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Abstract: Abandoned mines represent an innovative and under-exploited resource to meet
current energy challenges, particularly because of their geothermal potential. Flooded
open-pits, such as those located in the Thetford Mines region (Eastern Canada), provide
large, thermally stable water reservoirs, ideal for the use of geothermal cooling systems.
Thermal short-circuiting that can impact the system performance affected by both free and
forced convective heat transfer is hard to evaluate in these large water reservoirs subject to
various heat sink and sources. Thus, this study’s objective was to evaluate the impact of
natural heat transfer mechanisms on the performance of an open-loop geothermal system
that could be installed in a flooded open-pit mine. Energy needs of an industrial plant using
water from the flooded Carey Canadian mine were considered to develop a 3D numerical
finite element model to evaluate the thermal impact associated with the operation of the
system considering free and forced convection in the flooded open-pit, the natural flow
of water into the pit, climatic variations at the surface and the terrestrial heat flux. The
results indicate that the configuration of the proposed system meets the plant cooling
needs over a period of 50 years and can provide a cooling power of approximately 2.3 MW.
The simulations also demonstrated the importance of understanding the hydrological and
hydrogeological systems impacting the performance of the geothermal operations expected
in a flooded open-pit mine.

Keywords: thermal energy; finite element; simulation; modeling; cooling; open-loop;
thermal short-circuiting; surface water; groundwater; mine water

1. Introduction

Mining sites often feature large excavations that fill with water after abandonment [1-6].
Harnessing geothermal energy from this water offers a sustainable and straightforward path
to economic development by repurposing former mining sites to meet the energy needs of
nearby communities [7,8]. As demand for geothermal energy grows, various methods have
emerged to assess the potential of abandoned, flooded mines using advanced analytical
and numerical models [9-12]. In Canada, nearly 10,000 orphaned and abandoned mines
have been identified, with roughly half being open-pit mines, leaving a significant footprint
on the landscape and devaluing the land in and around the mines [13]. However, these
open-pit sites filled with surface water are largely overlooked as geothermal resources
compared to underground mines, whose potential is better studied and documented,
primarily due to their greater depths and higher temperatures. Yet, these open-pit lakes
hold substantial water volumes, with stable low temperatures, that can be used with heat

Energies 2025, 18, 2714

https://doi.org/10.3390/en18112714


https://doi.org/10.3390/en18112714
https://doi.org/10.3390/en18112714
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0003-3983-7943
https://orcid.org/0000-0002-7486-9185
https://doi.org/10.3390/en18112714
https://www.mdpi.com/article/10.3390/en18112714?type=check_update&version=2

Energies 2025, 18, 2714

2 of 28

pumps to provide space heating and cooling or direct cooling without a heat pump [14].
Due to their thermal inertia, such bodies of water are warmer than the surrounding air in
winter and cooler in summer, making them suitable for heating and cooling applications in
many regions [15-19]. In fact, the average water temperature of deep pit lakes is typically
close to the mean annual atmospheric air temperature, providing ideal sinks for heat
rejection of cooling systems.

An open-loop geothermal system can experience thermal short-circuiting (TSC), where
forced convection between injection and pumping wells reduces efficiency and long-term
viability [20]. TSC typically occurs in aquifers when the hydraulic conductivity is too high
relative to system flow rates, but this phenomenon is even amplified in open water, like an
open-pit lake, where free and forced convection enhance thermal exchange.

Typically, the geothermal potential of flooded open-pits depends on the thermal inertia
of its water, which exchanges heat with the atmosphere, hydrosphere, and lithosphere [4].
Pit lakes act as rechargeable thermal batteries, influenced by solar radiation, evaporation,
precipitation, wind, and groundwater interactions [21]. Ngoyo Mandemvo [22] used numer-
ical simulations to evaluate the geothermal potential of the abandoned King-Beaver mine
(Quebec), incorporating pit geometry and rock-water thermal interactions but omitting
groundwater flow dynamics and pumping effects. Understanding these interactions is key
to minimizing TSC [20] and advancing geothermal development in flooded open-pit mines.

Société Asbestos Limitée, in Thetford Mines (Quebec, Canada), seeks to repurpose
mine sites for geothermal energy. Lacombe et al. [21] initially proposed an analytical
approach to estimate geothermal resources in the region’s open-pit lakes, considering
energy contributions from host rock and the watershed supply, varying the order of
magnitude of key parameters to better quantify their influence on the resource. While
useful for a first-order assessment, this analytical resource quantification based on the
volumetric method did not model pumping—-injection interactions. Further numerical
simulations were required to support the potential development of KSM Fertilizers” plant
planned at the mine site, which would require substantial cooling of chemical processes.
KSM aims to assess the Carey Canadian mine’s geothermal potential and TSC risk before
implementing a system [23,24]. This current study addressed this problem, with the
objective of evaluating the impact of natural heat transfer mechanisms, including free
and forced convection, on the performance of an open-loop geothermal cooling system
that could be installed in a flooded open-pit mine, which is related to the TSC risk. This
represents a significant challenge since surface and groundwater flow needs to be fully
coupled with heat transfer in a numerical model that can simulate the geothermal system
operations. The success criteria to reach the set goal were to report a model calibrated
with short-term observations that can accurately predict the long-term operation of the
system considering TSC between the pumping and injection points. The Carey Canadian
mine thus provides a useful example to develop similar numerical models at other sites
and complete advanced numerical simulations of pit lakes cooling potential. The model
presented is a first of its kind for geothermal resource assessment at a flooded open-pit
mine, and this manuscript offers key insights into site characterization, system design, and
resource estimation, with direct water use for industrial cooling.

2. Study Area

The Carey Canadian open-pit mine is located near the southwest boundary of the
municipality of Tring-Jonction (Figure 1).
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Figure 1. Piezometric map showing the direction of groundwater flow for the Tring-Jonction re-
gion [25,26].

The climate of the study area was analyzed using climate data compiled by the
Government of Canada between 1981 and 2010. The Saint-Séverin meteorological station,
located approximately 9 km from the mine, reports an average annual temperature of
3.6 °C and total annual precipitation of 1221 mm, including approximately 915 m of rain
and 306 mm of snow [26].

In 1958, Carey Canadian Mines Limited began mining asbestos deposits located in a
sheet of serpentinized peridotite dipping at approximately 30 degrees, consistent with the
surrounding metasediments and schists [27,28]. The operation created a pit approximately
1000 m long and 400 m wide (Figure 2), generating approximately 41 million metric tons of
mine tailings. In 1986, the global economic recession and the bad reputation of asbestos,
due to its harmful effects on health, led to the definitive cessation of the exploitation of the
deposits by the company ([29] consulted from [30,31]).

The transmissivity and hydraulic conductivity of bedrock were statistically esti-
mated using data from the “Projets d’Acquisition de Connaissance des Eaux Souterraines”
(PACES) [32]. Due to the lack of direct data on the transmissivity and hydraulic conduc-
tivity of the fractured rock aquifer, these parameters were evaluated using the specific
capacity. This parameter corresponds to the ratio between the constant pumping rate
of a well and its drawdown [32]. Based on a compilation of 4966 datasets, the median
transmissivity and hydraulic conductivity of the fractured rock in the geological area were
estimated to be 107#% m?s~! and 107%4¢ ms~!, respectively. These values represent the
hydraulic properties of the fractured rock aquifer at a median depth of 38.1 m. According
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to Lefebvre et al. [32], the hydraulic conductivity of the fractured rock aquifer is more
influenced by depth than by regional geology. It can be described by a nonlinear function
developed by Jiang et al. [33]. According to this relationship, the hydraulic conductivity of
the rock aquifer decreases by approximately two orders of magnitude over the first 100 m
depth. Thus, it is estimated at 10~ ms ™! at the surface and around 10~74 ms~! beyond
100 m depth.
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Figure 2. Bedrock geology of the Carey Canadian mine (adapted from Riordon [27] and Lacombe
etal. [21].

The direction of groundwater flow for the Tring-Jonction area was estimated using the
Government of Canada terrain elevation models and data from “Systéme d’Information
Hydrogéologique” (SIH), compiled over a 10 km radius around the Carey Canadian mine
site. According to a linear interpolation carried out with 287 hydraulic head data, the local
topography favours preferential flow in a southeast direction (Figure 1). Additionally, the
direction of groundwater flow at the Carey Canadian mine site was estimated using water-
level measurements taken in observation wells embedded in the till deposits [34]. Thus,
the piezometry of the sector confirms groundwater flow oriented towards the southeast
with an average hydraulic gradient of 0.037.

The open-pit mine is now flooded with 23,174,512 m? of water [21]. A ditch drains the
pit lake, and the water level located at 378 m above the sea level is constant all year long.
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3. Numerical Modeling Methodology
3.1. Governing Equations

The numerical model developed in this study was made with the COMSOL Multi-
physics software version 6.3, enabling the simulation of surface and groundwater flow
as a function of density and viscosity, through the finite element method, while coupling
heat transfer mechanisms [35]. The 3D geological model comprises two distinct domains:
open water and the surrounding rock, which is considered an equivalent porous medium
allowing groundwater flow to be simulated according to Darcy’s law. In contrast, free flow
of surface water is simulated according to Navier-Stokes laws. In order to deal with the
coupling of these two types of flows, Darcy’s law was incorporated into the Navier-Stokes
equations using the Brinkman equations, which establish a mathematical link between
these two relationships [36].

The velocity and pressure fields were resolved simultaneously in the free flow zones
and in the porous zones. This implies that the pressure in the free fluid and the pressure
of the porous medium are equivalent at the interface between these two flow zones. This
also means that continuity is ensured between the speed of the fluid in free flow and the
Darcy speed in the porous medium. The continuity of the flow speed and pressure implies
a discontinuity of stresses at the interface between the free flow domain and that of the
porous medium. The difference corresponds to the stress absorbed by the rigid porous
matrix, which is an implicit consequence in the formulations of the Navier-Stokes and
Brinkman equations [36]. The Navier—Stokes laws are used to describe the behaviour of a
viscous fluid in a domain where the flow is laminar. They are based on the conservation of
mass (Equation (1)) and momentum (Equation (2)) [36]. These general equations can be
described as follows:

dp _
s +V-(ou) =0 @)
%‘: +p(u-V)u = V-[—pl + K] + F @)

where p (kgm~2) corresponds to the density of the fluid, u (ms~') is the velocity vector, I is
the identity matrix, K (Pa) is the viscous stress tensor, and F (Nm—3) is the volume force
vector. For a Newtonian fluid, where the relationship between stress and strain is linear,
Stokes formulated the following equation:

K = y(Vu(Vu)T) - %y(Vu)I 3)

where y (Pas) corresponds to the dynamic viscosity and T (K) is the absolute temperature.
The use of Darcy’s law in porous media assumes laminar flow. Due to frictional
resistance present in the pores, the fluid loses considerable energy, resulting in generally
low flow velocities in the porous media. It is also assumed that the porous medium is
completely saturated, presenting homogeneous and isotropic hydraulic properties over
the entire domain [36]. Darcy’s law describes the velocity field (u: ms~!) according to the
following relationship:
K
u i Vp (4)
In this equation, x (m?) represents the permeability of the porous medium and p (Pa) is
the pore pressure. Darcy’s law, combined with the conservation of mass equation, provides
a comprehensive mathematical model suitable for many applications involving flows in
porous media, where the pressure gradient is the primary driving force [36]:

2 (p0) + V-(pu) = m 6)
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dl

In this equation, 0 represents porosity and m (kgm~3s~!) is the mass source term.

The Brinkman equations are used to describe the rapid movements of fluids in porous
media. They extend Darcy’s law to describe the dissipation of kinetic energy by viscous
shear, like the Navier-Stokes equations. These equations are suitable for describing transi-
tions between slow flow in porous media governed by Darcy’s law and fast flow described
by the Navier—Stokes equations. They depend on the flow speed described by Darcy’s law
and the pressure. Flow in the porous medium is governed by the combination of equations
for the conservation of mass (Equation (5)) and the conservation of momentum (Equation
(6)), which together constitute the Brinkman equations [36]:

+ (u-V)g) = -Vp+V B (y(Vu + (Vo)) - ;V(V-u)ﬂ - (% + ;“—2)u+1: ©6)

The COMSOL Multiphysics software makes it possible to simulate heat exchanges
by conduction and convection between free flow and in a porous medium. It is assumed
that chemical reactions are neglected, as there is no evidence of exothermic or endothermic
reactions taking place in the pit lake, and that thermal properties are homogeneous and
isotropic. Ground properties are likely anisotropic but this simplification should not greatly
affect simulations that are mainly influenced by flow and heat transfer mechanisms taking
place in the free surface water body. Furthermore, by assuming a thermal equilibrium
between the solid and liquid phases, COMSOL Multiphysics solves this equation, which
considers a common temperature to characterize heat transfer in the porous medium [37]:

aT
(Pc)effg + prwll'VT + Vq =Q (7)

q=—AfVT 8)

In these equations, ¢y, (Jkg 'K ™!) is the specific heat capacity of the fluid, q (Wm~2) is
a conductive heat flux, Q (Wm—3) is a heat source, and, finally, Aeg (Wm~—1K™1) corresponds
to the effective thermal conductivity. The parameters (pc).; (Jm >K™!) represent the
effective heat capacity for a constant pressure, described by this relation:

(0C) ot = Dpscs + Opwew 9)

where @ represents the volume fraction of the solid matrix, ps (kgm—2) corresponds to
the density of the solids and ¢ (Jkg 'K ~!) corresponds to the specific heat capacity of the
solids. Like heat transfer in a porous medium, heat transfer in a free medium is described
by this relation, in which the thermal properties of the solid are no longer considered [37]:

oT
chwg +powewu- VT +Vq=0Q (10)

3.2. Simulation Context and Conceptual Model

As part of the construction of its plant, KSM plans to use the former infrastructure of
the Carey Canadian mine, located on the southeast edge of the pit lake. The water from
the open-pit lake would be extracted at the old ramp located at the east end of the pit, at
approximately 100 m from the bank, to reach a maximum depth of approximately 10 m.
After use, the water would be reintroduced to the surface of the pit lake, approximately
300 m south of the pumping point (Figure 3).
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Figure 3. Configuration of the Carey Canadian pit water pumping and injection system, illustrating
the simulation context.

To meet the cooling needs of the industrial plant, KSM requires a continuous inlet
temperature below 15 °C and a flow rate of 71 m®*h~!. The reinjected water is estimated to
reach a temperature of around 36 °C. The geometry of the model has been simplified to
facilitate calculations, maintaining the total volume and maximum depth while representing
its shape with a half-ellipsoid having a maximum depth of 140 m. Its surface area is
estimated at approximately 250,000 m?, which corresponds to a volume of free water of
approximately 23,000,000 m? (Figure 4).

This half-ellipsoid representing the pit lake was then integrated into a rectangle
representing the surrounding equivalent porous medium, with dimensions of 250 m high,
1100 m wide and 600 m deep (Figure 5). These dimensions were chosen after several
simulations aimed at optimizing the size of the model, thereby reducing calculation time
while preserving the propagation of the thermal plume away from its boundaries. Pumping
is represented by a circular surface located on the surface of the pit lake, with a radius of
5 m. The injection is represented by a 10 m long line, centered at a depth of 55 m in the
open-pit lake. It is important to note that these configurations were selected with numerical
stability in mind. The 3D numerical model is designed to include preferential flow in
the y-axis direction, to best represent the effect of regional flow on a possible plume, in
agreement with the configuration proposed by KSM. In addition, annual water inputs are
integrated into the model, as well as the effect of variations in ambient air temperature by
convective flow and the effect of the terrestrial heat flux (Figure 5).
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Figure 4. Simplified geometry of the Carey Canadian mine based on bathymetric data collected in
August 2022 by Lacombe et al. [21]. (For colour legend, see Figure 3).
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Figure 5. Conceptual model of the numerical simulations integrating natural flow and heat transfer
phenomena with the COMSOL Multiphysics software.

The simulation requires the implementation of three distinct steps to integrate the
different flow and heat transfer phenomena considered. The first step of the simulation
aims to achieve a steady state, by establishing a balance between natural flow, water inputs,
and thermal stabilization between free water and the porous medium. The second step
consists of simulating the variations of the ambient air temperature on the surface of the
model in transient mode until reaching stability and reproducing observed temperature
conditions. Finally, still in transient mode, the third and final step consists of the simulation
of heat injection and pumping over a period of 50 years. Table 1 includes the hydraulic and
thermal properties of the porous medium selected for the numerical model.



Energies 2025, 18, 2714

9 of 28

Table 1. Hydraulic and thermal properties of the porous medium selected for the numerical model.

Properties Symbols Values Units
Porosity 0 25 %
Hydraulic conductivity K 1x1073 ms~!
Permeability K 1x 1071 m?
Thermal conductivity of solid A 3.37 Wm~1K~!
Volumetric heat capacity of solid Cs 2.73 MJm3K~!

The thermal properties of the porous medium are derived from values determined in
the laboratory using a thermal conductivity scanner with samples for the Carey Canadian
mining site [21]. Concerning the hydraulic properties of the porous medium, they differ
from the typical values of the area, as indicated in the PACES report [32]. These values
were retained because rock is expected to be fractured and therefore permeable around
the open-pit and to ensure numerical stability between the porous medium and free water.
Simulations tried with a low hydraulic conductivity resulted in flow velocity contrasts and
numerical convergence problems.

To compensate for the high hydraulic conductivity of the model, the regional hydraulic
gradient was allowed to depart from observations to maintain the estimated inflow of
381,019 m3yr~—!, which was imposed as a boundary condition at the back side of the model.
This flow rate represents the quantity of water entering the pit annually by recharge of
the water table, established from a hydrogeological assessment of the open-pit [21]. Zero
pressure is applied to the front of the model to induce flow in the y-axis direction of the
3D model. Next, a zero-flow velocity is imposed on the left and right faces as well as at
the base of the model to prevent water flow through these lateral and bottom surfaces.
On the surface of the porous medium, a recharge rate of 385 mmyr~! is imposed to
represent the quantity of water contributing annually to the recharge of the regional aquifer,
according to a hydrogeological balance calculated by Lacombe et al. [21]. Additionally,
a flux of 1221 mmyr~! is imposed on the surface of the pit lake to represent total annual
precipitation in the region. Since the pumping point is represented by a circular area on the
surface of the model, boundary conditions must be imposed, and they differ depending on
the simulation step. During the steady-state simulation, a zero-flow velocity is imposed on
this surface, while a model output flow rate, equivalent to 71 m*h~!, is imposed for the
following simulation steps. The same input flow rate is attributed to the line inside the
model representing the injection point at depth.

On all lateral faces surrounding the model, a boundary condition of zero temperature
gradient is imposed, meaning that no heat exchange occurs on these surfaces. However,
at the base of the model, a terrestrial heat flux of 0.044 Wm ™2 is imposed [38]. To reach
the stationary state, the surface of the porous medium is temporarily maintained at a
temperature of 3.6 °C, in accordance with the average daily temperature determined on an
annual basis from the ambient air measurements, evaluated from meteorological data of
the Saint-Séverin weather station. To accelerate convergence towards thermal equilibrium,
the initial temperature imposed on the porous medium gradually increases as a function
of depth, following the local geothermal gradient of 15.8 °C km~! [21,39]. A temperature
of 4 °C is defined at the surface of the pit lake and is used as the initial temperature
over the entire domain representing the water contained in the pit lake. This value was
chosen because it corresponds to the temperature where the density of water is highest.
However, during transient simulations, the fixed temperatures imposed on the surfaces of
the porous media and free water are replaced by a convective heat flux. This new boundary
condition makes it possible to adjust the surface temperature of the model as a function
of the ambient air temperature, based on meteorological data from the Thetford Mines
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station integrated into the COMSOL Multiphysics software. The convective heat flow
depends on a heat transfer coefficient which is calibrated manually to obtain the most
representative temperature of the pit lake prior to the simulation of geothermal operations.
In addition, a zero-temperature gradient is imposed on the circular surface representing
the pumping point.

3.3. Meshing and Time Step

The mesh of the 3D model was defined to meet the requirements of fluid dynamics
using an optimization carried out by the COMSOL Multiphysics software. This was then
manually refined in the injection and pumping zones to discern variations in speed and
temperature more precisely (Figure 6).

250 m

g0 ™

Figure 6. Mesh of selected numerical simulations comprising a total of 113,713 elements, whose sizes
vary between 3.8 m and 38.7 m.

The model is composed of a total of 113,713 elements, constructed mainly of tetrahe-
dral shapes, with maximum and minimum dimensions of 38.7 m and 3.8 m, respectively.
The presented mesh is considered the most appropriate to represent the simulation con-
text after numerous convergence tests and careful adjustment of the configuration of the
elements. The overall quality of the mesh elements was assessed using the Skewness
measurement integrated into the COMSOL Multiphysics software. This measurement
makes it possible to evaluate the quality of the elements according to equiangular obliquity.
The general principle is to penalize elements having angles that are either too large or too
small compared to the angles of an ideal element [35]. Mesh quality is a dimensionless
value between 0 and 1, where 1 represents a perfectly regular element and 0 represents a de-
generate element that may cause convergence problems. In general, elements with quality
below 0.1 are considered bad for many applications. The meshing algorithms in COMSOL
Multiphysics software aim to avoid the creation of poor-quality elements, but depending
on the complexity of the geometry, these algorithms do not always achieve the quality
required to ensure convergence. It is therefore essential to check the minimum and average
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Epilimnion

Metalimnion

quality of the elements of the numerical model. The overall quality of the numerical model
was optimized using a manual refinement of the mesh at the injection and pumping points.
The elements of the numerical model have an average quality of 0.70 with a minimum
quality of 0.11, which ensures convergence and stability in the numerical simulations.

The geothermal system operation simulation extends over a continuous period of
50 years, with a daily output time generating a total of 18,250 simulated days. Transient
simulations in COMSOL Multiphysics were solved with an adaptive time step. This means
that the software automatically adjusted the time step size to maintain the desired relative
tolerance. Reducing the relative tolerance to smaller numbers of results in smaller time
steps increased the reliability of the solution. A relative tolerance of 0.05 was imposed on the
model to ensure numerical stability while allowing the effects of ambient air temperature
variations to be clearly identified on the surface of the numerical model.

3.4. Calibration

During the summer period, deep-water masses are characterized by depth-dependent
temperature stratification caused by subsurface flow regimes and seasonal temperature
variations [40,41]. Thermal stratification is characterized by three distinct zones differen-
tiated by their contrast in temperature and density. The epilimnion generally represents
the warmer surface zone and rests on a layer of cold water whose temperature is relatively
undisturbed, namely, the hypolimnion. These two sections are separated by a thermal
transition zone within which the temperature fluctuates greatly. The latter is known as the
metalimnion [41-43].

The characterization of the thermal behaviour of the water contained in the Carey
Canadian mine was made with the installation of a series of submersible temperature
sensors with data loggers dispersed along a cable supported and vertically stabilized by a
system of buoys (Figure 7).

Temperature
sensor

Hypolimnion

100.0

Weight
Weight Weight

Figure 7. Conceptual model of thermal stratification within a flooded open-pit during the summer
and winter periods and diagram of the installation allowing recording of the water temperature at
different depths throughout the year (adapted from [44]).

This installation allowed the establishment of a profile of the water temperature in the
open-pit as a function of depth over a period of several years, to assess the impact of sea-
sonal variations on the water temperature and to better quantify the available geothermal
resource. In total, 12 temperature data loggers were distributed vertically over a depth of
100 m. The spacing between the logger is closer in the first 25 m to characterize thermal
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fluctuations with better spatial resolution. Data were collected hourly for an entire year,
providing a total of 8760 temperature data points for each sensor.

Water temperature measured over a full year was used for the calibration of the
numerical model, which consisted of adjusting model inputs so that it can satisfactorily
reproduce annual water fluctuations under ambient temperature changes. Differences
in observed versus simulated water temperature prior to geothermal system operation
were used to evaluate model errors. This increased confidence in the model’s ability to
reproduce the behaviour of the natural system studied. The calibration aimed to best
reproduce the observed effect of seasonal variations on the water temperature in the pit
lake. Integrating seasonal variations in water temperature into numerical simulations
improves the estimation of available geothermal potential and the impacts associated with
thermal use over an extended period [18,45]. To do this, the convective heat flux (7; Wm™2)
applied to the surface of the numerical model, represented by the following equation, was
mainly adjusted:

q = h(Tamp — Tw) (11)

In this relationship, T,np (°C) represents the ambient air temperature based on the
ASHRAE climate normals of the Thetford Mines station integrated into the COMSOL
Multiphysics software, Ty, (°C) corresponds to the temperature of the water in the pit
lake, and & (Wm~2K™1!) is the heat transfer coefficient. Using meteorological data, the
software automatically adjusted the convective heat flux based on variations in ambient
air temperature, thereby representing seasonal thermal effects and making simulations
more realistic. However, the heat transfer coefficient is an unknown parameter that acts
as an amplifier of the effect of ambient air temperature on the model surface. In other
words, the higher the heat transfer coefficient, the greater the heat flux is at the surface of
the domains of the numerical model. At the end, this parameter was manually adjusted to
best reproduce the effect of variations in ambient air temperature on the observed water
temperature in the pit lake.

3.5. Geothermal Potential

The thermal energy E (M]) injected in the flooded open-pit mine by the geothermal sys-
tem mainly depends on the operating flow rate and the pumping and injection temperature.
To correctly evaluate the thermal energy injected by the proposed system configuration, it
is essential to predict the evolution of these parameters over time. With the operating flow
rate maintained at 71 m3h~! and the injection temperature Tinj (°C) kept constant at 36 °C,
only the pumping temperature has an impact on the quantity of thermal energy injected
by the geothermal system. Thus, this temperature was evaluated daily over a period of
50 years using an observation point located at a depth of 10 m, below the pumping zone
of the numerical model. It was therefore possible to calculate the thermal power Q (MW)
injected by the system after 50 years of simulation using the following relationship:

18,250 v /i i
ot _ [P e (1~ o)
t t

(12)

In this equation, the variable ¢ (s) represents the operating time and T}’;ump (°C) cor-
responds to the temperature evaluated at the observation point, where the days are rep-
resented by the exponent i. This summation included 18,250 pumping temperature data,
which corresponds to the number of days over a 50-year period. In addition, the pa-
rameter Vi, (m3d~") represents the volume of water extracted and injected daily by the
geothermal system.
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3.6. Sensitivity Analysis

The sensitivity of the input parameters used for the numerical model was evaluated
to quantify the impact of their variations on the simulation results. This allowed the
determination of the parameters which have a significant influence on the results, as well
as those which can have a negligible influence. This analysis contributed to improving the
robustness and reliability of the numerical model by verifying the consistency of the results
according to the variation of the input parameters. The sensitivity analysis was made by
varying each parameter by +10% of the initial values to identify those which have the most
influence on the pumping temperature (Table 2).

Table 2. Variations in initial parameters subject to sensitivity analysis of the numerical model.

Input Parameters Initial Values —10% +10% Units
Boundary conditions
Incoming flow 381,019 342917 419,121 m3yr—!
Recharge 385 347 424 mmyr !
Precipitation 1221 1099 1343 mmyr !
Terretrial heat flux 0.0440 0.0396  0.0484 Wm—?2
Heat transfer coefficient - - - Wm—2K~!
Material properties
Porosity 0.250 0.225 0.275 %
Thermal conductivity of solid 3.370 3.033 3.707 Wm~1K™!
Volumetric heat capacity of solid 2.730 2.457 3.003 MJm3K!

The sensitivity analysis includes two variations of values for each of the parameters
presented in Table 2. The goal was to compare the impact of these variations on the
results with respect to the initial values. It should be noted, however, that the hydraulic
conductivity of the porous medium was not subject to the sensitivity study. The hydraulic
conductivity was chosen to ensure numerical stability between the domain of the porous
medium and the free water of the model. Modification of the hydraulic conductivity could
lead to flow velocity contrast and thus numerical instability compromising the reliability
of the sensitivity analysis results. As explained above, the modelling strategy consisted
of specifying the incoming flow rather than the hydraulic heads, and this incoming flow
was subject to the sensitivity analysis to evaluate the impact of varying groundwater flow
across the model.

4. Results
4.1. Calibration

The measurement of the pit lake temperature began on 13 November 2021 and was
made until 25 October 2022 (Figure 8).

The water at the surface (~0.5 m depth) of the Carey Canadian mine reaches a min-
imum temperature of 0.5 °C in January before reaching its maximum temperature of
22.9 °C during July. The water temperature undisturbed by seasonal variations at the Carey
Canadian mine is estimated at 4.5 °C, which is reached beyond 40 m depth.

The air temperatures recorded by the Saint-Séverin meteorological station (Figure 8)
are given for the duration of monitoring. These data are superimposed to climate normals
for comparison. It can be concluded that the variations in water temperature recorded
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during the monitoring reflects the general trend of the effects of ambient air temperature
variations over the pit lake.

Normal temperature (1981 - 2010) —o— Cable and temperature sensors
Daily temperatures (2021 - 2022)
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Figure 8. Variation of water temperature in the Carey Canadian mine as a function of depth from
13 November 2021 to 25 October 2022.

The heat transfer coefficient () integrated in Equation (12) was modelled as a sinu-
soidal function whose value varies as a function of time (t; s) to effectively represent the
effect of variations in ambient air temperature with the numerical simulations:

. 21

The objective of the calibration was to maintain thermal stability at depth while
considering seasonal influences on the open-pit water temperature. A fixed value of the
heat transfer coefficient does not allow reproduction of the observed water temperatures.
When the heat transfer coefficient is low, water temperatures are too low during the summer,
while high values of the coefficient result in simulated temperatures below 0 °C during
the winter. To reduce the impact of convective heat transfer during the winter when
ice forms and the pit lake becomes insulated from ambient temperature changes at the
surface, a minimum value of 5 Wm~2K~! was imposed on the sinusoidal function. This
value prevented simulated water temperatures from falling below 0 °C, while remaining
close to field observations. The heat transfer coefficient was also set to a maximum value
of 15 Wm™2K ™!, allowing a greater increase of the pit lake temperature during the hot
summer period with extended daylight. This gradual increase of the heat transfer coefficient
following a wave similar to the air temperature reported in climate normals aimed to vary
the effect of the convective heat transfer at the surface, thus adjusting the influence of the
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ambient temperature and reasonably reproducing complex heat transfer processes taking
place at the pit lake surface (Figure 9).
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Figure 9. Correlation between air temperature reported in climate normals from the Thetford Mines
meteorological station [46] and the sinusoidal function of the heat transfer coefficient.

As a result, the propagation effects of simulated ambient air temperature are mainly
perceived above the depth limit of 40 m, which is consistent with field observations.
Additionally, periods of temperature transition occur during May and June, as evidenced
by field records. The simulated temperatures during the winter period agree well with
the recorded data, whose minimum temperature reached is approximately 0.7 °C at the
surface of the pit lake. However, a greater temperature difference is observed during the
summer. Despite the increase in the heat transfer coefficient during the summer months,
the simulated temperature does not exceed 12 °C. It is important to mention that, even
when applying a higher heat transfer coefficient, the simulated water temperature could
not exceed 18.2 °C, since this value corresponds to the upper limit of the climate normals of
the Thetford Mines meteorological station. Heat transfer coefficient values between 5 and
15 Wm~2K~! were nevertheless retained because the sinusoidal function makes it possible
to maintain thermal equilibrium in the numerical model as a function of time (Figure 10).

Observed temperature Simulated temperature

S
20

Température (°C)

-8

T T T

Figure 10. Correlation between water temperature observed in the Carey Canadian mine and
simulated with the numerical model, based on climate normals from Thetford Mines meteorological
station and the sinusoidal function for the heat transfer coefficient (Equation (13)).
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4.2. Geothermal Operation Simulations

A steady state simulation was made afterward to determine flow and temperature
conditions in the porous medium and the open water body before the operation of the
geothermal system (Figure 11). As a result, the temperature at the surface of the pit lake
remains stable at 4 °C and shows a slight increase with depth. The difference in hydrostatic
pressure causes a movement of the flow vectors from the porous medium towards the open
water, where the flow velocity is higher. Furthermore, the interaction between the incoming
water and the water inputs imposed on the surface of the numerical model results in a

slight downward trend in the flow lines along the y-axis.

Temperature Velocity
(°C) (x108 ms™)

135

Figure 11. Steady state temperature and velocity vectors used as initial conditions for the transient
simulations of the geothermal system operation.

The effect of injection and pumping at the start of the simulation is shown in Figure 12.
The interaction between injection and pumping is mainly concentrated in the first half of
the pit lake. In the second half, the natural flow is preserved, and the temperature is not
affected by the operation of the geothermal system. Many injection flow lines reach the
pumping zone, but some of these flow lines pass through the porous medium. Some of the
water entering the pit lake is captured by the pumping zone, causing the temperature of
the sampled water to mix. As illustrated in Figure 12, thermal plume propagation is mainly
influenced by flow lines related to injection and pumping.

During the first 30 years of continuous operation, the thermal plume propagates and
amplifies rapidly. However, between 30 and 50 years of operation, the expansion of the
thermal plume inside the pit lake slows down considerably, reaching thermal equilibrium
with the natural environment. The thermal plume propagates along the limit of the pit
lake, between the injection zone and the pumping zone, and penetrates inside the porous
medium over a maximum distance of approximately 100 m after 50 years of operation.
Injection and pumping temperature data extracted from COMSOL Multiphysics software
are shown in Figure 13.
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Figure 12. Propagation of the thermal plume over 50 years of continuous operation simulation of the

geothermal cooling system.
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Figure 13. Injection and pumping temperature simulated over 50 years of continuous operation of
the geothermal system and impact of ambient air temperature variation on the water of the pit lake
at 10 m depth in a zone non-disturbed by the operation of the system.

The injection temperature corresponds to the average of the temperatures along the
injection line of the numerical model. It increases rapidly during the first year of operation,
then reaching a constant injection temperature of 36 °C throughout the duration of the
simulation. The temperature at the pumping point is evaluated with an observation
point in the circular pumping zone at 10 m depth. This graphical representation clearly
highlights the increase in temperature at the pumping point due to the extent of the thermal
plume. The pumped temperature remains relatively stable during the first 10 years of
operation, then increases linearly between 10 and 30 years of simulation. Subsequently,
the temperature stabilizes at the pumping point between 30 and 50 years of simulation,
reaching a final temperature of approximately 9.9 °C. The pumped temperature curve
shows small oscillations caused by the effect of ambient air temperature variations. To
better visualize this effect, an additional observation point was added to the numerical
model, located at a depth of 10 m outside the zone influenced by injection and pumping.
This allows showing of the effect of seasonal variations on the water temperature of the
pit lake over a period of 50 years. Thus, the graphical representation of the temperature
variations confirms that the progressive increase in temperature at the pumping point is
directly linked to the propagation of the thermal plume and not to a general increase in the
temperature of the open-pit water due to poor calibration of the model. It is also interesting
to note that the amplitude of the oscillations caused by variations in ambient air temperature
is significantly reduced at the pumping point compared to the values simulated outside
the zone influenced by the geothermal system. This reduction in amplitude is mainly
associated with the operation of the geothermal system, which generates a rapid circulation
of water compared to the natural flow. Therefore, due to the high speed of the flow velocity
vectors, variations in ambient air temperature have a reduced effect. This is due to the
phenomenon of forced convection, which promotes better homogenization of the pumped
water temperature.
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The thermal power injected by free cooling is calculated by summing the energy
injected at each simulation time step. The fixed parameters necessary for this calculation
are listed in Table 3 and the pumping temperature is obtained from the numerical simulation
(Figure 13).

Table 3. Parameters and geothermal potential of the proposed configuration in free cooling mode.

Simulation Results Symbols Values Units
Operational flow rate Vi, 1704 m3d~!
Volumetric heat capacity Cw 4.184 MJm—3K~!
Injection temperature Tinj 36 °C

Time t 1.5768 x 10° s
Thermal energy E 3.62 x 10° MJ
Thermal power Q 2.29 MW

The proposed pumping and injection configuration for the geothermal system in free-
cooling mode resulted in an average thermal power injected in the pit lake of approximately
2.29 MW over a continuous operation period of 50 years. Remember that this is the thermal
power determined under the operating conditions considered by KSM and that, under
these conditions, the thermal plume affects less than half of the volume of the pit lake.

4.3. Sensitivity Analysis

A variation of £10% was chosen in the sensitivity analysis to maintain the stability
of the numerical simulations, particularly when modifying parameters linked to water
inputs such as precipitation, recharge, and inflow. When too large a variation was applied
to these input parameters, it could disrupt the numerical stability and make the analysis
inconclusive. Furthermore, as explained in Section 4.1, the surface heat transfer coefficient
is represented by a sinusoidal function whose intensity depends mainly on the amplitude
of this function. Thus, a variation of £10% applied to the initial amplitude of —5 of the
sinusoidal function in Equation (13) was considered in the sensitivity analysis (Figure 14).

g OO N o ©
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Figure 14. Effect of a variation of £10% in the amplitude of the sinusoidal function of the heat transfer

coefficient.
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Figure 15 illustrates the impact of parameter variations on the simulated temperature

at the pumping point throughout the operation of the geothermal system.
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Figure 15. Effect of a variation of +10% of the input parameters on the result of the simulated

temperature at the pumping point.

The parameters with the greatest impact on the temperature at the pumping point

are mainly, in decreasing order of impact, the incoming flow, the precipitation, and the

recharge, which all influence water inputs into the model. For example, a reduction of 10%

of the initial incoming flow value leads to an increase in the temperature at the pumping

point because less water enters the model, thus reducing the thermal recharge potential

of the resource. Parameters related to heat transfer boundary conditions (terrestrial heat

flux and heat transfer coefficient at the surface) have a smaller impact than the parameters

related to the flow boundary conditions, while parameters related to the properties of the
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porous medium surrounding the pit lake (porosity, thermal conductivity, and heat capacity)
have a negligible impact.

5. Discussion

A complex model is often considered complete and representative of natural phe-
nomena to simulate. When a numerical model does not match observations perfectly, the
modeller tends to add more parameters to the model (making it more complex) until a
correlation is deemed sufficient between the simulated and observed values [47]. However,
it is important that modellers recognize that numerical models are not able to represent all
the phenomena, for example, those that govern the flow of surface and groundwater in a
natural environment [47], especially for a pit lake subject to heat transfer. It is important to
note that a model that is too complex does not necessarily make it possible to distinguish
the sensitivity of the different input parameters involved [48,49]. It is therefore preferable
to fully understand the dominant phenomena and to effectively eliminate any superflu-
ous information which tends to unnecessarily complicate the numerical simulations [48].
In other words, creating a numerical model should not aim at incorporating all existing
natural physical processes, but rather at filtering the information to construct a simplified
model representing all the main governing processes [49].

The effects of water volume changes and energy inputs from precipitation, runoff,
groundwater recharge, and the host rock were previously assessed using a first-order
volumetric approach through a resource assessment [47]. However, water level variation
at the Carey Canadian mine is minimal—less than 1% seasonally—with excess water
discharged through an outlet, making volume change a negligible factor. Since pumping-
injection dynamics were not modelled, further simulations were needed to evaluate the
feasibility of a geothermal system.

The results of these numerical simulations carried out as part of this study confirm
that the pumping and injection configuration proposed by KSM presents a viable option to
meet the cooling needs of their industrial plant, and this during the lifespan of a geothermal
system (50 years). During this period, the simulated ambient air temperature fluctuated
through seasons but remained the same year after year, neglecting the impact of atypical
temperature years or climate change and global warming. Indeed, the KSM plant requires a
maximum pumping temperature of 15 °C. Despite model assumptions and simplifications,
simulation results suggest that this maximum temperature should not be reached. The
proposed location of the pumping and injection point achieved thermal stability with a
pumping temperature of around 10 °C after 50 years of simulation. However, it is important
to note that injection and pumping points in the model have been positioned to ensure
numerical stability, and this does not accurately represent the exact configuration desired
by KSM. The pumping point should be positioned at 100 m from the bank and at a depth
of 10 m, while the water injection would be performed directly at the surface of the pit lake
and not at a depth of 55 m. Surface injection would allow the temperature to dissipate easily
into the atmosphere, contrary to what was simulated by the model. In fact, the numerical
model does not allow simulating the complex heat transfer processes taking place at the
pit lake surface influenced by radiation, wind speed, ice, and snow cover but captures the
effect of ambient air temperature variations through a sinusoidal heat transfer coefficient
adequately reproducing seasonal heat exchanges, and maintaining stable temperatures
below 40 m, consistent with our water temperature measurements. In addition, the model
does not consider buoyancy effects, which are associated with gravitational force. The
equations used in the model allow only laminar flow to be simulated, which neglects
the thermal mixing effect favoured by the turbulence of the forced convection. These
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simplifications resulted in conservative simulation results, favouring a wide propagation
of the thermal plume.

Many questions require a thorough understanding of the interaction between ground-
water and surface water. This interaction helps explain various phenomena, such as
predicting how a pollutant moves in streams, lakes, and rivers, as well as solving problems
related to filtration [50]. However, these situations raise mathematical challenges when
coupling equations yielding velocity vectors of different orders of magnitude at their inter-
face [50-52]. The main limitation of this numerical model lies in its numerical instability
when varying the hydraulic conductivity of the porous media, where reconciliation of flow
vectors between the free water and groundwater domains remained critical. As mentioned
in Section 2, the hydraulic conductivity of the ground in the area varies with values of
approximately 1 x 107> ms~! at the surface, decreasing to 1 x 1077 ms~! beyond 100 m
depth. The high hydraulic conductivity attributed in the numerical model generates a
more efficient infiltration capacity than that expected according to the PACES studies [32].
Although the influx of groundwater was adjusted in the model to compensate for this
limitation, the high hydraulic conductivity of the porous medium had a significant impact
on the propagation of the thermal plume generated by the operation of the geothermal
system. Indeed, the propagation of the thermal plume inside the medium was favoured by
advective transport due to the high hydraulic conductivity of the porous medium. This has
the effect of reducing the extent of the plume inside the free flow domain, because part of
the heat is transported outside the pit lake.

On the other hand, the rock surrounding the open-pit can have a higher hydraulic
conductivity than that reported in the PACES studies [32] due to surface weathering and
blasting associated with mining activities, thereby promoting fracture propagation [53-56].
Enhanced advective transport in the surrounding rock over the first metres of distance
around the open-pit is therefore possible, especially where the rock is strongly fractured [57].
However, a high surface permeability does not necessarily guarantee effective control of
water flow over large distances, contrary to what the model simulates [56,57]. At greater
distances, the expected hydraulic conductivity would decrease, and heat transfer could
be dominated by conduction. This mode of transport would limit the propagation of the
thermal plume inside the fractured rock and more heat in the open water would be retained,
thus promoting an increase in the temperature of the pit lake.

Another limitation of the model is that the temperature simulated on the surface of
the pit lake does not reach values as high as those observed in the field during the summer
period. Additionally, since the maximum simulated temperatures are approximately 12 °C,
this results in a further decrease in the model thermal plume temperature compared to the
observed temperature effect, which is up to 22.9 °C. As noted in Section 4.1, it is impossible
to obtain such a high surface temperature using the heat transfer coefficient approach
based on climate normals. It is important to understand the difference between the effect of
ambient air temperature and that of solar radiation. In fact, the temperatures recorded in
the field mainly result from the interaction between variations in air temperature and solar
radiation on the water surface. By neglecting the effect of solar radiation in the numerical
model, it therefore becomes difficult to reach a temperature as high as that observed in the
field. This also explains why the simulated temperatures during the winter period are more
representative, because the effect of solar radiation on the water surface is significantly
reduced due to the presence of an ice and snow cover [58]. This is why we chose to adjust
the heat transfer coefficient to maintain stable temperatures below 40 m, in line with our
field measurements.

In any case, the sensitivity analyses demonstrated that the most significant parameters
to consider in the evaluation of the geothermal resource of a pit lake are linked to the flow
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boundary conditions of the hydrological and hydrogeological systems. It is essential to
consider the flow dynamics of the pit lake when designing a geothermal system using
flooded mine water. Indeed, the propagation of the thermal plume is mainly controlled
by the flow rate induced by pumping and injection, but the flow rate of the natural
system can influence the flow vectors and promote thermal short circuits under inadequate
design. Thus, an optimal and sustainable configuration of the geothermal system should be
based on a good understanding of the site hydrological and hydrogeological characteristics.
Further field work could be conducted to better evaluate the water inputs and outputs of the
pit lake, which would ultimately reduce uncertainty in the geothermal potential estimate.

6. Conclusions

Abandoned mining sites offer an opportunity to respond to current energy challenges.
Among these, abandoned open-pit mines constitute a currently underestimated geothermal
resource, offering voluminous water reservoirs at stable temperatures, especially suitable
to fulfilling cooling needs. The undesirable phenomenon of TCS is influenced by free and
forced convective heat transfer between pumping and injection wells, which is complex
to simulate in these vast water reservoirs because of the variety of natural heat sources
and sinks to consider. The aim of this study was to analyze the interaction between the
various natural heat transfer mechanisms and their potential impact on the operation of
an open-loop geothermal cooling system to be installed in an abandoned and flooded
open-pit mine.

Unlike analytical approaches, numerical approaches have the capacity to consider
the potential spatial and temporal effects of the geothermal system configuration. This
study described the use of numerical simulations based on a 3D pit lake model of the Carey
Canadian mine (Quebec). The simulations, carried out for a period of 50 years using the
finite element method, aimed to better understand the interactions between the different
natural heat transfer mechanisms likely to influence the performance of a geothermal
system to be installed in a pit lake. The model developed for the Carrey Canadian mine
allowed simulation of the operation of a geothermal system by considering free and
forced-convective heat transfer effects of pumping and injection. Additionally, the model
considered the dynamics of natural water flow, variations in ambient air temperature and
terrestrial heat flux. These simulations were made to assess the cooling potential needed for
the cooling process of a fertilizer plant that could be constructed beside the Carey Canadian
mine. The cooling process of this plant requires a maximum water inlet temperature
of 15 °C and the injection temperature was set at 36 °C, with an operating flow rate of
71m3d 1.

Results of the numerical simulations confirmed that the configuration proposed by
the plant operator has viable geothermal potential to satisfy cooling needs over a period
of 50 years. It should be noted that simplifications were made to the model and resulted
in conservative pumping temperature and geothermal potential estimates, knowing that
these simplifications tend to limit surface heat dissipation while favouring propagation
of the thermal plume. Injection and pumping points in the model were placed to ensure
numerical stability, which does not accurately reflect a real geothermal system layout; a
pilot test would help assess the practical impacts of their configuration. Furthermore, this
numerical simulation study highlighted the importance of considering the flow dynamics
of the natural system when designing a geothermal system fed with mine water taken in
an open-pit. A thorough understanding of the hydrology and hydrogeology of the area
allowed the proposal of a sustainable configuration for the geothermal systems, showing
limiting propagation of the thermal plume between pumping and injection points.
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In summary, this study highlighted the viable geothermal potential of flooded open-pit
mines that can be used for cooling purposes. Restoring these sites with the exploitation of
a sustainable energy source requires a multidisciplinary approach and continued collabora-
tion between the research community and industry. Despite progress in the development
of new simulation approaches, technical barriers remain regarding the implementation of
these unconventional geothermal systems in Quebec and elsewhere. To overcome these
challenges, it is essential to provide simulation examples such as that of the Carrey Cana-
dian Mine. This will help reduce the perception of risks and uncertainties among future
stakeholders interested in the geothermal resource potential of flooded open-pit mines.
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Nomenclature

Abbreviations

3D Three-dimensional

PACES "Projets d’Acquisition de Connaissance des Eaux Souterraines”
SIH ”’Systéeme d’'Information Hydrogéologique”
TSC Thermal Short Circuit

Measurement units

% Percentage

°C Degree Celsius

d Day

h Hour

J Joule

K Kelvin

kg Kilogram

km Kilometer

m Meter

m? Square meter

m3 Cubic meter
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mm Milimeter
MJ Megajoule
MW Megawatt
N Newton
Pa Pascal

S Second

1% Watt

yr Year

Symbols and Greek letters

+ More or less (-)

A Difference (-)

\Y Divergence or gradient (-)

0 Porosity (%)

@ Volume fraction of the solid matrix (-)
T Number of Pi (-)

U Dynamic viscosity (Pas)

I Density (kgm‘s)

A Thermal conductivity (Wm K1)
K Permeability of the porous medium (m?)
Vectors

F Volume force vector (Nm—3)

I Identity matrix (-)

K Viscous stress tensor (Pa)

m Mass source (kgm_3 s~

Q Heat source (Wm~3)

q Conductive heat flux (Wm—2)

u Velocity (ms~1)

Variables

c Specific heat capacity (Jkg 'K™1)
E Thermal energy (J)

h Heat transfer coefficient (Wm 2K 1)
p Pore pressure (Pa)

Q Thermal power (W)

T Temperature (°C or K)

t Time (s)

14 Volume (m?)

Subscripts

amb Ambiant

eff Effective

inj Injection

pump Pumping

s Solid

w Water
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