability of thermohaline stratification by breaking thermohaline stra-
tification. As a result, the water movement will mix heat and salts to
alter water temperatures in a complex way. This may result in a sig-
nificant reduction in water temperatures during heat extraction and
consequently affect the sustainability of the whole energy application.
However, the influence of such events on the stability of thermohaline
stratification is still little known. Therefore, a sound understanding of
the interaction between heat extraction and the natural heat and mass
transport dominated by thermohaline stratification is not only highly
desirable but also urgently needed.

To fill the above knowledge gaps, this study reports on a metho-
dology to simulate transient heat extraction from a single mine shaft via
an open-loop system based on unique non-isothermal and non-iso-
solutal hydrodynamics. The objectives are to (1) simulate transient heat
extraction considering thermohaline stratification and (2) reveal the
influence of heat extraction on the stability of thermohaline stratifica-
tion. The study is organized as follows. A scientific framework with
unique non-isothermal and non-isosolutal hydrodynamics for modeling
heat extraction is presented first and then validated against theoretical
results. After that, heat extraction simulation is conducted based on a
realistic mine shaft using the validated model. Based on the simulation,
the performance of heat extraction considering thermohaline stratifi-
cation is evaluated, and the influence of heat extraction on the stability
of thermohaline stratification is discussed.

2. Theory and method
2.1. Mathematical formulation
2.1.1. Mine water governing equation
The governing equations for DDC in mine water, including the

continuity equation, momentum equation, energy equation, and sali-
nity equation, are formulated as
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where U is the mine water velocity; ¢ is the time; p, is the reference
mine water density; v,; is the effective viscosity; p is the mine water
density; p, is the dynamic pressure, in which p; = p — pgz; z is the
elevation; p is the total pressure; g is the acceleration vector; the ab-
solute value of pgz is the static pressure; T is the mine water tem-
perature; oceTff is the effective thermal diffusivity; S is the salinity; and
ocesff is the effective solutal diffusivity. To consider the buoyancy force
induced by temperature and salinity differences, the Oberbeck-
Boussinesq approximation [41] was used, where the density p is as-
sumed to vary linearly with the temperature T and salinity S

P =py[l = Br(T — Tp) + (S — So)] @)

where §; is the coefficient of thermal expansion; g is the coefficient of
solutal expansion; and T, and S, are the reference temperature and
salinity, respectively. To consider the influence of salinity and tem-
perature on the buoyancy force, the buoyancy ratio N defined by Eq.
(3) was adopted

_ BAS
BrAT 3)

where AT and AS are the temperature difference and salinity differ-
ence, respectively.

Turbulent flow is common in mine water [35]. Bao and Liu [40] also
confirmed that the turbulence was needed to successfully reproduce
thermohaline stratification. For modeling large-scale water movements
in oceans, constant transport parameters are widely adopted [42].
Based on this fact, this study assumed constant values of the effective
kinematic viscosity and effective diffusivity for large water mine bodies.
For both thermal and solutal diffusion, the effective diffusivity is the
sum of the eddy diffusivity and the laminar diffusivity. Thermal eddy
diffusivity oy can be estimated using the below equation [43]

UT = -4 VT (€))

where U'T’ is the eddy flux. According to Wolkersdorfer [35], the
maximum velocity of mine water measured from tracer tests was in the
order of 1072 m/s. ar thus can be estimated with this velocity magni-
tude. Other parameters, including the solutal eddy diffusivity, effective
kinematic viscosity, and eddy kinematic viscosity, are also needed. To
obtain such parameters, this study adopted the same calculations used
and detailed in [40]. The values of all of the transport parameters will
be presented in Section 3.1.

2.1.2. Heat extraction formulation

For heat extraction, an open-loop heat pump system is commonly
used in real geothermal applications with mine water (e.g., [20]). At a
pumping location, the pumping velocity u, can be calculated as

U, = —
? Ap 5)

where 71 is the volumetric flow rate, and A, is the cross-sectional area
of a pumping pipe. The power extracted from mine water by an open-
loop heat pump system can be calculated using the following equation

out

7 = 1mpcy(Tour — ];'if)
Qf" = ripe, (Thy — Tiy)

leaving (outlet)

returning (inlet) )

where ¢, is the water specific heat; T;,, is the outlet mine water tem-
perature (i.e., pumped water temperature); Q2* is the power at the

outlet; T;, is the inlet mine water temperature (i.e., water temperature
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after heat extraction); QI is the power at the inlet; and T,‘;f is the re-
ference pumping temperature. This reference pumping temperature is
used to eliminate the numerical stability issue as a great temperature
gradient will occur at the outlet if Q' = mpc, Ty, is used directly. To
avoid this stability issue, Trﬂf is defined as T,,,. Therefore, Q2" is equal to

zero at the outlet. At the inlet, the energy rate from mine water is
formulated as

Qr = mpcp(nut — Tp) 7)

where Qr is the net energy rate at the inlet.

2.2. Numerical framework implementation

The governing equations presented in Section 2.1.1 were im-
plemented with the finite volume method using a C+ + open source
platform, OpenFOAM. A new solver, DDCFoam, was developed by
coding for solving the governing equations to simulate a double-diffu-
sive flow triggered by temperature and salinity differences. For the
spatial discretization, the Gauss linear scheme with the second-order
accuracy [44] was utilized to discretize the Laplacian and gradient
terms based on Gauss’ theorem. Take the Laplacian term in Eq. (1), i.e.,
V-(ae% VT), as an example, its discretization form is expressed as

£
(T _ (T _ T -1
S V(g V)V = S, dF-(avT) = f; (al)r1Fy1 @ ©

where Vj is the control volume, F; is the face area, £ is the number of
faces of Vp, I and J are the centroids for two adjacent volume cells, and
d; is the distance vector. For the temporal discretization, the Euler
scheme with the first-order accuracy [44] was used to discretize the
accumulation term, e.g., ‘;—f as

] S — 8P Sp— 8P

o J SV = ./1;, a VE T Q)
where the superscript “o0” represents the old-time step value. The
PIMPLE algorithm [45] was adopted for numerical iterations. For the
convergence criterion, the iterative calculation is stopped when all the
final residuals for velocity, salinity, and enthalpy fall below a preset
tolerance of 107

2.3. Numerical framework validation

The framework developed in Section 2.1 is validated in this section.
The framework validation is fulfilled in two separate parts. The first
part is to validate the accuracy of DDC without heat extraction, which is
compared to the documented results [46]. Details of the first part will
not be repeated here but can be found in [40]. The second part is to
validate transient heat extraction from the dynamic DDC system, which
can be accomplished against the theoretical results. Details of the
second part are presented in the following.

Fig. 1 shows the schematic of the 2D model configuration for vali-
dating transient heat extraction from the dynamic DDC system. The
model was configured with a water depth of 50 m. The size of finite
volume cells was 0.36 m in the horizontal direction and 0.4 m in the
vertical direction. To consider heat extraction via an open-loop system,
two finite volume cells (rectangular elements in this 2D model) in the
water domain were removed, leading to two “blank” rectangular areas,
as shown in Fig. 1. These two areas are filled with no water and are thus
cavities. Their faces were treated as external boundaries. This model
set-up is similar to that of heat extraction from a geothermal standing
column well using an open-loop system used in Abu-Nada et al. [47]
and Al-Sarkhi et al. [48]. The inlet was prescribed at the bottom
boundary of the upper cavity (i.e., the green one) to consider the re-
turning mine water after heat extraction. The outlet was set up at the
bottom boundary of the lower cavity (i.e., the red one) to consider the
leaving mine water to a heat exchanger. Mathematically, the initial and
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boundary conditions to consider the above heat extraction process can
be described using the following equations

T = 300K, S =0.01% att=0

T, =295K , VS =0 at the inlet

VIT=0,VS=0 at the outlet

U, =0, U; = —0.005m/s attheinlet

U, =0, U; = 0.005m/s attheoutlet (10)

It is noted that there are no thermal and solutal fluxes on other
boundaries of these two cavities (i.e., boundaries except the outlet and
inlet) and all boundaries of the water domain (see Fig. 1). T;, = 295 K
and VT = 0 were defined at the inlet and outlet, respectively, to ensure
that a temperature loss of 5K occurs due to heat extraction with the
heat exchanger. Accordingly, the total extracted energy amount E,
during any computing periods can be computed by

M
E. = c, V4 AT
= 2t an
where i is the cell index; M is the total number of cells; V, is the volume
(i.e., 0.144m>) of the cell with a unit thickness; and AT is the tem-
perature difference of the cell i within a certain computing period t.
Theoretically, the total energy E; extracted from the mine water
environment within the same computing period can be calculated by

E, = mpcyt AT (12)

where AT is the temperature difference (i.e., 5K). m for this 2-D case
can be calculated by multiplying U, by the horizontal length of the cell
(i.e., 0.36 m) and a unit thickness in the z-direction. For the validation,
the theoretical results computed with Eq. (12) are compared with the
numerical results computed with Eq. (11). As shown in Fig. 2, the ratios
between the theoretical and numerical results are almost equal to 1.0 at
different times. This good agreement demonstrates the good capacity
and accuracy of the developed framework for calculating the output
energy via transient heat extraction from the DDC system using an
open-loop system.

2.4. Site description and corresponding heat extraction model set-up
Transient heat extraction from a real copper mine shaft considering

thermohaline stratification was simulated using the numerical frame-
work validated in Section 2.3. The Upper Peninsula of Michigan shown

5.8 m -
ry
Filled with water| | g
o
0.36 m —
Er 04m |
XA
Inlet Outer boundary conditions
£ of the water domain:
3 £ VT=0
(]
«° VS§=0
Without
water

27m v
L.

Fig. 1. Configuration of the model for validating transient heat extraction.
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Fig. 2. Comparison between the theoretical results and the numerical results.

in Fig. 3 was a historical copper mining area with over 3150 past un-
derground mines according to the United States Geological Survey [49].
Among them, the Hancock mine is located in the city of Hancock, where
the community thrived within 1 km of the mine (see Fig. 3). Therefore,
the use of this mine for heating can compensate the expenditure for

2 . .'
—— Kilometers
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Legend
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water pumping work and energy delivery. According to field observa-
tions in Hancock Shaft 2 [39], there are at least two stratified tem-
perature layers in mine water in Shaft 2 with a temperature range of
9-15.2°C, which is suitable for geothermal applications for heating
[18]. Therefore, Hancock Shaft 2 was chosen for the following simu-
lation.

Fig. 4 shows the configuration of a 2D model (Fig. 4b) developed
based on the layout of the mine (Fig. 4a). The model includes one
vertical shaft with a depth of 1159.2 m and eight horizontal drifts with
a length of 50 m, in which the length of drifts was configured shorter
than the actual ones to save computational cost. The geometric model
was meshed via structured grids with a size of 0.36 m and 0.4 m in the
horizontal and vertical directions, respectively (Fig. 4c). For regions on
boundaries, a small grid size of 0.01 m was used to avoid stability issues
when considering lateral heat fluxes from the surroundings, because a
relatively large grid size, e.g., 0.4 m, will cause stability issues. 65,446
cells were generated in total. It is noted that thermohaline stratification
could not be observed if a low grid resolution, e.g., 1 m, was used [40].
The flow pattern thus depends on the grid size and a small grid size is
recommended. To consider heat extraction, as shown in Fig. 4b, the
inlet and outlet were set up on the external boundaries of two cavities,
which is the same as the model set-up in Fig. 1. Mine water is pumped
out at the outlet (i.e., the bottom boundary of the lower cavity in
Fig. 4b) to an external heat exchanger and sent back into the shaft at the
inlet (i.e., the bottom boundary of the upper cavity) after heat

LBpu)t Sainte Mirie
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Milwaukee o£> 2 -
1 Grand Rapids, *
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D Ao 2t
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Fig. 3. Past underground mines in Michigan and the location of the Hancock mine. Data is from USGS.
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Fig. 4. Hancock Shaft 2: (a) underground structure layout [39], (b) simulation model configuration with heat extraction using an open-loop heat pump system and

(c) geometry grids.

extraction using an open-loop system. The boundary conditions for the
outlet and inlet are formulated as

T=T,VS=0 attheinlet
VT =0,VS =0 attheoutlet
U, =00, = —% at theinlet
- _m
U, =00, = - at the outlet (13)

where A is the cross-sectional area (i.e., 0.36 m?/s) and T, is the inlet
water temperature. The boundary conditions for mine water in Shaft 2
were the same as those used in [40], except that the present model only
considered the heat flux as the lateral intrusion to the boundaries in the
lateral directions. Two lateral heat fluxes were considered, one from the
surrounding rocks and the other from the water flows through cracks
and fissures in the surrounding rocks. A flux difference was also con-
sidered in the water flows through cracks and fissures between two
lateral boundaries as this condition is required for successfully re-
producing thermohaline stratification [40]. The lateral boundary

condition for water velocity was set up to be non-slip because of the
water-rock interface. More detailed explanations for the implementa-
tion of lateral boundary conditions can be found in [40].

For initial conditions, as shown in Fig. 5, three temperature and
salinity layers were assumed to consider the thermohaline stratification
that is present prior to heat extraction. Such initial conditions were
obtained by running transient simulation without heat extraction, in
which the initial temperature and salinity conditions were linearly
distributed with the water depth according to field measurements [39]
(i.e., 282.15K to 288.35K for temperature and 0.01% to 0.61% for
salinity). A sodium chloride solution was adopted to represent the
salinity in mine water as sodium chloride is the primary salt in mine
water according to field measurements for chemical concentrations
[39]. To consider representative pumping conditions for extracting
heat, 0.0014 m>/s (22.2 gpm), 0.0076 m>/s (210.5 gpm), and 0.03 m>/s
(475.5 gpm) were chosen to consider low, medium, and high pumping
rates, respectively, where the low and medium pumping rates were
obtained according to a real application in [18] and the high pumping
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Fig. 5. Initial temperature and salinity distributions in mine water along the
center axis of Shaft 2 for heat extraction.

rate was adopted according to a real application in [20]. Transient heat
extraction lasting a week was simulated to compare the inlet and outlet
water temperature variations in the simulation with those weekly
measured from a real running project in the U.K. [20]. The parameters
used in the simulation are tabulated in Table 1. A small time-step of
0.08 s was adopted to avoid stability issues when running the simula-
tion.

3. Results
3.1. Heat extraction using an open-loop system

This section presents the transient simulation results of heat ex-
traction from mine water considering thermohaline stratification. The
temperature distributions of mine water at different times during heat
extraction are shown in Fig. 6. Since the dimensions of mine water are
too large to clearly visualize, the water depth range between 0 and 50 m
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281
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Fig. 6. Temperature color maps within the water depth range between 0 and
50 m with heat extraction at (a) 0, (b) 3h, (c) 1day, and (d) 7 days.

containing the inlet and outlet areas was selected for visualization.

It is seen in Fig. 6a that the initial water temperature is almost
283.3K everywhere except the inlet where 278.3K was defined to
consider heat extraction. Heat extraction leads to a clear water tem-
perature reduction, as shown in Fig. 6b, ¢, and d. The temperature re-
duction is obvious in the region close to the inlet. At the outlet, the

Table 1
Parameters for mine water and the heat pump system used in the simulation.
Region Parameter Value
Mine water Reference density (kg/m%) 1088.6
Reference temperature (K) 333.15
Reference salinity (%) 15
Specific heat (J/(kg K)) 4181
Effective viscosity (m?/s) 3.95 x 1072
Thermal expansion coefficient (K™ ) 5.24 x 10~*
Solutal expansion coefficient (%~ 1) 6.82 x 1072
Effective thermal diffusivity (m?/s) 4,94 x 1074
Effective salty diffusivity (m?/s) 1x107°
Buoyancy ratio 1.26
Open-loop heat exchanger Case 1 Case 2 Case 3
Volumetric flow rate (m3/s) 0.0014 0.0076 0.03
Inlet velocity (m/s) —0.004 —-0.021 —0.083
Outlet velocity (m/s) 0.004 0.021 0.083
Inlet temperature (K) 278.3

Note: Thermal and solutal properties of mine water were determined according to Suérez et al. [50].
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temperature slightly decreases, where the absolute value for the tem-
perature decrease is less than 0.5 K during the simulated period for all
the cases. This is because Q¢ = 0 in Eq. (6) was defined, therefore,
there is no heat loss when pumping water out at the outlet. As a result,
the water temperature at the outlet only changes with the water
movement caused by the returning water intruded from the inlet with
the low temperature after heat extraction.

For velocity, the pumping velocity at the inlet induces the strong
water movement to influence the water temperature distribution and
variation in the whole mine water domain by driving the low water
temperature from the inlet. To understand this, Fig. 7 shows the velo-
city profiles corresponding to the temperature color maps in Fig. 6. We
can see in Fig. 7 that, for the three cases, the pumping velocity at the
inlet causes the strong water movement in the region close to the inlet.
This can be clearly seen in the zoom-in views of the inlet in Fig. 8. Due
to the pumping action, the pumping velocity at the inlet (downward)
changed the direction of the background water velocity in the natural
mine water DDC movement from upward to downward. However, this
pumping velocity, even for the value of 0.083 m/s calculated with the
highest pumping rate (i.e., Cases 3) in Table 1, is lower than the
background velocity. Therefore, the background velocity is only sig-
nificantly altered in the region that is very close to the inlet, while the
overall background water movement is negligibly affected. During the
heat extraction, the low water temperature from the inlet (after heat
extraction) is mixed quickly due to the background water movement,
leading to a negligible temperature reduction in mine water (see Fig. 6).
At the outlet, as shown in Fig. 8, no inversion for the water velocity
direction is observed because the pumping velocity at the outlet and the
background velocity have the same moving direction, i.e., upward.

For heat extraction, the outlet water temperature determines the
efficiency and reliability of the heat pumps and is thus of practical in-
terest. The outlet water temperature variations with time for the three
cases are presented in Fig. 9a. The outlet water temperature almost
remains unchanged at around 283.1 K, regardless of the pumping rates.
For all the cases, the daily root-mean-square (RMS) average of the
outlet temperature is in a range of 282.97-283.23K (Fig. 9c). The
above results indicate the high reliability of the energy application for
heating. The inlet water temperature is also plotted in Fig. 9a, in which
its value is a constant value because the water temperature at the inlet
was fixed at 278. 3K in the simulations. Based on the outlet water
temperature in Fig. 9a, the temperature differences between the inlet
and outlet for the three cases are plotted in Fig. 9b. All temperature
reductions are located in the range of 4.6-5.1 K during the simulated
period. This validates the high efficiency of the open-loop system to
provide sufficient heating energy (4 K temperature reduction for a ty-
pical application [18]).

The above high efficiency and reliability of heat extraction can also
be supported by the average water temperature within the water depth
range between 0 and 50 m and water temperature comparisons with
measurements from a real application. For the average temperature in
mine water, as shown in Fig. 10, the average water temperature within
the adopted water depth range is almost a constant, i.e., 283 K, which is
about 0.3 K lower than the initial water temperature without heat ex-
traction. The temperature reduction in this water depth range is only
caused by the low temperature from the inlet. Though the inlet water
temperature is 278. 3K, as shown in Fig. 10, the water temperature at
the location adjacent to the inlet (i.e., the finite volume cell next to
inlet) is in the range of 280.2-282.2K for the three cases. Fig. 11 pre-
sents the comparisons between the simulated outlet water temperatures
for Case 1 and weekly measured inlet and outlet water temperatures in
the Inman shaft building in the U.K. [20]. It is clearly seen that the
variations of the simulated outlet water temperatures in this study
confirmed the small temperature variations that have been measured in
a real application during two monitoring weeks. That is, the outlet
water temperature only changes slightly, i.e., 0.3-1 K, depending on the
heating demand during the system operation [20]. Such temperature
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variations during geothermal energy recovery have been reported in
demonstrations projects, e.g., [18,20], but have never been successfully
obtained in numerical simulations before the current study.

The extracted heat from mine water and the remaining heat in the
natural water system are also a practical interest in the energy appli-
cation. Shown in Fig. 12 is the total extracted heat for the three cases,
where the extracted heat is calculated with Eq. (10) based on the
temperature difference obtained from Fig. 9b. Since the heat is ex-
tracted continuously, the extracted heat clearly increases with time. At
the same operation time, the higher the pumping rate, the more the
extracted energy. For remaining heat in the mine water environment
after heat extraction, as shown in Fig. 12, the reaming heat computed
with Eq. (11) for Case 3 (i.e., the highest pumping rate in Table 1) for
the whole mine water body is almost the same as that without heat
extraction after the simulated period, further validating the reliability
of heat extraction with mine water for heating.

3.2. Stability of thermohaline stratification with heat extraction

As mentioned in the Introduction section, the variation of the
temperature distribution (i.e., the structure of thermohaline stratifica-
tion), especially those during heat extraction, determines the future
water temperatures available to heat pumps and thus the sustainability
of the whole energy application. To understand the evolution of ther-
mohaline stratification affected by heat extraction, this section presents
the results for the influence of heat extraction on the stability of

(a)t=0
Case2 Case 3

(b)t = 3hours

Case 1 Casel Case2 Case3

1005

0.025

Fig. 7. Velocity profiles within the water depth range between 0 and 50 m
during heat extraction at (a) 0, (b) 3h, (c) 1day, and (d) 7 days.
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Fig. 11. Comparisons of the simulated outlet temperature for Case 1 with
weekly measured outlet temperatures in the Inman shaft building in the U.K.
[20].

thermohaline stratification with the three pumping rates in Table 1. The
consequent structures of thermohaline stratification including that
without heat extraction were compared to assess the influence of the
pumping rate on the stability of thermohaline stratification.

For salinity, Fig. 13 plots the salinity distributions along the center
axis of Hancock Shaft 2 with and without heat extraction at different
times. It is clearly seen that the salinity distributions with heat ex-
traction almost overlap that without heat extraction, regardless of the
pumping rates for extracting heat. In the zoom-in views for the water
depth range (i.e., 0-50 m) containing the pumping location, there is a
difference in the salinity distributions. This difference is mainly caused
by the pumping process at the inlet where the water with a low tem-
perature is pumped back and impacts the natural DDC water movement
after heat extraction. However, this difference is negligible, especially
for Case 1, where the lowest pumping rate of 0.0014 m®/s was adopted.
The results in Fig. 13 imply that the heat extraction process has a

10
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Fig. 12. Total extracted heat for the three cases from mine water in Hancock
Shaft 2 using an open-loop system and the percent of heat remaining in the
mine water environment after heat extraction.

negligible effect on the stability of salinity layers.

As for temperature, Fig. 14 presents the corresponding temperature
distributions. The temperature distributions with heat extraction in the
three cases are close to that without heat extraction. However, a sig-
nificant difference in the temperature distributions in the top layer can
be observed when heat extraction is in progress. As shown in the zoom-
in views in Fig. 14, the water temperature with heat extraction at the
pumping location (i.e., inlet) is about 0.25-0.4K lower than that
without heat extraction. Accordingly, the water temperatures during
heat extraction are in the low-temperature range (left) while the water
temperatures without heat extraction are in the relatively high-tem-
perature range (right). However, this change for temperature distribu-
tions is only obvious in the top layer. The water temperature distribu-
tions with and without heat extraction in the middle and bottom layers
are almost the same. Therefore, the stability of temperature layers is
also hardly influenced by heat extraction. This can also be supported by
the evolution of the absolute vertical temperature gradient along the
center axis of Hancock Shaft 2. As shown in Fig. 15, the maximum
water temperature gradient occurs at nearly the same water depth as
time elapses, no matter heat extraction is in progress or not. This water
depth is the location with the layer interface plotted in Fig. 14. It is
clearly seen that the layer interface remains unchanged with time.
According to the observations in Figs. 13-15, the influence of heat
extraction on the stability of thermohaline stratification is negligible
when the three pumping rates in Table 1 are adopted.

4. Discussions

The variations and distributions of the water temperature in
Figs. 9-11 further prove the accuracy of the transient simulation of heat
extraction in this study and confirm the reliability of the energy in-
novation with mine water. The outlet water temperature almost re-
mains unchanged during heat extraction (see Fig. 9a), which is highly
consistent with the measurements from real energy applications, e.g.,
[20,18]. The major reason is that the heat reserved in mine water is not
“static”, but can be replenished by heat fluxes from the surroundings
(e.g., rocks and flows through rocks, see details in [40,51]). Therefore,
the outlet water temperature will be heated not only by the flux from
the lower portion of mine water but also those from the surroundings.
Mine water performs like a “battery” with the energy replenishment for
providing heating during heat extraction rather than a water reservoir
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with only a static energy reserve.

The negligible influence of heat extraction on the stability of ther-
mohaline stratification is mainly attributed to two facts. First, the
pumping location (10 m) is very far from the water depth of the layer
interface (about 480 m, see Fig. 15a). Due to this far distance, the low
water temperature from the inlet after heat extraction can hardly affect
the layer interface as the inlet water with the low water temperature
has been well mixed by the surrounding water. Second, the pumping
velocity is lower than the background water velocity, which can be
clearly observed from the flow patterns in Figs. 7 and 8. The maximum
background velocity in the DDC water movement is about 0.09 m/s,
which is consistent with the typical maximum measured velocity of
mine water from most of the tracer tests, e.g., Wolkersdorfer [35] and
Kories et al. [52]. However, even for the highest pumping rate in
Table 1, the corresponding pumping velocity is 0.083 m/s. Therefore,
the background water movement primarily controls the temperature
mixing in large bodies of mine water. This finding confirms that the
existing geothermal applications with mine water, which use relatively

small pumping rates (i.e., small scale), can run a long time without
losing efficiency due to the drop in the temperature of mine water.

Increasing the pumping velocity to a very high pumping rate (e.g.,
0.063 m>/s according to [31]) may break the layer interface by sig-
nificantly changing the flow patterns governed by natural DDC. To
examine this possibility, three high pumping rates of 0.063m3>/s,
0.142m3/s, and 0.284 m3/s were further considered. As shown in
Fig. 16, heat extraction breaks the interface between the top and middle
layers when 0.142m>/s and 0.284 m®/s are adopted. However, the
layer interface still exists when 0.063m®/s is considered. The water
temperature distributions under 0.142 m®/s and 0.284 m®/s are almost
linear with the depth of 800 m.

For temperature variations, as shown in Fig. 17a, the outlet water
temperature is in a range of 280-283 K, in which the temperature is
higher if a lower pumping rate is adopted. In Fig. 17b, the water tem-
perature differences between the outlet and inlet for these three high
pumping rates are about 4.5K, 3.6 K, and 3.2 K, which are lower than
those with a relatively low pumping rate in Fig. 9b.
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Fig. 15. Evolution of the absolute vertical temperature gradient along the center axis of Hancock Shaft 2 with and without heat extraction: (a) no heat extraction, (b)

Case 1, (c) Case 2, and (d) Case 3.

It is clear that a pumping rate over a hundred times of a commonly
used one in Table 1 can significantly affect the stability of layers by
breaking the layer interface (see Fig. 16c¢). Usually, such a high
pumping rate is unnecessary for heating a building like the one in [18]
with a building area of 1394 m? because a relatively pumping rate of
0.0014m>/s is enough. However, such a high pumping rate can in-
directly help evaluate heating a single building in the long term and can
be possible in a more aggressive heating application with more build-
ings. 0.284 m3/s is two-hundred times of 0.0014 m3/s used in [18],
which means that energy is recovered for heating two-hundred build-
ings for a week (i.e., large-scale). If a single building needs heating for
five-month (20 weeks) in a year, heating this building with mine water
by 10 years under continuous heat extraction will approximately result
in a temperature reduction of 2K (see temperatures marked in blue in
Fig. 17a) compared to the original temperature of 283.3 K, which fur-
ther validates the reliability of this energy innovation. However, for
such large-scale energy applications, the design of the energy recovery
system needs to be carried out based on a clear understanding of the
interaction between the pumping rate and the behavior of the natural
energy reservoir using methods such as the one presented in this study.

The above estimation might not be that accurate for real energy
applications in long-term heat extraction. Therefore, further research is
still needed to evaluate the long-term performance of heat extraction in
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several years, especially its influence on the stability of thermohaline
stratification that dominates the natural heat and mass transport in real
mine water bodies.

5. Conclusions

This study simulates transient heat extraction from a single mine
shaft for heating using a unique numerical framework, in which the
natural heat and mass transport in mine water dominated by thermo-
haline stratification was considered for the first time. The simulation
results showed that, when the commonly-used pumping rates (i.e.,
0.0014-0.03 m3/s) are adopted, the pumping water for extracting heat
via an open-loop heat pump system can alter the water temperature and
the background water movement. However, the changes are only sig-
nificant in the small local region close to the pumping location. Heat
extraction has a negligible effect on the overall water temperature
distributions and overall background water movement. The simulated
outlet water temperatures almost remain unchanged, leading to a very
stable water temperature available to heat pumps for extracting heat.
These results are consistent with those measured in real applications
and thus confirm the high efficiency and reliability of the energy ap-
plication for heating using the simulations.

Discussions on simulation results also revealed that the stability of
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Fig. 17. Mine water temperatures at the inlet and outlet (a) temperature variations and (b) temperature reductions through the heat exchanger.

thermohaline stratification is negligibly influenced by continuous heat
extraction because of the small pumping velocity and the long distance
between the pumping location and the interface of neighboring layers.
However, in further simulations where the pumping rate becomes a
hundred times of a normal one, heat extraction can break the layer
interface. The original stratified temperature distribution will turn to a
linear distribution in a certain depth range in the simulations. This will
cause major changes to the water temperature available to heat pumps
and consequently the practice for the whole geothermal energy system.

This study successfully reproduces the key process in geothermal
energy recovery with mine water and reveals the relationship between
a key energy recovery parameter, i.e., pumping rate, and the behavior
of the natural energy reservoir dominated by thermohaline stratifica-
tion. Analyses with different values for the pumping rate confirm the
sustainability of existing small-scale projects (low pumping rate) and
identify a key issue for future large-scale applications (high pumping
rate). This study also provides a tool for analyzing and predicting the
efficiency and sustainability of the energy application.
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