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After the closure of an underground mine, tunnels commonly become flooded and can be
potentially exploited for its geothermal resource. Developing new methods for quantifying
the energy content of this reservoir with a complex geometry is important to assess the
economic value of its heat resource. The objective of this paper is to provide a first-order
assessment of the geothermal potential of an underground mine using the Con Mine near
Yellowknife, Northwest Territories, Canada, as an example. Field data allowed the devel-
opment of an improved analytical approach to evaluate the geothermal potential of the Con
Mine based on a thermal power budget. The sources considered in the thermal power budget
are the thermal inertia of the water in the mine and the surrounding host rock, and the water
that infiltrates the mine from nearby lakes. Analytical calculations are based on the finite
linear heat source equation, considering cooled or heated water in the mine tunnels as heat
sources or sinks. The geometry of the underground mine is consequently simplified to a
linear heat source of equivalent length and fixed radius. The Thiem equation is used to
calculate the water seeping into the mine. Results obtained with this approach and con-
sidering the operation of a geothermal heat pump system indicate a total energy of 17,520
MWh y~! and 8234 MWh y~! that can be delivered to buildings for heating and cooling
purposes, respectively. This new approach provides an improvement to the volumetric
method commonly used to assess geothermal resources.
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INTRODUCTION

Mining environments store geothermal energy
from the Earth’s natural heat flux in the water con-
tained in the mine workings. It is a sensitive heat
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storage medium because the energy is released as
temperature decreases without a change of state of
water. The advantage of a mine is that the resource
is directly accessible by the wells or the openings
previously drilled or excavated. The amount of
thermal energy is proportional to the storage vol-
ume, the heat capacity of the materials (water and
surrounding bedrock) and the temperature change
of the heat storing material (Muffler and Cataldi,
1978). The high transmissivity of the mining tunnels
allows pumping at high water flow rates for extrac-
tion or injection of significant energy (Banks et al.,
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2019). Due to the amount of water contained in
closed mines, they are considered a potential
geothermal resource. An investigation of the
amount of energy available is required to assess the
economic opportunity associated with the geother-
mal potential of a mine site. The estimation should
provide insights into whether there is enough eco-
nomic resource to be used.

Geothermal  resource  assessments  for
hydrothermal systems can give insight how to eval-
uate the resource potential of flooded mines. For
example, the Pontgibaud area and hydrothermal
system in France have been investigated for its
geothermal potential (Duwiquet et al., 2019). Eyerer
et al. (2020) also evaluated the potential of
hydrothermal systems of the North German Basin.
As geothermal energy has become increasingly used
for heating and cooling in China, deep hydrothermal
systems of the Yangtze Block have been studied for
potential use with buildings (Luo et al., 2021). These
resource studies, just to cite a few recent examples,
included reservoir to power plant models that are,
however, not readily applicable to a flooded mine
system. One of the first steps to determine the
geothermal potential of any reservoir is assessing its
volume, heat capacity, and the temperature differ-
ence before and after heat exchange. Energy content
is proportional to the volume and the temperature
difference of the materials (Muffler and Cataldi,
1978). Estimating the reservoir enthalpy and tem-
perature using this volumetric method requires an
estimation of the Earth’s natural heat flux. The
reservoir temperature can also be deduced from
thermal manifestations when studying such
hydrothermal systems (Lawless, 2010). This ap-
proach is simple but generally underestimates the
natural heat flux from the system and may not be
fully representative of the entire geothermal reser-
VOIr.

Geothermal resource assessments can also be
made for a magmatic system. The volume of the
magma chamber is evaluated, and the amount of
geothermal energy left in the intrusion is assessed
with a conductive heat loss calculation (Muffler and
Cataldi, 1978). This approach gives a global over-
view of the accessible heat, but only applies to vol-
canic areas.

When production wells are available, the total
well flow method can be used for a geothermal re-
source assessment. The field capacity is considered
as the total flow of drilled wells. This method is
simple but is not representative of the amount of

fluid in the whole reservoir (Grant, 2010). The de-
cline curve analysis is a method where the produc-
tion history data from wells are used to assess
performance and predict future production. How-
ever, the results only give reserves of the entire
drainage area of the wells.

The planar fracture method for geothermal re-
source assessment considers that heat is transferred
to the fractures by convection. The extraction of
heat is calculated assuming the flow of water along
planar fractures (Muffler and Cataldi, 1978). This
method allows for the calculation of recoverable
thermal energy with a minimum number of param-
eters, but it can’t be applied to all geological envi-
ronments (Muffler and Cataldi, 1978). Lumped-
parameter modeling is another simple approach
adapted for short-term estimation (a few years).
This approach evaluates resources by considering
the system as a single element with average reservoir
properties. The estimation does not consider heat
transfer and fluid flow (Sanyal and Sarmiento, 2005).
Finally, Cumming (2016) proposed assessment of
geothermal potential based on the distribution of
known geothermal field production capacity. This
estimation method requires at least a magnetotel-
lurics resistivity survey.

According to Purba et al. (2021), the most
commonly used method for geothermal resource
assessment is the volumetric approach, because it is
a low cost and simple method, especially when
compared to those requiring numerical models
which can be more reliable and accurate, but com-
plex, time consuming, and consequently expensive.
Therefore, the volumetric approach is commonly
implemented at the exploration phase. For example,
Chu et al. (2021) used this volumetric approach to
evaluate the geothermal potential of the Jiahe Col-
liery in China. However, the volumetric method
typically leads to an underestimation of the
geothermal resource potential (Purba et al., 2021).
This volumetric method has been previously adap-
ted to estimate the geothermal potential of flooded
mines. The volume considered in this approach is
that of the water filling the mine as presented by
Ghomshei (2007), Grasby et al. (2012), Jardén et al.
(2013), Diez and Diaz-Aguado (2014), Preene and
Younger (2014), Bao et al. (2019) and Menéndez
et al. (2019). However, this approach can neglect
important components of the energy budget of a
mine system, such as heat storage in the surrounding
rock mass and its effect on mine water temperature.
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We believe this results in an underestimation of the
mine’s geothermal resources.

Thus, the objective of this work was to improve
the volumetric approach commonly used for
geothermal resource assessment through a thermal
power budget calculation, to provide an initial re-
source estimate for the geothermal energy contained
in a flooded mine. The closed Con Mine near Yel-
lowknife, Northwest Territories, was used as an
example.

Previous investigations of the geothermal
potential of the Con Mine were made but remained
incomplete. Ghomshei (2007) evaluated the poten-
tial of this mine for providing heat to the nearby City
of Yellowknife, but only considered the energy
contained in the volume of water flooding the mine.
Ferket et al. (2012) also assessed this heat resource;
they multiplied the Earth’s natural heat flux by the
surface area of the mine, which can greatly under-
estimate its potential. The new analytical approach
developed for the Con Mine in this study takes into
consideration the heat associated to the water inside
the mine tunnels, the heat transferred from the
surrounding host rock to the water, and the heat
from water infiltrating into the mine tunnels. While
this novel approach has been developed with the
Con Mine as an example, it can be used for any
other underground mine. The methodology herein
details each important component of the thermal
power budget for the Con Mine.

GEOLOGICAL
AND HYDROGEOLOGICAL SETTINGS

The Con Mine is located in Yellowknife,
Northwest Territories, Canada (Fig. 1) and was ac-
tive from 1938 to 2003. The mine site was developed
in the Yellowknife Greenstone Belt of the Slave
Geological Province. The Greenstone Belt is boun-
ded to the west by younger granitic rocks of the
Western Plutonic Complex (Fig. 2). The belt con-
sists of a succession of mafic to intermediate volcanic
rocks (massive and pillow basalts), with small
inclusions of volcaniclastic and sedimentary rocks to
the northeast. The rocks underlying the Con Mine
dip 70-80° to the southeast (Miramar Con Mine Ltd,
2007). Gold mineralization is hosted in the shear
zones where mining was focused (Fig. 3). The shear
zones are predominantly composed of chlorite-car-
bonate schists with increasing sericite, sulfide and
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quartz content in areas of higher gold mineralization
(Miramar Con Mine Ltd, 2007).

Mean annual precipitation in the Con Mine
area is 366.5 mm, with 164.7 mm as snow and
201.8 mm as rain (Miramar Con Mine Ltd., 2007).
Hydrogeological conditions are strongly influenced
by water levels of lakes adjacent to the mine,
including the Great Slave Lake. The bedrock has a
hydraulic conductivity of 1 x 107 to1 x 10 m s
(Miramar Con Mine Ltd, 2007). Groundwater flow
around the mine occurs primarily within the fault
network that intersects the underground workings
(INTERA, 1997). Due to constant groundwater
infiltration in the mine, and to avoid mine water
outflow, dewatering is conducted each summer to
bring the water level within the mine approximately
40 m below the level of the Great Slave Lake.
Dewatering is achieved by pumping groundwater
out of the C-1 shaft (Fig. 3).

The geothermal gradient, which was measured
in an exploration borehole near the mine site down
to a depth of 300 m, has been estimated to 17.4 °C/
km after paleoclimatic corrections (Ngoyo Man-
demvo, 2022).

METHOD

The approach we developed presents a thermal
power budget that can be applied to any under-
ground mine. Assumptions are as follows. The
thermal power budget can be divided into three
components: the water inside the mine, the sur-
rounding host rock, and the water infiltrating the
mine. The thermal power that can be released from
the mine water is a function of its volume and the
temperature difference between the initial and final
state. The thermal power that can be released from
the surrounding host rock considers the geometry of
underground mine tunnels simplified as a linear heat
source of finite length. The heat transferred from the
surrounding rock mass to the water by means of
conductive heat transfer is determined by the
potential temperature response of the mine shafts,
drifts, and workings when the water temperature
inside the mine is changed. Calculation of the ther-
mal power from the water infiltrating the mine also
requires the assumption of a simplified mine geom-
etry. Then, the Thiem equation can be used to
evaluate the amount of water infiltrating a well
(mine shaft in this case) under steady-state condi-
tions.
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Great Slave Lake

Figure 1. Location of the Con Mine. Background images taken from Google Earth 2021.

Thus, the components considered to assess the
thermal power budget of an underground mine
are (Fig. 4): (a) the thermal inertia of the water that
is flooding the underground mine workings; (b) the
host rock surrounding the mine; and (c) the water
infiltrating the underground mine. The sources of
thermal power that are neglected and assumed
insignificant compared to the three components
above are (Fig. 4): (a) thermal exchange at the sur-
face by solar radiation, air convection, and atmo-
spheric temperature variations; and (b) the Earth’s
heat flux.

Therefore, the total thermal power available
from the mine P, (W) is considered as the sum of
the power that can come from the mine water
Prw (W), the surrounding host rock P, (W) and the
groundwater infiltrating the underground mine
workings Py, (W), thus:

Ptot:me+Pr+Pgw (1)

Mine Thermal Power Budget

The thermal energy extracted/injected from/
into the mine water E,, (J) that is flooding the
underground mine workings is calculated as (Jessop
et al. 1995):

Enw = Viw X [(To—Tm)| X cw (2)

where Vo, (m?) is the volume of water inside the
mine, Ty (K) is the initial temperature of water be-
fore being cooled or heated with a heat pump sys-
tem, 7, (K) is the maximum or minimum
temperature at which the water that floods the
underground mine workings can be cooled or heated
with the heat pump system, and cy
(4186 J m > K ') is the volumetric heat capacity of
water. Note that T,, is a design parameter to be
selected according to the heat pump system opera-
tion.

The available thermal energy is converted to
power by taking into account the time of the oper-
ation (Jessop et al., 1995), thus:

o 3)
t
where ¢ (s) is the time, which was assumed to be
7.8 x 10® s in this study (25 years), corresponding to
the typical lifetime of a geothermal heat pump sys-
tem (Jessop et al., 1995).

The thermal power available from the sur-
rounding rock mass was estimated from the con-
ductive heat flux released when the water reaches
the minimum or maximum temperature 7. The fi-
nite line source (FLS) solution was used to deter-
mine this heat flux assuming that the temperature at
an infinite distance from the mine workings remains
constant (Cimmino et al., 2013). Here, the infinite
line source (ILS) and cylindrical line source (CLS)
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Figure 2. Geological map of the Con Mine and Yellowknife area (modified from Northwest Territories
Geological Survey, 2021).

solutions could also have been used. However, these
latter two solutions appear most appropriate for a
heat transfer of short duration (a few years; Philippe
et al., 2009). As the calculations are done for the
operating period of the heat pump system
(25 years), axial heat transfer effects become non-
negligible and require use of the FLS (Philippe et al.,
2009). The total length of mine tunnels, including
shafts, stopes and drifts, was considered to deter-
mine the equivalent length of the heat source when
applying the FLS. Since the Con Mine has an
irregular geometry, its volume was transformed into
an equivalent mine tunnel length, with the formula
of a cylinder, but keeping the same volume (Fig. 5).
This simplification reduces the contact surface be-
tween rock and water, which minimizes the esti-
mated thermal energy. However, it allows
calculation of the conductive heat flux from the
surrounding host rock using a simplified under-

ground mine geometry. The FLS was used with the
following assumptions: (a) a linear heat source
where the length is greater than the radius; (b) the
surrounding medium has an infinite radial distance is
homogeneous and isotropic; (c) the initial tempera-
ture is uniform; (d) the temperature at an infinite
radial distance remains constant; and (e) heat is
transferred by conduction.

Philippe et al. (2009) analyzed the thermal re-
sponse functions of underground heat source solu-
tions used for geothermal boreholes. Their
formulation of the FLS was used to calculate the
power transferred from the surrounding rock to the
mine water P, (W), thus:

| To—Th|
GFLS (F0*7 rb/L) D/L)

P, =) x (4)
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Figure 4. Conceptual model showing the thermal power inputs and outputs of the mine energy budget.

where 4, (W m~' K"} is the thermal conductivity of (—) is a normalized Fourier (Fo) number with 7= r/r,,
the host rock, Gy s is the thermal response function representing a dimensionless radius (—) with r, (m)
of the finite line source or G-function, Fo* = Fo/ 7> being the radius of the heat source (borehole) or the

mine tunnels in our case and r (m) is the distance at
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Figure 5. Application of the finite line source solution to a mine system. The left diagram shows the original generalized
mine workings, the right side shows the simplified version whereby the total mine volume is expressed as a vertical cylinder.

which the temperature is calculated, L (m) is the
mine tunnel total length, and D (m) is the distance
from the surface to the upper end of the source.
Note that r,, = r and thus Fo* = Fo in our case. The
Fourier number is calculated according to the
time ¢ (s), the thermal diffusivity « (m* s~ ') and the
radius of the heat source, thus:

o Xt

Fo = 2 (5)

As explained above, the underground workings
of the Con Mine are located near Great Slave Lake
and other smaller lakes (Fig. 1) and experience a
constant groundwater inflow. The water is pumped
out of the mine on an annual basis, and thus a sig-
nificant recharge of water into the mine is con-
tributing to the available thermal energy potential.
To estimate the water flow that infiltrates into the
mine, the Thiem solution for pumping in a confined
aquifer under steady-state conditions was used,
considering the following assumptions (Wenzel,
1935; Fig. 6): (a) the host rock aquifer has unlimited
lateral extent; (b) the aquifer is homogeneous, iso-
tropic and has a uniform thickness; (c) before
pumping, the piezometric level is (almost) horizon-
tal; (d) water is pumped at a constant flow rate; and

(e) the well penetrates the entire aquifer and the
water flows horizontally through the entire thickness
of the aquifer.

Thus, the following equation was used to esti-

mate the flow rate q'gw (m® s™') at which ground-
water infiltrates the mine (Wenzel, 1935):

, 2n x (hy — hy) x K x d
Tow = (6)
g n(3)

where A (m) is the water level measured in the
surrounding lakes considered as a constant head
boundary, here the Great Slave Lake, A, (m) is the
water level measured in the pumping well (bore-
hole) or the main mine shaft in our case, K (m s ')
is the hydraulic conductivity of the surrounding host
rock, d is the thickness of the aquifer assumed
equivalent to the mine depth (m), and ri (m) is the
distance between the center of the main mine shaft
and the surrounding lakes. Assuming that the water
level remains constant in the mine shaft (although it
can fluctuate through the year), the total volume of
water infiltrated Vi, (m?) is obtained by multiplying
the pumping rate and the time of infiltration, which
is considered equivalent to the duration of the heat
pump system operation, thus:
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Figure 6. Schematic cross-section of a pumping operation and input parameters considered with the Thiem equation.

ng = qlgw Xt (7)

Using the total volume of water infiltrated over
a period of 25 years and assuming it infiltrated at a
temperature equivalent to 7, and that it can be
changed to T}, then it is possible to calculate P,
with Egs. 2 and 3.

Power Made Available to Buildings

The total power produced from the mine
(Eq. 1) is different from the power available to heat
and cool buildings; the latter also depends on the
efficiency of the heat pump system. It is also
important to evaluate the power needed to pump
water out of the mine. Thus, the electrical power for
the water pump P, (W) is approximated as (Cengel
and Boles, 2006):

Pp:q/hpxpwxgxhp (8)

where q'hp (m® s ') is the water flow rate going
through the heat pump or the water flow rate that
will be circulated in the mine for the heat pump
operation, p,, (kg m™>) is the density of water,

g (9.81 m s—2) is the gravitational acceleration and
hy (m) is the head difference at the pump assumed
here as the pump depth for the worst-case scenario.

The flow rate is determined based on the tem-
perature difference at the entry and exit of the heat
pump, thus:

= 9
Ty |To—Tm| X cw ©)

The mechanical work required for the heat
pump Wy, (W) is determined based on the coeffi-
cient of performance (COP (-)) of the heat pump
system in the heating or cooling mode. The COP for
a heat pump is the ratio of the thermal power (heat
or cold) delivered to the building over the electric
power required to operate the heat pump. Equa-
tions 10 and 11 express the mechanical work in the
heating and cooling mode as a function of the total
power released from the mine water (Cengel and
Boles, 2006), thus:

P tot
SR — 1
Whp COPheating -1 ( 0)
P
Wip ot (11)

- COPcooling +1
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The COP is determined based on the temper-
ature of water entering the heat pump being as-
sumed to T}, and the flow rate q/hp of the heat pump
with performance data reported by manufacturers
for commercial heat pumps (Raymond, 2018). Fi-
nally, the COP and total power released from the
mine allows evaluation of the thermal power made
available to the buildings (Cengel and Boles, 2006),
thus:

O Pror X COPreating
heating COPheating -1

(12)

Ptot X COPcooling
COPcooling +1

Qcooling = (13)

where Oheating (W) is the power delivered to the
buildings in heating mode and Q. ooiing (W) is the
power extracted from the buildings in cooling mode.

Heat Loss in the Case of Underground Heat Storage

Water in an underground mine can be used for
underground heat storage. During the cooling
operation of buildings, the water injected in the
mine will be warmer than the mine water and can be
stored. However, an amount of heat from the in-
jected water will be lost by conduction. The heat
conduction in the surrounding host rock contributes
to the spread of heat in the cold water of the
equivalent mine tunnel length (Bloemendal and
Hartog, 2018). The heat loss depends on the geo-
metric shape of the thermal storage volume
(Doughty et al., 1982). To evaluate the heat loss, the
thermal storage volume can be simplified into a
cylinder where the thermal radius ry, (m) is defined
as (Doughty et al., 1982):

. Cw X Vinj
Tih = \/cbanL (15)

where ¢, = 0 ¢y + (1-0) ¢, with 0 (—) being the
porosity of the host rock and ¢, (MJ m > K™ ') the
volumetric heat capacity of the host rock, and Vi
(m?) is the volume of water injected in the mine
tunnel for storage. Vip; (m?) can be determined by
multiplying the injected flow rate or the operating
flow rate of the heat pump q'hp (Eq. 9) by the

operating lifetime of the system (here 25 years). The

1587

heat loss in the case of underground thermal energy
storage H (W) is finally evaluated as:
To— T

H=7 xAp x —— (16)
T'th

where Ay, is the lateral area of the cylindrical volume
where heat is stored (m?).

Number of Buildings that Can be Heated

As a last step, the number of buildings that can
be heated or cooled with a heat pump system using
the Con Mine water was evaluated according to the
energy demand of archetype buildings (e.g., ele-
mentary school, offices, etc.) available in a database
of the American Society of Heating, Refrigerating
and Air Conditioning Engineers (Crawley et al.,
2000). This database provides essential information
about buildings located in Denver, USA. The sim-
ulation files of archetype buildings were taken, and
new building simulations were made with the En-
ergyPlus software (Energy plus, 2021; Tab 1) con-
sidering the climate of Yellowknife (Engineering
Climate Services, 2021). This allowed assessment of
the heating and cooling needs of typical buildings
that could potentially be constructed in Yellowknife.
The number of buildings that can be heated or
cooled n (—) was determined as:

Eheating
n=——— 17
Ebuilding a7

where Epeating (Wh) is the energy delivered to the
buildings determined by multiplying Qhcating by
the number of hours in a year (8760 h) and
Epuilging (Wh) is the energy annually consumed by
the buildings.

RESULTS
Input Parameters Needed for Resource Assessment

The geothermal gradient was measured in an
exploration borehole near the mine site down to a
depth of 300 m (Ngoyo Mandemvo, 2022). This
near-surface gradient was corrected for paleoclimate
to estimate heat flux and the host rock temperature
was extrapolated to a depth of 1.9 km, or the depth
of the deepest (Robertson) mine shaft (Ngoyo
Mandemvo, 2022). T results from a volume-weigh-
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ted average where the volume represents the mine
voids and is the weighting coefficient. The extrapo-
lated geothermal gradient was used to estimate the
temperature of the mine voids at depth. The mini-
mum operating temperature in heating mode was
fixed to 2 °C. Below this temperature, water can
freeze and damage piping systems. In Yellowknife,
cooling is not an important component of the
building loads. However, the maximum cooling
temperature was fixed to 35 °C, which is the maxi-
mum water temperature that can enter the heat
pump to function properly. The total volume of the
mine is 3,670,000 m> (Silke, 2009) and, to determine
the void volume filled with water, the total volume
was multiplied by a tonnage factor of 64%, charac-
teristic of basaltic rock considering subsidence in the
mine although difficult to exactly determine
(Ofoegbu et al, 2008). The COPheaiing and
COPooiing have been evaluated to 4.2 and 5.7
according to the selected operating temperature
(Table 1). Thermal properties required for this cal-
culation are the thermal conductivity and diffusivity
of the surrounding host rocks, which were evaluated
with laboratory measurements on 25 samples col-
lected at the mine site. A thermal conductivity
scanner was used to measure the thermal properties
(Popov, 2017) that are detailed in Ngoyo Mandemvo
(2022).

Buildings simulated with Yellowknife weather
conditions using EnergyPlus are presented in Ta-
ble 2 giving the annual heating energy demand and
area.

Total Thermal Power Released from the Mine
and Heat Loss

The total thermal power that can be released
from the mine is the summation of the power from
mine water, host rock and infiltrating water. The
power from mine water was estimated with Egs. 2
and 3 and is equivalent to 0.24 MW in heating and
0.18 MW in cooling, the power from the rock was
estimated with Eq. 4 and equals 0.96 MW in heating
and 0.7 MW in cooling, and the power from
groundwater infiltration was estimated with Eqgs. 2
and 3, and is 0.3 MW in heating and 0.22 MW in
cooling (Table 3). Equation 1 gives the total power
extracted from the mine site for heating operations,
which is 1.5 MW, and 1.1 MW for cooling opera-
tions. This calculation shows that power extracted or
injected from the rock is the main component of the

thermal power budget used to define the geothermal
potential, although the contact surface between rock
and water was decreased for the estimation with the
finite line source equation. In the case of the Con
Mine, where there is a water body near the mine and
a significant hydraulic conductivity, the power
associated with the infiltrated water also gives a non-
negligible contribution to the mine thermal power
budget. The total thermal power and energy that can
be delivered to the buildings for one year are 2 MW
and 17,520 MWh in heating and 0.94 MW and
8234 MWh in cooling (Table 3). Equation 9 gives
the pumping rate in the heating and cooling cases,
which is 0.02 m® s~'. During the cooling operation,
the heat stored through water in the ground dissi-
pates. The thermal radius where it occurs is 55 m
and the amount of heat loss is estimated to 0.2 MW.

Number of Buildings that Can be Heated

An estimation of the number of buildings that
can be heated with a heat pump system using the
Con Mine water is given based on the heat delivered
to the buildings (Table 2) and a comparison with the
heating demand for buildings simulated with En-
ergyPlus. Figure 7 shows that at least 18 medium
offices of a total of 89,676 m* or 17 elementary
schools of a total of 116,807 m? or 17 small hotels of
a total of 68,221 m? or 13 outpatient healthcare of a
total of 49,452 m? could be heated by the mine wa-
ter. Knowing the heat demand for these buildings,
other infrastructure with similar demand can also be
considered. Note that given heat loss during trans-
portation, results can vary if buildings are to be he-
ated in Yellowknife that is away from the Con Mine.
It may be more efficient to examine development
potential on the mine site itself or in a nearby
industrial park.

DISCUSSION

The study of the geothermal potential of the
Con Mine previously conducted by Ghomshei
(2007) used the volumetric method of Muffler and
Cataldi (1978), and the study of Ferket et al. (2012)
used the surface thermal flux method of Lawless
(2010). The geothermal potential reported for the
Con Mine by Ghomshei (2007) was 0.3 MW and that
reported by Ferket et al. (2012) was 0.4 MW. These
methods underestimated the geothermal potential,
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Table 1. Data required to estimate the total power from the Con Mine
Input parameter and units Value Sources
Ty (°C) 21 Weighted average according to geothermal gradient
Ty heating (°C) 2 Minimal working temperature from heat pump
T cooling (°C) 35 Maximal working temperature from heat pump
Mine volume (m3) 3,667,000 Slike (2009)
Tonnage factor (%) 64 Ofoegbu et al. (2008)
Mine water volume Vi (m?) 2,380,000 Calculated with tonnage factor
Mine tunnel length L (m) 30.359 Calculated from mine plans
Hydraulic conductivity K (m s™}) 42 x 10 Ngoyo Mandemvo (2022)
Host rock density p, (kg m~>) 3016 Ngoyo Mandemvo (2022)
Host rock thermal diffusivity o, (m? s™?) 1.5 x 107° Ngoyo Mandemvo (2022)
Host rock volumetric capacity ¢, (MJ m—> K™') 2.4 Ngoyo Mandemvo (2022)
Equivalent mine tunnel radius r,, (m) 17
Distance from the surface to the upper end of the source D (m) 115 Miramar Con Mine Ltd (2007)
Host rock thermal conductivity 4, (W m~! K1) 35 Ngoyo Mandemvo (2022)
Robertson shaft water level A, (m) 91 Miramar Con Mine Ltd (2007)
Great Slave Lake water level Ay (m) 157 Real-Time hydrometric data map
Distance between the center of the well and the surrounding 1.15 Measured in maps
lakes rp (km)
Thickness of the aquifer or mine depth d (km) 1.9 Robertson shaft length
Coefficient of Performance COPrcating (—) 4.2 Raymond (2018)
Coefficient of performance COPopling (—) 5.7 Raymond (2018)
Time ¢ (s) 7.8 x 108 Lifetime of a geothermal heat pump system

Table 2. Annual heating energy demand simulated for buildings
in Yellowknife weather conditions

Buildings Annual demand (MWh)  Area (m2)
Medium office 953 4982
Elementary school 981 6871
Small hotel 989 4013
Out patient healthcare 1256 3804

The area is the surface covered by the building (Engineering
Climate Services, 2021)

because they did not consider heat that can be
transferred by conduction from the surrounding host
rock and heat from groundwater continuously infil-
trating the mine. The thermal power budget
achieved in this study provides a more complete
first-order assessment of the geothermal power that
can be produced from the mine site, estimated at
2 MW for heating conditions. Our assessment ne-
glected surface heat exchange and the natural ter-

Table 3. Results of the geothermal resource calculations for the heating and cooling case

Output Parameters Heating Cooling
Power from mine water P, (MW) 0.24 0.18
Power from the host rock P, (MW) 0.96 0.7
Power from the groundwater Py, (MW) 0.30 0.22
Total power from the mine system Py, (MW) 1.5 1.1
Mechanical work for heat pump Wy, (MW) 0.47 0.16
Electrical power for the water pump P, (MW) 0.03 0.03
Thermal power to buildings Oheating and Qcooling (MW) 2.00 0.94
Energy delivered for one year Epeating and Ecooling (MWh) 17,520 8234
Flow rate q’hp (m?s™) 0.02 0.02
Heat loss H (MW) - 0.2
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Figure 7. Number of archetypes building units that can be heated
with a heat pump system using the Con Mine water. The area given
next to each building column is the total surface area covered by the

buildings.

restrial heat flux. We assume that heat gained and
lost at the surface will balance throughout a year
such that it can be omitted from the energy budget.
The calculations made by Ferket et al. (2012) based
on the terrestrial heat flux can be considered as the
rate at which the geothermal resource is being re-
newed, and it is smaller than the resource itself
benefiting for the thermal inertia of the water and
rock masses as well as the water infiltrating the mine.
Our results showed that the heat released from the
surrounding rock mass is the main source of the
thermal power budget. One parameter that plays a
major role in this calculation is the radius of the well.
The higher the radius, the less the heat exchange
surface between the rock and water will be. A good
knowledge of the mine geometry can help assess the
average radius. Thus, it is recommended to use up-
dated maps of the current state of the mine to get a
reasonable estimate of the average radius. It is also
recommended to perform a detailed bedrock char-
acterization when applying the method to a similar
mine as thermal conductivity influences the amount
of heat that can be extracted by conduction. More-
over, when there is water infiltration into a mine,
this component of the thermal power budget should
be considered for the geothermal potential assess-
ment. The energy extracted from the volume of
water flooding the mine is the component of the
thermal power budget that had the smallest contri-
bution to the total power that can be extracted from

the Con Mine system. This component depends on
the mine water volume that was estimated with a
tonnage factor. Coal mines commonly collapse,
reducing the potential reservoir volume (Andrews
et al., 2020). Water volume is expected to be about
13 to 34% of a coal mine’s volume (Song et al.,
2020). This number should be higher for base metal
mines where collapse is not as frequent as in coal
mines but should take into account potential back-
filling. Old mines are typically not backfilled while
backfilling has been adopted with most recent min-
ing operations.

Most geothermal potential assessments of mine
sites have been conducted based on the volumetric
method. The comparison of the geothermal poten-
tial from the Con Mine to other mines is challenging
because every mine is different, but it should be kept
in mind that different assessment methods could
have been used. Moreover, the extractable heat re-
lated for each case depends on potential tempera-
ture increase or decrease of the mine water, which is
different from one study to another. The heating
potential of deep flooded copper mines in the USA
has been assessed by Bao et al. (2019) using the
volumetric method; results are, for a total mine
water volume of 1.47 x10” m> and a temperature
difference of 38 °C, an available energy content of
652 GWh. In Spain, the geothermal potential of
Lieres Mine was assessed for a use of 1700 h per
year. The mine water had been assumed to be 26 °C
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and a heat extraction of 5 °C would produce 0.41
GWh per year for a pumped volume of 60,000 m*
(Menéndez et al., 2019). Diez and Diaz-Aguado
(2014) estimated for the Collieries in Spain that
2.5 MW of thermal power could be available for
each 10,000,000 tonnes of rock extracted. The
potential of the previous studies are very different
than those of the Con Mine, but give an idea of the
expected order of magnitude of thermal power
contained in mines.

The thermal power budget proposed here can
be applied to other mines knowing key parameters
such as mine volume, water level in the mine,
average subsurface temperature, and thermal con-
ductivity and diffusivity of the surrounding host
rock. Thus, it does not require intensive field work
or numerical model development to give a first-or-
der assessment of a mine’s geothermal potential.
This method is in contrast to the Cumming (2016)
approach, which requires a geophysical survey to
accurately define the volume of the reservoir. The
planar fracture method requires a good under-
standing of the structural geology and groundwater
flow, which is not always evident. Sanyal and Sar-
miento’s (2005) method could be used to assess the
geothermal potential of a mine but requires exten-
sive numerical simulations of the system operation.
This can be seen as the next step to better define the
geothermal potential of the Con Mine site. The
advantage of the thermal power budget method we
propose is to provide a quick estimation of the
geothermal potential of an underground mine. The
simplifications of the mine geometry needed to be
made to evaluate heat transferred from the sur-
rounding host rock and to evaluate the quantity of
water infiltrating the mine, but the approach can be
widely applied. However, convective heat transfer is
neglected with this method, the temperature of the
subsurface is assumed constant, and the cylindrical
geometry reduces the heat exchange surface be-
tween water and the host rock, meaning that the
available thermal energy is likely underestimated.
The method also assumes continuous heating or
cooling during the life of the system, which may not
be the case. We believe that the proposed thermal
power budget provides an improved estimate of the
Con Mine geothermal potential compared to the one
of Ghomshei (2007) and Ferket et al. (2012), but
that it still likely underestimates the full potential.

In any case, the geothermal potential of a
flooded mine system is often above the heating need
of proximal buildings, like for the Rozna deposit in
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the Czech Republic (Vokurka and Kunz, 2022). This
and other studies reporting 44 geothermal demon-
stration projects that have been inventoried at mine
sites around the globe clearly showed the vast
potential of flooded mines that can be used sus-
tainably for geothermal purposes (Chu et al., 2021).
Another potential use of flooded mines is large-scale
pumped hydro storage (Jiang et al., 2021). Despite
these options for sustainable usages of flooded
mines, operational challenges such as scaling and
corrosion management may persist and needs to be
carefully considered (Banks et al., 2022).

CONCLUSIONS

Our results provide an improved volumetric
approach and thermal power budget calculation to
better estimate the geothermal potential of flooded
mines. The thermal power budget used in this work
combined with an analysis of the heat pump system
efficiency revealed that the energy, in the example
case of the Con Mine, that can be delivered annually
to buildings is 17,520 MWh in heating mode and
8234 MWh in cooling for a heat pump system con-
tinuously operated using the Con Mine water. The
number of building units that could be heated with
this system depend on the heat demand that is dif-
ferent for each building type. Several buildings of
each archetype considered are feasible, showing a
significant district heating potential. However, it
must be emphasized that archetype buildings con-
sidered for this analysis may not be feasible to build
near the Con Mine site and were only used as an
example. Technical and economic constraints will
most likely affect the type and number of buildings
that can be supplied by such a heat pump system.
For example, the initial construction cost of a district
heating system can be important if infrastructure to
carry water out of the site is needed.

The next step of this research is to develop a
numerical model that can simulate advective heat
transfer in the mine and surrounding fractured host
rock considering production and injection of
groundwater in the shafts and varying heat demand
during the year. This will provide a complete esti-
mate of the geothermal potential of the Con Mine
that can be compared with that obtained with the
thermal power budget.
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