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A Thermal Power Budget Approach to Evaluate the Geothermal Potential of a Flooded
Open-Pit Mine: Case Studies from the Carey Canadian and King-Beaver Mines (Canada)

ABSTRACT

Following mine closure, open-pit mines gradually fill with ground and surface water. Due to its
thermal inertia, this water maintains a relatively stable temperature year round, making it suitable
for heating and cooling buildings. Previous estimates of the geothermal potential of a flooded
open-pit mine primarily focused on the water volume alone, often underestimating the total
potential by neglecting heat exchanges with the surrounding rock and incoming water. This paper
introduces a novel analytical approach based on an improve thermal power balance concept to
better estimate the geothermal potential of a flooded open-pit mine. Over a 25-years analysis, it
was shown that the host rock can contribute over 15 % of the thermal energy in the water, while
water supply can double this energy. The method developed is both quick and reliable, allowing
for early stage evaluation of geothermal resources by accounting not only for the mine's water
volume but also energy inputs from precipitation, runoff, groundwater recharge and the host rock.
The study focuses on the Carey Canadian and King-Beaver open-pits, two closed asbestos mines
in southern Quebec (Canada).
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ABBREVIATIONS

Abbreviations

BBL : Baie Verte-Brompton Line

COP : Coefficient Of Performance
DEM : Digital Elevation Models

DTM : Digital Terrain Model

GHP : Geothermal Heat Pump

SAL : Sociéeté Asbestos Limitee

TCS : Thermal Conductivity Scanner
USA : United States of America

USGS : United States Geological Survey

Measurement units
°C : Degree Celsius
J : Joule

MJ : Megajoule

K : Kelvin

m : Meter

km : Kilometre
mm : Millimetre

s : Second

W : Watt

MW : Megawatt
yr :Year

Symbols and Greek letters

o : Median (-)

oo : Infinity (-)

+ : More or less (-)

A : Difference (-)

a : Thermal diffusivity (m?s™)

Variables

¢ : Volumetric heat capacity
(Im3K?)

Cp - Runoff coefficient (-)

D : Deficit soil moisture (mmyr™?)
E : Thermal Energy (J)

F : Correction coefficient (-)

G : Recharge (mmyr?)

i : Monthly thermal index (-)

I : Infiltration capacity (mmyr?)
I; : Annual thermal index (-)
Int : Contour line interval (m)
L : Length of grid lines (m)

n : Number of bands (-)

N : Number of grid lines (-)

P : Precipitation rate (mmyr=?)

PET : Potential

evapotranspiration (mmyr?)

Q : Thermal power (W)

Qyp, : Thermal power for building (W)
R : Runoff (mmyr?)

RET : Real evapotranspiration (mmyr?)
S : Water reserve at the soil surface (mmyr
1

)

Sp : Average watershed slope (%)

t : Time (s)

T : Temperature (°C or K)

T, : Undisturbed ground temperature
(°C or K)

V : Volume (m®)

x : Horizontal component (m)

y : Horizontal component (m)

z : Vertical component (m)

Indexes

amb : Ambient air
d : Dynamic

G : Groundwater
f: Final

h : Vertical

init : Initial

max : Maximal
P : Precipitation
r: Rock

R : Runoff

s : Static

tot : Total

v : Horizontal

w : Water



1. INTRODUCTION

Although mining sites require significant investments to enable their exploitation, they have
historically been considered to hold very little value after closure. The reasons for their
abandonment often revolve around the depletion of mineral resources, non-compliance with
mining safety requirements, or political decisions [1], as well as the absence of mine reclamation
plans and post-mining management by legislative authorities [2]. However, the situation is
beginning to change, and there is now increasing interest in their reuse, such as tourist and cultural
attractions, waste storage or water reservoirs for local communities. Another topic gaining
increasing attention is the production of renewable geothermal energy [3,4,5].

Geothermal resources stand out among recognized renewable energy sources like wind,
hydroelectricity and solar power for their ability to reduce greenhouse gas emissions [6,7,8].
Geothermal heat pumps (GHPs) are increasingly used to heat and cool buildings due to their
efficiency and adaptability to various geological environments [9,10]. After closure, underground
tunnel networks and open-pits become flooded with groundwater and runoff. This volume of
water, maintained at a constant temperature throughout the year due to the Earth's heat flux,
possesses thermal energy that can be utilized through GHPs to meet the heating and cooling energy
needs of industrial and residential areas. Since this groundwater occupies cavities that were
excavated during mine operations (open-pit or underground workings), it is accessible without the
need for drilling, which is often the primary expense associated with geothermal energy recovery.
This technology would be advantageously deployed in areas where municipalities aim to give a
second life to dormant mining sites [11,12].

The first GHP system using groundwater from abandoned underground mine workings reported
in the literature was installed in 1989 in Springhill (Nova Scotia, Canada; [13]), marking the
feasibility and economic viability of this approach. This led to further studies exploring the
untapped thermal resource potential in flooded underground mine sites. Presently, the predominant
use of low-temperature geothermal resources in mine sites is in flooded underground mines, where
high-permeability network enables groundwater pumping and injection at significant depths and
flow rates to supply GHP systems [14,15,16,17,18,19,20,21]. Compared to underground mines,
less attention has been given to the geothermal potential of open-pit mines [15,19].

Though open-pit mines and natural lakes may seem similar, they differ significantly. Natural lakes
can't handle unacceptable temperature changes (>1°C) that would significantly damage the lake’s
ecology, amenity value or value as a resource [22,23], while artificial flooded open pits aren't
restricted by this. Natural lakes are shallow (under 10-15 m) and experience seasonal temperature
shifts, whereas flooded open pits are deeper (over 100 m) and have stable temperatures year-round.
Thus, the methodology developed to define the heat balance of the natural lake [24,25] must be
adapted to place less emphasis on surface interactions and more on the surrounding rock.

Nevertheless, notable examples are already highlighting the promise of open-pit resources. For
instance, in 2006, a system was installed at the flooded Goyer quarry in Saint-Bruno-de-
Montarville (Quebec, Canada), demonstrating the use of its 8,000,000 m® water reservoir to
provide heating and cooling for a modern condominium complex, resulting in energy savings of
40 to 50 % [7,11]. More recently, a study in Turin (Italy) evaluated the potential of nearly 20
abandoned and flooded quarries, collectively containing over 10,000,000 m® of water, for
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supplying thermal energy to nearby agro-industrial buildings [26]. In Spain, another study aimed
to use the water from a lake formed by an abandoned zinc mine, with a volume of approximately
30,000,000 m?, mainly relying on hydrogeological and hydrochemical characterization to evaluate
its geothermal potential [27].

The longstanding mining history in the province of Quebec (Canada) has led to the development
of small communities located near mining operations [28]. This has resulted in a landscape marked
by mining activities, both underground and on the surface. Several of these operations occurred in
the southern part of Quebec, where the population continues to grow around these remains (Figure
1). The sites mainly consist of quarries and open-pit mines, many of which are now partially or
entirely flooded. These abandoned sites can now be considered as opportunities for geothermal
energy use, promoting the socio-economic acceptability of developing industrial and residential
areas in the mining environment and facilitating restoration.

Unlike water body in underground mines, the thermal regime of a flooded open-pit mine is mainly
influenced by atmospheric conditions [29,30]. While the extractable thermal energy of pit lakes
has traditionally been considered static and assessed only on available volume of water, recent
research reveals a more dynamic picture. Pit lakes act as a battery, continuously recharged by
atmospheric exchanges (such as solar radiation, evaporation, precipitation, runoff, wind, and
variations in ambient air temperature) and interactions with the ground (including terrestrial heat
flux, groundwater flow, and the host rock). These exchanges represent dynamic thermal fluxes to
the water reservoir containing thermal energy.

Recognizing the limitations of static energy estimation, recent studies advocate for comprehensive
heat balance models that incorporate dynamic energy contributions from groundwater and host
rock into the assessment of abandoned and flooded underground mines [17,19,31]. However,
methods for estimating this resource in pit lakes remain limited. Existing approaches often rely
solely on static energy, resulting in underestimation of available thermal energy [26,32]. The
current study thus focuses on open-pit mines, and the approach is different for an underground
mine where the volume of water is distributed in a cluster of coiled underground tunnels rather
than in a single pit. As a result, the contact surface with the rock is greater for an underground
compared to an open pit mine and contributes more to the thermal power budget. Ngoyo
Mandemvo et al [31] have examined this case of an underground mine and used the finite line
source equation to determine the amount of heat that can be extracted from the host rock, which is
different from the approach we propose for an open pit mine.

To address this gap, the objective of our research was to introduce a novel analytical approach
integrating both static and dynamic thermal energy contributions, enhancing geothermal resource
quantification in pit lakes. This approach simplifies thermal processes and system geometry,
providing a comprehensive yet straightforward estimation of the energy resource. By supplying
critical information for decision-making at early project stages, it facilitates further resource
development or infrastructure investments. Understanding geothermal potential not only adds
value to abandoned mines but also justifies restoration efforts. Thus, efficient assessment methods
for flooded open-pit mine geothermal resources are crucial in early development stages. Illustrative
examples of this analytical approach are given for the Carey Canadian and King Beaver flooded
pits, owned by Société Asbestos Limitée (SAL) in Thetford Mines, Canada. These sites, chosen



for their potential for residential and industrial development, demonstrate the practical application
of the proposed methodology (Figure 1).

2. GEOLOGICAL SETTINGS

The King-Beaver (1878-2008) and Carey Canadian (1955-1986) mines both exploited chrysotile
asbestos and talc in southern Quebec, where the temperature typically varies from -17 to 23 °C
over the course of the year, and heating degree days (18 °C) are about 5000. The deposits are
located in the Appalachian geological province, between the Humber and Dunnage
tectonostratigraphic zones, delineated by the Baie Verte-Brompton Line (BBL). Ophiolitic
sequences, found in diverse forms and sizes, border the BBL in southern Quebec [33,34] (Figure
1).
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Figure 1. Mining history, location of pilot sites and regional geological context [35,36].

The Carey Canadian open-pit mine is located approximately 30 km northeast of Thetford Mines
(Figure 1). This deposit represents the termination of a serpentinized peridotite sheet (Pennington
dyke), with a maximum width of approximately 200 m, and stretches for over 50 km in a
northeasterly direction from Thetford Mines [33]. The dyke’s inclination varies in alignment with
the schists and surrounding metasedimentary rocks, and constitutes the southeastern flank of a
significant anticline [37] (Figure 2).
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Figure 2. Bedrock geology map of the Carey Canadian mine with locations of rock samples (adapted from Riordon

[37]). The location of the mine is shown in Figure 1.
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Figure 3. Bedrock geology map of the King-Beaver mine with locations of rock samples (adapted from Riordon [37]).
The location of mine is shown in Figure 1.

The King-Beaver open-pit mine stands at the centre of the city of Thetford Mines (Figure 1). The
Thetford Mines Ophiolite Complex sequence extends southwestward, covering approximately
55 km with a maximum width of 10 km [33]. King-Beaver mined asbestos deposits in the Thetford
Mines group, representing an agglomeration of the deposits known as Bell-King, Bennett-Martin,
Beaver No.1 and Beaver No.2. These deposits are separated from each other by fully serpentinized,
barren peridotite that displays considerable shearing in multiple locations. Adjacent to the deposits
lie various lenses of serpentinized dunite toward the northwest, with felsic rocks abundantly
scattered throughout the area. Additionally, a zone featuring thrust faults is characterized by the
presence of talc and carbonate, where the surrounding peridotite experienced intense crushing and
shearing [37] (Figure 3).

3. SITE CHARACTERIZATION

Estimating the geothermal resources using a thermal power balance approach requires
characterization of the host rock thermal properties, the groundwater and runoff temperature, the
pit lake volume, and its water supplies. Below is key information obtained from site
characterization, serving as input for thermal power balance calculations.
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3.1 Thermal Properties of Host Rock

The sampling strategy was to collect all the geological lithologies present in order to analyze their
thermal properties in the laboratory. The sampling locations (Figures 2 and 3) therefore consisted
of the places where these lithologies outcrop at the surface. Thermal conductivity and diffusivity
were simultaneously assessed using an infrared scanner (Thermal Conductivity Scanner; TCS),
manufactured by Lippmann and Rauen. Equipped with infrared temperature sensors, this device
measures thermal properties of rock samples under transient conditions. The scanner takes
measurements every 2 mm along the scan line, and the sample’s thermal properties are determined
by the average of the measurements recorded along this trajectory [38]. Samples were prepared
with flat surfaces parallel and perpendicular to the dominant foliation or schistosity, and coated
with a thin layer of black paint to minimize heat diffraction effects. To validate the repeatability
of the device’s results, three evaluations of thermal properties were conducted on each flat surface.

At the Carey Canadian mine site, analyses involved six peridotite, eight schist and six
orthoquartzite samples. Approximately 82 % of the rock surface within the mining pit comprises
metasedimentary rock, while the remaining 18 % peridotite [37]. Assuming this proportion is
representative over the entire pit, average thermal properties were estimated with a thermal
conductivity of 3.37 Wm™K?, a thermal diffusivity of 1.39 mm?s™ and a volumetric heat capacity
of 2.73 MIm3K* (Figure 4).
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Figure 4. Thermal properties of the main lithologies sampled at the Carey Canadian mine site and analyzed in the
laboratory using an infrared scanner.

Similarly, at the King-Beaver mine site, ten serpentinized peridotite samples were collected.
Thermal conductivity and diffusivity were estimated at 2.74 Wm'K?® and 1.04 mm?s?,
respectively, with a volumetric heat capacity of 2.65 MIm3K* (Figure 5).
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Figure 5. Thermal properties of the main lithologies sampled at the King-Beaver mine site and analyzed in the
laboratory using an infrared scanner.

Laboratory values were compared with typical literature values for each lithology to ensure their
consistency [39,40,41,42,43] (Figures 4 and 5).

3.2 Host Rock Temperature

To determine the host rock temperature at depth, the geothermal gradient and the surface
temperature need to be known. A study conducted in Thetford Mines by Misener and Thompson
[44] determined the geothermal gradient at the King-Beaver mine site to be 15.8 °Ckm™. This
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gradient was established based on eight temperature measurements taken between depths of 150
and 350 m.

We consider the undisturbed ground temperature as the surface temperature of the host rock, that
remains stable throughout the year, unaffected by seasonal climate variations. Based on a study by
Ouzzane et al. [45], the undisturbed ground temperature (T,; K) can be estimated using a linear

correlation with ambient air temperature (Tymp; K) :

T, = 0.9513T,pp + 17.898 [1]

Considering the average annual temperature of 3.6 °C (276.15 K) for Tring-Jonction and 4.6 °C
(277.15 K) for Thetford Mines, the estimated undisturbed ground temperature is approximately
7.4 °C for Carey Canadian and 8.3 °C for King-Beaver [46].

3.3 Pit Lake Volumes

In August 2022, bathymetric surveys were conducted using a sonar system mounted on a boat to
systematically inspect the pit lakes. The gathered data was processed using geographic information
software. The water surface area within the Carey Canadian pit spans 452,141 m?, resulting in a
water volume of 23,174,512 m®(Figure 6). The water surface area of the King-Beaver pit measures
476,139 m?, with a water volume of 31,166,161 m® (Figure 7).
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3.4 Pit Lake Temperature

Twelve Star-Oddi temperature sensors were vertically distributed across the 100-meter depth range
in both the Carey Canadian and King-Beaver pits. These sensors recorded hourly data between
November 2021 and October 2022. Each sensor generated approximately 8,760 temperature
readings. Bathymetric data were used in conjunction with geographic information software to
determine the volume of water between temperature sensors. The recorded temperatures were then
weighted based on the respective water volume to compute the average annual temperature by
depth [47].

3.5 Water Supply Volumes

The Carey Canadian and King-Beaver mine watershed were studied by estimating the annual water
input derived from precipitation, runoff, and groundwater recharge. Watershed boundaries were
determined with a digital terrain model (DTM) created from Lidar surveys (2018), overlaid with
contour lines extracted from digital elevation models (DEM; Government of Quebec, 2014). The
Thornthwaite [48] method was used to assess the hydrogeological balance. Climate data was
collected from weather stations in Thetford Mines and Saint-Séverin, compiled between 1981 and
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2010 [46] (Figure 8Figure 9). This methodology aligns with guidelines outlined by the
Government of Quebec [49], Pédelaborde [50] and Gammons et al. [51]. Further details are
provided in the appendix.
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4. THERMAL ENERGY AND POWER BUDGET

The results are presented in terms of thermal power (Q.: : MW) and represent the ratio between
available thermal energy (E : MJ) and the duration of resource exploitation (t : s).

Es + EéOCk + E;uPply
t

1
Qrot = Qs + QP + Q"PPY = [2]

The resource estimate here is based on an assumed operational span of 25 years, which aligns with
the minimum anticipated lifespan of a GHP system.

The proposed thermal power balance to assess the geothermal resource of a flooded open-pit mine
considers the static energy within the water volume of the pit lake (Qs: MW), as well as the

dynamic energy recharge by heat conduction from the host rock (Q%°*: MW) and energy
contributions from water supplies (precipitation, runoff and groundwater recharge; QZ“pply : MW).

Evaporation, solar radiation, wind, terrestrial heat flux, and natural or forced convection resulting
from water movements have been neglected for simplifications (Figure 10).
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Figure 10. Conceptual model of the main heat transfer mechanisms between the environment of a pit lake with the
operation of a geothermal system (adapted from Chiasson [52] and RAPPEL [53]).

4.1 Static Energy Contained in the Pit Lake

The estimate of static energy (Es ; MJ) is made with the volume method of assessing the thermal
energy provided by a stationary water volume [14,17,54]. This approach relies on the volume of
water within a basin (7, ; m®), the volumetric heat capacity of water (c,, = 4.184 MIm=3K1), and
the difference between its mean annual temperature (T, ; °C or K) and its final temperature (T ;
°C or K) post thermal energy extraction or injection:

Es = VWCW(TW - Tf) [3]

4.2 Dynamic Energy Contribution of the Host Rock

Upon cooling or heating, the host rock, and the pit lake will exchange heat by conduction. The
energy contribution from the host rock can also be assessed using the volume method. This
estimation evaluates the volume of rock affected by temperature fluctuations induced by direct
contact with water. The process of heat transfer from water to host rock is assumed representative
of heat conduction in a semi-infinite solid medium. This simplification implies the rock is
represented by a solid with a distinct surface that extends to infinity in outward pit directions.
When subjected to abrupt changes in surface temperature conditions, the solid undergoes nearly
one-dimensional transient conduction [55]. The fundamental transient conductive heat transfer
equation for a semi-infinite solid is described by:
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02T 10T
9%x a dt

[4]

In scenarios where the surface conditions are defined by a constant temperature, the initial
conditions are expressed as:

T(x,0) = Tinit [5]
T0,t) =T; [6]

and the boundary condition within the solid is specified as:
T(x = oo,t) = Tipit [7]

The spatiotemporal evolution of the solid medium temperature (T(,.., ; °C or K) is estimated using
this analytical solution [55] (Figure 11):

Tty = T = Terf (57=) + 8]

Ty

Ty

init

T

Figure 11. Transient temperature distribution in a semi-infinite solid when surface conditions correspond to a constant
temperature.

This equation depends on time (¢ ; s), thermal diffusivity of the solid (a ; m?s), distance within
the solid medium from its surface (x ; m), the temperature difference between the initial
temperature of the solid medium (Tiy;. ; °C or K) and temperature change applied to its surface
(Tt ; °C or K).

The geometry of an open-pit mine can be represented by a half-ellipsoid shape whose volume is
equivalent to the volume of water contained within the pit. This geometry has three axes: x and y
represent the pit's horizontal components, and z the vertical component, respectively. Heat transfer
analysis needs to be conducted for each of these axes since the initial rock temperature acts as a
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boundary condition and varies according to the spatial component of the half-ellipsoid. The
boundary condition applied to calculate conductive heat transfer for the horizontal components (x
and y) assumes a fixed temperature. This temperature is considered equivalent to the mean annual
water temperature (T,,), since it is assumed that in the initial state, the host rock is in thermal
equilibrium with the water temperature.

Tinit = Tw [9]

However, rock temperature (T,) varies with depth according to a geothermal gradient (dT/dz).
Consequently, the initial temperature of the rock increases in relation to depth, defined by this
equation:

dT
T.=T, + (E)z [10]

As a result, the boundary condition for computing heat transfer between water and rock at the
horizontal components (x and y) is:

T(xy - oo, t) =T, [11]

The boundary condition for computation at the vertical component (z) is represented by this
assumption:

if (T, — T(zy) < 0.05then T,y = T, [12]
If the rock surface temperature increases, the distance of temperature propagation along the

horizontal axes of the pit is expected to be greater than the propagation distance along the vertical
axis (Figure 12).

XY - > Xy

Water in pit

Figure 12. Transient temperature distribution in a semi-infinite solid when boundary conditions vary spatially
considering a sudden increase in surface temperature (inspired by Incropera et al. [55]). The bottom left box shows
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lateral temperature changes (XY) within the host rock, which tend to reach equilibrium with the initial water
temperature. On the right, the temperature changes in depth (Z) tend to reach equilibrium based on the geothermal
gradient, hence the inclined line.

The opposite effect is anticipated when the surface temperature is suddenly lowered. In this
scenario, a decrease in the rock surface temperature results in a shorter propagation distance along
the pit’s horizontal axis compared to the vertical axis. However, heat recovery in abandoned and
flooded open-pit mines is subject to lower temperature differences compared to instances of free
cooling or cooling applications because temperatures below the thermocline are relatively cold
[51]. Consequently, the impact of the geothermal gradient on temperature propagation distance is
significantly diminished during warming as compared to its effect during cooling applications.
Due to this, it becomes feasible to impose a fixed temperature, equivalent to the mean annual water
temperature, as a boundary condition on the vertical component to represent heat extraction
(Figure 13).

XY -

Water in pit

) ]

Figure 13. Transient temperature distribution in a semi-infinite solid when boundary conditions vary spatially
considering a sudden decrease in surface temperature (inspired by Incropera et al. [55]).

The maximum distance of temperature propagation across the three axes of the initial half-ellipsoid
IS summed to estimate the rock volume considered in the thermal balance calculation. The
maximum distance of temperature propagation is reached when the difference between the
calculated temperature as a function of the distance and the initial temperature of the rock is nearly
zero:

XYmax * T(xy,t) = Tw [13]
Zmax * T(z,t) = Tr [14']

This method allows determining the volume of rock affected by temperature variations by
subtracting the volume of water from the total volume (volume of water and rock; Figure 14).
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Volume of rock

Figure 14. Open-pit geometry simplified by a half-ellipsoid form for estimating the volume of rock impacted by water
temperature variations.

The amount of energy extracted from the host rock diminishes with distance, as beyond the
affected rock thickness, the rock temperature gradually approaches its initial temperature. The
temperature can be determined at multiple points to evaluate the variation in energy contribution
provided by the host rock as a function of distance. For this purpose, the volume of rock affected
by temperature variations (V! ; m®) is segmented into n bands, each assuming a constant
temperature (T(ix,t) ; °C or K). The total estimated energy contribution supplied by the rock (E5°¢* ;

MJ) is the sum of available energy within these bands:

Erock = zv <T T“‘”) [15]

In this equation, ¢, (MIm3K1) represents the volumetric heat capacity of the solid medium. In this
approach, it is assumed that water temperature changes suddenly. However, when considering a
constant heat or cold injection, the pit water temperature will gradually increase or decrease over
the operating period to ultimately reach the final temperature. Thus, a more representative
calculation should determine the average energy contribution. Given that V! and c, represents
constant variables for each of the n bands, the energy becomes a linear function of AT.
Consequently, the average energy contribution is determined by AT /2, which represents the
average temperature over the course of 25 years.

4.3 Dynamic Energy Contribution of the Water Supply

The assessment of the energy contribution from water supply (E;upply : MJ) in the mining pits can
also be computed using the volume method. This corresponds to the sum of the energy provided
by precipitation on the pit lake’s surface (Ep; MJ), runoff water (Eg ; MJ) and groundwater
recharge (Eg ; MJ):
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ES"PPY = Ep 4 B + Eg [16]

The energy provided by precipitation can be evaluated using this equation:

12
Ep = ) Vicw(Timy = T5) [17]
i=1

Here, Vi (m®) represents the monthly height of the water column precipitated, multiplied by the
surface area of the water within the pit lake. The initial temperature of the precipitated water is
considered equivalent to the monthly ambient air temperature (T, °C). Note that these
calculations are made for each month, denoted by the exponent i (Figure 8Figure 9). It is also
important to note that negative temperatures are capped at 0 °C.

The assessment of the energy provided by runoff is calculated similarly:

12
Er = Z VeCw(Tamp = Tt) [18]
i=1

Here, Vi (m°) represents the monthly height of the runoff water column, multiplied by the total
surface area of the watershed. Similarly, the initial temperature of the runoff water is considered
equivalent to the monthly ambient air temperature (T.,..,,; °C) of the area (Figure 8Figure 9). Again,
negative temperatures are capped at 0 °C.

Finally, the energy provided by the quantity of infiltrated water can be determined using the
following equation:

12
E; = Z Vécw(Ty — Tr) [19]
i=1

Here, V¢ (m®) represents the monthly height infiltrated water column, multiplied by the total
surface area of the watershed. The initial groundwater temperature is associated with the
undisturbed ground temperature (T, ; °C; Figure 8 Figure 9), typically found at depths of 10 meters
or more, remaining stable year-round.

4.4 Available Thermal Power for Buildings

The thermal power supplied to buildings (Qp, ; MW) by a GHP depends on the end-use (heating or
cooling) and can be estimated considering the heat pump coefficient of performance (COP) using
the following equations [56]:

. Qtot(COPheating)
b COPheating -1

[20]
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_ Qtot(COPcooling)
b COPcooling +1

[21]

A reduction in the average annual water temperature down to 2 °C is considered in the evaluation
of the geothermal potential of pit lakes for heating buildings. In contrast, an increase in average
annual water temperature from 15 up to 40 °C is considered in the cooling potential assessment.
A COP for these temperature ranges is 3.30 for heating buildings and 4.30 for cooling purposes
[7], which is typical of heat pump system efficiency. Direct cooling without the use of a heat pump
can also be achieved but with a lower maximum temperature considered to be 15 °C and is referred
here as free cooling. In this case, the thermal power supplied to buildings is equal to the total
thermal power injected in the mine site.

5. RESULTS

Aside from the monthly variations of water supplies and ambient temperature presented in the site
characterization section (Figure 8 Figure 9), all the inputs required to calculate the thermal power
balance for the Carey Canadian and King-Beaver mines can be represented with eight simple
parameters (Table 1).

Table 1. Parameters used to calculate the thermal power balance for the Carey Canadian and King-Beaver mines.

Parameters Symbols Carey Canadian King-Beaver Units
Available water volume Viy 23,174,512 31,167,143 m3
Initial water temperature Tw 5.23 5.35 °C
Undisturbed ground temperature Ty 7.94 8.89 °C
Geothermal gradient dT/dz 0.0158 °Cmt
Volumetric heat capacity of water Cw 4,184 MJIm-3K!
Volumetric heat capacity of host rock Cr 2.73 2.65 MJIm3K-?
Thermal diffusivity of host rock a 1.39 1.04 mm?3s?
Operating time t 25 25 yr

The estimate of the total thermal power for buildings supplied by open-pit mines considers both
static and dynamic energies, over a final water temperature range from 2 °C to 40 °C (Figure 15).

Assessment of the rock energy contribution is closely linked to the thermal energy supplied by the
water volume, as the initial temperature of the rock in contact with the water is assumed to be in
equilibrium with the mean annual water temperature. Based on this assumption, the energy
contribution of the rock is considered to be zero when the final water temperature remains
unchanged. However, the computation of the water supply energy contribution is independent of
the average annual temperature of the water contained in the mining pit. As described, the initial
temperature of water from precipitation and runoff is assumed to be equivalent to the ambient air
temperature. Energy potential therefore varies according to the time of year. However, the energy
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potential of groundwater recharge is zero when the final temperature is equivalent to the
undisturbed ground temperature, which remains unaffected by seasonal changes (Figure 16).
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Each graph in figures 15 and 16 shows a curve break at 5 °C and 15 °C. These thresholds mark the
transition between heating, free cooling and cooling modes. This discontinuity is due to the
specific integration of COP in the calculations of the thermal power available for buildings. In
heating mode, this integration enhances energy efficiency, whereas in the cooling mode, it leads

toa
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Figure 16. Thermal power contribution of water supply for buildings assessed for Carey Canadian and King-Beaver



6. DISCUSSION

Comeau et al. [57] was the first to include a contribution from the host rock to the heat balance
calculation of an open-pit mine. Using Ngoyo Mandemvo's [58] numerical simulations of the
King-Beaver mine, the radius of influence for each degree of temperature change in the country
rock was used to calculate the volume of rock involved per 5-meter-thick layer analytically. Ngoyo
Mandemvo [58] assessed the maximum 25-year extraction of thermal energy for heating, free-
cooling and cooling modes by simulating heat transfer by thermal conduction and natural
convection in the surrounding rock and pit water. A heat flux of 0.044 W/m? is used as the basis
for the 3D model, and implies heat exchange by natural convection between the water and ambient
air according to local meteorological data. The present study has a slightly more accurate
calculation of the surrounding rock compared to Comeau et al. [57], as it takes into account the
geothermal gradient, thus slightly changing the temperature at depth. More importantly, a
computer code was created to accurately calculate the volume of rock involved and the associated
changes in temperature as a function of the volume and shape of a half-ellipsoid representing the
volume of water in the open pit. Conversely, the temperature influence radii in the host rock used
by Comeau et al. [57] apply only to the dimensions of the King-Beaver mine. Nevertheless,
previous studies did not propose a method to incorporate dynamic thermal energy contributions
into pit lake heat balance. Results of previous assessments of the thermal power available for
buildings provided by the geothermal potential of the King-Beaver open-pit mine for heating, free
cooling and cooling purposes are detailed in the Table 2. The disparity between the previous and
current results can be explained, among other things, by the inclusion of water supply in the
thermal power balance calculation and the lake is still filling up without having reached its
maximum level yet. Indeed, the recent bathymetric surveys made in 2022 determined the available
water volume to be 31,167,143 m3, revealing an estimate almost 40 % higher than the 2019
estimate of approximately 22,635,803 m® used in previous studies. For a more accurate
comparison with Comeau et al. [57] and Ngoyo Mandemvo [58] results, disregarding the water
supply’s contribution, considering an identical volume of available water and consistent initial
water temperature is preferable (Table 2).

Table 2. Comparison of the geothermal potential of the King-Beaver mine between [57], [58] and the present study.

Modes of use

Heating Free cooling Cooling Parameters
Reference Approach (=2°C) (=11 °C) (=20 °C) considered
(MW) (MW) (MW)
Comeau et al., Analytical
(2019) 5-m layers 0.58 0.78 1.55
Ngoyo ¢ Pit water volume:
i 3
Mandemvo, glgmencal 1.97 2.00 4.43 22,635,803 m
(2019) e Host rock
0.57 0.85 1.71
Analvtical ¢ Pit water volume:
Present study nalytica 31,167,143 m®
Fine layers
2.53 2.28 4.43 e Host rock

e Water supplies
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This comparison highlights the complexity of the proposed analytical approach for evaluating the
host rock’s contribution. Unlike calculations of static thermal energy and the water supply
contribution, estimating the energetic contribution of the host rock can require considerable
computation time. Given its close correlation with the thermal energy supplied by the available
water volume in the pit lake, the rock’s energy contribution can be approximated as a fraction of
the static energy (Figure 17).
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Figure 17. Estimation of the energy contribution of the host rock based on the thermal energy contained in the water
volume of the Carey Canadian and King-Beaver pits.

The calculation of rock energy contribution depends on five main variables: 1) available water
volume (or more precisely, the contact surface between water and rock), 2) the rock volumetric
heat capacity, 3) rock thermal diffusivity, 4) geothermal gradient, and 5) temperature difference
between water body and host rock. Disregarding temperature, a sensitivity analysis of parameters
was conducted to better understand the influence of these variables on the amount of potential
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thermal energy that can be supplied by the surrounding rock. Then, values for available water
volume, thermal properties, and geothermal gradient were adjusted within = 25 % of their initial
values. This arbitrary value serves as a good benchmark for sensitivity analysis, helping assess the
impact of variables on the potential thermal energy from surrounding rock. While another value
could have been chosen, it wouldn't alter the ranking of the most influential input parameters.
Thereby, the percentage deviation is calculated by comparing the initial thermal energy estimated
at a final temperature of 25 °C for the Carey Canadian and King-Beaver mines with the thermal
energy obtained following parameter variation. Results are comparable for both mines and are
illustrated with the average percentage deviation (Figure 18).

B Increase of 25 %
B Decrease of 25 %
Geothermal gradient
|
|
Available water volume

-20 -10 0 10 20
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Figure 18. Impact of a + 25 % variation in initial parameter values on the amount of thermal energy provided by the
host rock for a final temperature of 25 °C.

The energy contribution from host rock varies considerably with available water volume. Lower
water volume results in a more substantial energy contribution from the rock. For example, the
Carey Canadian and King-Beaver mines, with a difference of approximately 8,000,000 m? in water
volume, exhibit roughly 5 % variance in rock energy contribution (Figure 17). Heat capacity acts
as a linear variable that directly influencing energy contribution, increasing proportionally with
heat capacity. Likewise, higher thermal diffusivity enables more efficient temperature propagation
through the rock, expanding the volume impacted by temperature variations. Consequently,
elevated thermal diffusivity amplifies the affected rock volume and boosts the energy contribution.
The energy contribution of the rock shows significant variation within temperature differences
ranging from 0 to 20 °C. Beyond a temperature difference of 20 °C, the energy contribution
plateaus, indicating a less than 2 % difference between final temperatures of 25 and 40 °C (Figure
17).

Assessing the thermal power balance using the volume method is a widely adopted approach
recommended by the United States Geological Survey (USGS) for rapid assessment of geothermal
resources in water bodies [16,19,59,60]. Wang et al. [61] assessed the low-temperature geothermal
resource potential in Chinese provincial capitals using the water volume method, considering
energy from surface water sources. The geothermal potential of surface water in this study was
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assessed considering the energy provided by the volume of water available in lakes and the flow
rates for the river resources. The thermal energy contribution of host rocks and water supply was
not considered in this study. Similarly, Gaudard et al. [32] explored the potential for using
Switzerland's main lakes and rivers as a source of renewable energy for heating and cooling
buildings focusing on thermal resources available in water volumes. In these previous studies, the
thermal power balance of surface water reservoirs was generally limited to the total thermal energy
contained in the water volume alone. In contrast, Bao et al. [17] proposed the estimation of the
thermal power balance of the underground galleries in the former Quincy copper mine (USA),
considering energy recharge from groundwater flow and host rock with the volume method. This
approach was subsequently applied to assess the geothermal resource of the former underground
Jiahe coal mine in China [19]. Further use of a thermal power balance approach was made by
Ngoyo Mandemvo et al. [31] to evaluate the geothermal potential of the flooded underground Con
Mine in the Northwest Territories, Canada. Their study also considered the energy recharge from
the groundwater and host rock. The present study builds on the approach by estimating the
energetic contribution of water supply and host rock in the thermal balance calculation, but was
specifically made for pit lakes, enhancing the methodology for geothermal resource assessment.
Previous uses of a thermal power balance were exclusively made for underground mines and
needed to be adapted for open-pit mines, for example to calculate the contribution of the host rock
since the system geometry is different. The application of this method to the Carey Canadian and
King-Beaver mines showed the vast cooling potential of open-pit mines, which contrast to
underground mines that are commonly associated with a heating potential.

The analytical approach is a simple and rapid method for conservatively estimating the geothermal
resource in a open-pit lake. For example, it does not take into account thermal interactions between
different heat transfer mechanisms, nor natural or forced convection phenomena. By focusing
solely on conduction, this method makes it possible to estimate temperature propagation through
the surrounding rock. However, convection phenomena could recharge the host rock with thermal
energy more quickly. Similarly, it should be noted that convection in the water of the pit lake is a
phenomenon that recharges thermal energy considerably, but is not taken into account in this
simplified analytical approach. Furthermore, this method does not take into account several other
natural heat transfer mechanisms that can energetically recharge, to a lesser extent, the available
water volume, such as wind, solar radiation, evaporation and terrestrial heat flux.

7. CONCLUSIONS

There is growing interest in harnessing low-temperature geothermal resources from abandoned
and flooded mine sites. While numerous studies have assessed the geothermal potential of
underground mines, few have focused on open-pit mines. However, many abandoned and flooded
mining pits, often located near urban areas, could serve as significant reservoirs of low-temperature
geothermal energy.

This work introduces a new analytical approach to estimate the available geothermal resource by
evaluating the thermal power balance of the Carey Canadian and King-Beaver pit lakes (Quebec,
Canada) using the volume method and an improved thermal power balance calculation. Unlike
most studies, this approach goes beyond assessing the thermal resource contained in the volume
of water available, offering a comprehensive estimate that considers the energy contribution of
host rock and watershed supply. Indeed, over a 25-year exploitation, it has been showed that the
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host rock can contribute more than 15% of the thermal energy stored in the water body, while the
water supply has the potential to double that thermal energy.

However, a major limitation of this analytical approach is its inability to consider possible
interactions between pumping and injection points resulting from inadequate geothermal system
configuration. Therefore, while the analytical approach can provide a general first-order
assessment of the resource, validating a project's feasibility and viability must rely on a more
detailed numerical simulation of the system operation.

Developing sustainable geothermal energy sources at mine sites requires a multidisciplinary
approach and ongoing collaboration between the scientific community and industry. Despite
progress in developing new approaches, technical barriers remain to implementing these
unconventional geothermal systems. Providing baseline data and developing accurate methods for
resource estimate are essential to overcome these challenges and reducing perception of risk and
economic uncertainty among stakeholders interested in such resource development.
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8. APPENDIX
8.1 Hydrogeological Balance
8.1.1 Watershed Boundaries

A watershed is a geographical region area that supplies water to a river or a body of water. It is
typically defined by watershed lines, identified by ridges and contour lines [49]. In an urban area,
boundaries might change due to sewer systems or drainage ditches redirecting surface water, and
roads are also often considered as watershed boundaries. Geographic information software was
used to delineate the Carey Canadian mine (Figure A.1) and the King-Beaver mine watersheds
(Figure A.2) using DTM and DEM data.
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Figure A.1. Carey Canadian mine watershed boundaries and representation of the grid used to estimate the average
slope of the regions [35].
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Figure A.2. King-Beaver mine watershed boundaries and representation of the grid used to estimate the average slope
of the regions [35].

8.1.2 Infiltration Capacity and Runoff Coefficient
Surface runoff occurs when the precipitation rate (P; mmyr?) exceeds the soil’s infiltration
capacity (I; mmyr?). For runoff to occur, the soil’s infiltration capacity must be exceeded. The
infiltration can be calculated using the following equation:

I' = PI—R! [4.1]

It is important to note that these calculations are performed monthly, with each month represented
by the exponent i. The runoff (R; mmyr?) for each month is computed using the equation:

R' = C,Pt [A.2]

The runoff coefficient (C;,) is a dimensionless parameter ranging from 0 to 1 and is used
empirically to estimate the amount of runoff water based on total precipitation [49] (
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Table A.1 Table A.2).
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Table A.1. Runoff coefficient values for rural areas [49].

Runoff coefficient (Cp)

Rural area
. Hydrological classification
Vegetation Slope (Sp)
A AB B BC C CD
Cultivation
Flat < 3% 0.22 0.30 0.36 0.41 0.47 0.51
Undulating 3a8% 0.25 0.34 0.43 0.51 0.59 0.67
Mountainous > 8% 0.32 0.43 0.51 0.61 0.67 0.73
Pasture
Flat <3% 0.08 0.12 0.17 0.25 0.34 0.43
Undulating 3a8% 0.10 0.17 0.25 0.33 0.43 0.51
Mountainous > 8% 0.20 0.29 0.39 0.47 0.56 0.64
Woodlot
Flat <3% 0.04 0.09 0.15 0.21 0.29 0.37
Undulating 3a8% 0.07 0.12 0.19 0.26 0.34 0.43
Mountainous > 8% 0.11 0.18 0.26 0.34 0.43 0.51
Lake and swamp - 0.05
Table A.2. Runoff coefficient values for urban areas [49].
Runoff coefficient (Cp)
Urban area
Description Minimum Maximum
Paving (asphalt or concrete) 0.80 0.95
Median strip 0.20 0.40
Gravel road and shoulder 0.40 0.60
Roof 0.70 0.95
Commercial zone
- Downtown area 0.70 0.95
- Suburb 0.50 0.70
Residential zone
- Single-family dwelling 0.30 0.50
- Multiple, detached 0.40 0.60
- Multiple attached 0.60 0.75
- Suburb 0.25 0.40
Apartment building 0.50 0.70
Park and cemetery 0.10 0.25
Playground 0.20 0.35
Railroad 0.20 0.35
Waste ground 0.10 0.30
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The choice of runoff coefficients for rural areas relies on the hydrological classification of the
watershed and its average slope (Sy; [49]). In regions with rugged terrain, the mean slope is
estimated using a grid overlaid on the watershed [49] (Figures A.1 and A.2):

(N + Ny)Int

b= (Lh + Lv) [A 3]

Here, L,y and Ny vy respectively stand for the length of the grid lines and the number of times

they intersect the contour lines. Int refers to the contour line interval. The average slope of the
Carey Canadian and King-Beaver mines is respectively 14.5 % and 21.0 % (Table A.3).

Table A.3. Average slopes of the Carey Canadian and King-Beaver mine watersheds.

Carey Canadian King-Beaver

Number of lines L, (m) N, Ly (m) Ny, L, (m) N, Ly (M) Ny
1 200 3 867 20 208 10 150 4
2 569 8 112 6 83 3 300 15
3 603 9 488 17 568 17 212 1
4 886 23 27 1 774 27 1,096 26
5 255 12 71 2 222 10 1,253 44
6 206 12 88 1 455 13 323 23
7 174 10 422 14 198 14 367 21
8 187 10 154 5 411 20 277 15
9 150 8 454 15 268 24 159 13
10 81 6 152 5 342 19 238 12
11 61 6 817 20 386 26 282 19
12 88 6 606 15 439 23 360 10
13 79 5 1,416 25 233 16 432 23
14 424 14 176 6 374 18 966 33
15 388 14 675 19 1,047 35 122 2
16 619 25 441 15 527 24 245 4
17 614 14 172 5 129 2
18 476 10
19 359 7
20 321 8
21 383 13

Summing 7,123 223 7,138 191 6,664 301 6,782 265

Sy 14.5 % 21.0%

According to the Government of Quebec [49], the Thetford Mines region is classified under the
hydrological categories AB and B. Consequently, the runoff coefficients for rural regions align
with the average value of these categories for the > 8% slope classification in the
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Table A.1. Urban areas base their runoff coefficients on the average between the minimum and
maximum values provided in the Table A.2.
Using the land use types outlined in
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Table A.1Table A.2, Figure A.5Figure A.4 display the delineation of various sub-areas. These
illustrations are used to calculate the weighted average of the watershed runoff coefficient.
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Figure A.3. Discretizations of the Carey Canadian mine watersheds into sub-areas by land use.
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Figure A.4. Discretizations of King-Beaver watersheds into sub-areas by land use.

The overall runoff coefficient for Carey Canadian and King-Beaver mine watersheds, calculated
by weighting coefficients assigned to sub-areas, is 0.26 and 0.32 respectively (Table A.4).

Table A.4. Runoff coefficients for the Carey Canadian and King-Beaver mine watersheds.

Carey Canadian King-Beaver
Description Cp Area(m?)  AreaxC, Cp Area(m?)  AreaxC,
Woodlot 0.22 568,193 125,002 0.22 276,161 60,755
Lake and swamp 0.05 54,648 2,732 0.05 22,299 1,115
Pit walls 1.00 58,409 58,409 1.00 144,090 144,090
Gravel road 0.50 28,314 14,157 0.50 69,205 34,603
Waste ground 0.20 278,949 55,790 0.20 603,638 120,728
Suburb 0.33 31,629 10,279
Summing 988,513 256,091 1,147,022 371,570
C, weighted 0.26 0.32
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8.1.3  Potential and Real Evapotranspiration

Thornthwaite defines potential evapotranspiration (PET; mmyr?) as the soil water loss in the
absence of any deficit due to vegetation consumption [48,50]:

a

: 10T} o
PET! = 16 <I—amb> F'if Tomp > 0°C [A. 4]
t
PET! = 0ifT}, <0°C [A.5]

The variable T!,, (°C) denotes the average monthly temperature derived from the weather stations
within the study regions. I, represents the annual thermal index calculated by summing the monthly
thermal indices i* using the following formula:

The monthly thermal index can be determined by:
1.514

~(TL .
it = (%) if T, >0°C [4.7]

it =0ifT, , <0°C [A.8]
The constant parameter a is assessed through the following equation:
a=6.75x10"713 — 7.71x107°12 + 1.79x1072I, + 0.49239 [A.9]

Lastly, F' represents the correction coefficient, accounting for the average monthly sunshine
duration. This coefficient is defined based on the month and latitude of the study areas [50].

When plants begin to wilt, it signifies that soil moisture has fallen below its capacity to resist the
force of gravity at the surface. This state of reduced water availability can restrict real
evapotranspiration (RET; mmyr?) to levels lower than potential evapotranspiration. Consequently,
real evapotranspiration relies on both the available water reserves at the soil surface (S; mmyr?)
and the deficit soil moisture (D; mmyr?; [48,50].
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Table A.5 provides a grid facilitating the calculation of actual evapotranspiration, water reserve,
and recharge (G; mmyr™) based on soil moisture deficit. This table is derived from Thornthwaite’s
(1948) hydrogeological balance calculation method.
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Table A.5. Calculation grid for determining real evapotranspiration, soil water reserves and recharge.

D' RET Si Gi

<0 Sit+ 1 0 0

=0 PET 0 0

> 0 and < Smax PET D' 0
> Smax PET Smax D' - Smax

The moisture deficit is determined using the following equation:
D! =St 4+t — PET! [4.10]
To initiate the calculation in January, the initial value of the available water reserve (S°) is

considered as the maximum reserve (S,.x). In cases where data is unavailable, S, . is
approximated as 10 % moisture in the top meter of soil, which equals 100 mm [48,50].

8.1.4  Annual Water Supply

The hydrogeological balance outcomes for the Carey Canadian mine watershed were calculated
based on Thornthwaite’s approach and are outlined in Table A.6. Similarly,
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Table A.7 contains the hydrogeological balance outcomes for the King-Beaver mine watershed.

Table A.6. Thornthwaite hydrogeological assessment of the Carey Canadian mine watershed.

Month Mean temp. P R 1 PET RET G
0 (mm)  (mm)  (mm)  (mm) (mm)  (mm)
January -12.2 88.9 23.0 65.9 0.0 0.0 65.9
February -10.3 72.0 18.6 53.4 0.0 0.0 53.4
March -5.3 74.3 19.2 55.1 0.0 0.0 55.1
April 2.8 78.7 20.4 58.3 18.7 18.7 39.6
May 10.1 101.5 26.3 75.2 70.2 70.2 5.0
June 151 130.0 33.7 96.3 102.9 102.9 0.0
July 17.9 136.6 35.4 101.2 122.4 122.4 0.0
August 16.8 128.0 33.2 94.8 106.6 106.6 0.0
September 12.5 111.5 28.9 82.6 69.5 69.5 0.0
October 5.4 118.8 30.8 88.0 28.8 28.8 32.9
November -0.8 91.7 23.8 67.9 0.0 0.0 67.9
December -8.3 88.7 23.0 65.7 0.0 0.0 65.7
Annual 3.6 1,220.7 316.2 904.5 519.1 519.1 385.4
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Table A.7. Thornthwaite hydrogeological assessment of the King-Beaver mine watershed.

Month Mean temp. P R 1 PET RET G
°C) (mm)  (mm)  (mm) (mm) (mm) (mm)
January -11.60 108.00  34.99 73.01 0.00 0.00 73.01
February -9.50 86.50 28.03 58.47 0.00 0.00 58.47
March -4.00 89.00 28.84 60.16 0.00 0.00 60.16
April 3.90 88.80 28.77 60.03 23.52 23.52 36.50
May 11.10 104.90 33.99 70.91 73.87 73.87 0.00
June 16.10 130.00 42.12 87.88 106.97 106.97 0.00
July 18.60 133.30 43.19 90.11 125.04 125.04 0.00
August 17.60 135.30 43.84 9146  109.43 109.43 0.00
September 13.20 100.10 3243 67.67 71.06 71.06 0.00
October 6.50 112.20 36.35 75.85 32.20 32.20 0.00
November 0.10 104.60  33.89 70.71 0.00 0.00 36.03
December -7.40 117.20 37.97 79.23 0.00 0.00 79.23
Annual 4.60 1,309.90 424.41 885.49 542.08 542.08 34341

9. Abacuses for rock energy contribution

To simplify the estimation of the host rock’s energy contribution in pit lakes, four abacuses have
been created for situations where the temperature difference between the initial and final water
temperature is 5, 10, 15 and 20 °C (Figure A.5Figure A.6Figure A.7Figure A.8). The abacuses
have been designed for use in any pit lake with an available water volume ranging from 20,000,000
to 80,000,000 m®. They estimate the host rock’s energy contribution as a function of the energy
contained in the water volume utilizing a range of feasible thermal rock properties determined
from literature reviews [39,40,42,43]. Assumptions include an initial water temperature of 4 °C, a
25-year operational span, and a geothermal gradient of 0.03 °Cm™. These abacuses allow a quick
and practical estimation of the energy contribution of the host rock, avoiding tedious calculations
and providing approximate values for different temperature configurations. However, it is
important to note that these estimates are based on simplifying assumptions, and that detailed
analyses may require more advanced approaches. An example of how to use the abacus can be
found in the appendix, showing the evaluation of the host rock’s energy contribution at the Carey
Canadian and King-Beaver mines.
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different volumes of water and different values of thermal properties for a temperature difference of 10 °C between
the initial temperature of the water and its final temperature after exploitation.
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Figure A.8. Abacus for estimating the energy contribution of the host rock according to the energy contained in
different volumes of water and different values of thermal properties for a temperature difference of 20 °C between
the initial temperature of the water and its final temperature after exploitation.

Figure A.9 represents two instances illustrating the abacus application, employing the Carey
Canadian and King-Beaver mines for a temperature variance of 20°C.
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Figure A.9. Examples of the estimated of host rock’s energy contribution based on the thermal energy available in
the water volume for Carey Canadian and King-Beaver.

In the case of the Carey Canadian mine, considering a volumetric heat capacity of
2.73 MIm3K1, a thermal diffusivity of 1.39 mm?2s?, and an available water volume of
approximately 20,000,000 m?, the rock’s energy contribution, assessed with the abacus, aligns
with about 19 % of the energy within the pit's water volume. This result closely resembles the
initial estimate in Figure 17, where the rock contributed to around 18.8 % of the water volume’s
energy. For the King-Beaver mine, the volumetric heat capacity and thermal diffusivity were
estimated at 2.65 MJm=K™ and 1.04 mm?s™ respectively, and the water volume ranges between
20,000,000 and 40,000,000 m? along the vertical axes. This allows the estimation of the rock’s
energy contribution by averaging the values corresponding to these two axes:

159%+11.8% 27.7%
2 2

=13.9% [A.11]

The abacus indicates that the energy contribution from the host rock amounts to approximately
13.9 % of the energy contained in the water volume, closely aligning with the initial calculation of
13.8 %.
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