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ABSTRACT: Mine pit lakes, formed from decommissioned open-pit mines, can be an abundant source of low-enthalpy geothermal 
energy owing to their sizeable shallow water volumes. The mine pit decommissioning phase provides a unique opportunity to 
incorporate a closed-loop geothermal energy extraction system in the pit lake before filling. Few studies of ground heat exchangers 
(GHE) in water body basins exist in the literature, with none of them covering the significant depths often found in pit lakes. This study 
compares two modelling methodologies of varying complexity, for the analysis of a ground heat exchange system in a pit lake context. 
The models are built on the finite element software COMSOL Multiphysics, based on validated numerical models for lake thermal 
balance and ground heat exchange. Results emphasise the need to model lake stratification to determine the available energy budget in 
the lake and surrounding ground, with differences up to 280% when the (pit) lake's turbulent heat transfer is not considered. Regarding 
the temperatures of GHE carrier fluids, differences exist, although they are less significant. These results aid in identifying the critical 
physical processes needed in numerical modelling for the appropriate design of geothermal closed-loop systems in pit lakes. 

KEYWORDS: Mine decommissioning, Shallow geothermal, Ground heat exchangers, Numerical modelling, Finite element m
ethod. 

1 INTRODUCTION 

Developing an engineered pit lake is a potential approach to 
decommissioning open pit mines. This method is beneficial where 
acquiring overburden material for complete pit backfill or perpetual 
water pumping is impractical or excessively costly. After 
completing pit wall earthworks to assure long-term pit stability, the 
void is filled by direct precipitation, catchment area runoff, and 
groundwater inflow as the water table rebounds. While the filling 
process may take several decades using natural sources, it may be 
sped up using additional water sources (Lund and Blanchette 2023). 
Following pit lake filling and surrounding land rehabilitation, 
relinquishment of the site should only occur after risk mitigation 
measures are proven in the long term (ICMM 2019). 

Mine closure projects have often focused on long-term physical 
and chemical stability while assigning comparatively minor 
importance to the socioeconomic transition of nearby communities. 
Successful pit lake end uses are often recreational and agricultural 
(McCullough, Schultze, and Vandenberg 2020). Identifying new 
potential end uses that may contribute to the socio-economic 
transition in previously mine-dependent communities is a current 
research challenge in mine closure (Schultze et al. 2022). Shallow 
geothermal energy extraction in a pit lake environment is a 
promising technology (Carcamo-Medel, Fuentes, and Narsilio 2024, 
Chu et al. 2021) that may be embedded into existing solutions to 
provide heating or cooling for nearby infrastructure. 

Heat extraction from the lake would occur by directly pumping 
ground or lake water using an open loop system or by secondary 
loops laid above or inside the lake basin (closed loop). A heat pump 
downstream in the system is used to achieve the desired heating 
temperatures following a reverse Carnot cycle. When cooling is 

needed, the cycle may be inverted, where heat is injected into the 
ground or water body (Narsilio and Aye 2018). A shallow 
geothermal system benefits from abundant thermal energy in water 
bodies such as a pit lake (Bordbar et al. 2023). 

Open-loop geothermal systems in mining can be easily scalable 
yet may suffer from difficulties with plume management and 
accumulation of chemical or biological precipitates in the heat 
exchanger (Banks et al. 2019). This has resulted in the cease of 
operation of many pilot geothermal systems in mine environments 
(Walls et al. 2021). In contrast, closed-loop systems do not interact 
directly with fresh or mine water. Moreover, they could extract or 
reject heat along a more extensive water or ground volume if needed 
while being less scalable and slightly less efficient due to the 
additional secondary loop. An extensive closed-loop geothermal 
system could be constructed by laying ground heat exchangers 
(GHE) during mine decommissioning earthworks.  

Documented GHE systems embedded in natural water bodies are 
limited to shallow depths (Spitler and Mitchell 2016). In contrast, a 
GHE could be embedded in a pit at an extensive range of depths, 
with varying temperatures along the pit lake thermocline. The only 
articles found in the literature regarding numerical modelling of 
embedded GHE in the basin of water bodies correspond to Yu and 
others’ work (Yu et al. 2022, 2023), who used ANSYS-CFD and 
ANSYS-FLUENT. The embedded GHE in the seabed is modelled 
explicitly while simplifying the role of seawater above as a simple 
Dirichlet temperature boundary condition (Yu et al. 2023) or as a 
Robin convective boundary condition (Yu et al. 2022). Whether this 
simplified approach to a water body's thermal performance is 
appropriate for GHE in lakes or pit lakes has yet to be understood. 
Studying the role of explicitly modelling lake thermal dynamics is 
needed to better estimate the potential of GHEs in pit lakes. 
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In this paper, a numerical study is performed to understand and 
quantify the preponderance of the lake's thermally stratified water 
column in the modelling of GHE in a pit lake basin. For this purpose, 
two two-dimensional (2D) numerical models of varying complexity 
are developed using the finite element package COMSOL 
Multiphysics. Broad ranges of depths for the embedment of GHE 
and cover layer thickness are considered. The model's capability to 
simulate lake thermal stratification and thermal exchange between 
the ground and heat exchangers is verified using well-established 
software and published data in the literature. The study's results 
provide insight into the interaction between embedded GHE and the 
lake, focusing on the available thermal budget and carrier fluid 
temperature output. 
 
2 METHODOLOGY 

2.1 Finite element model & governing equations 

A transient 3D finite element model developed using COMSOL 
Multiphysics for the assessment of borehole heat exchangers 
(Bidarmaghz 2014), is extended and used to conduct this study. A 
2D geometry is utilised to model the broad range of scales of 
interest, from GHE pipes of a few centimetres of diameter to a pit 
lake of hundreds of meters of width while minimising the required 
computational resources relative to a complete 3D analysis. The 
model considers a ground and lake domain modelled using 2D linear 
triangular elements. The heat transfer in the ground is modelled 
using the heat conduction equation (Figure 1b): 
 ∂𝑻g∂𝑡 − ∇ ⋅ (αg∇𝑻g) = 0  (1) 

 
where 𝑻g is the ground temperature and 𝛼g is the ground thermal 
diffusivity, defined as: 
 αg = λgρg𝐶𝑝,g  (2) 

 
where 𝜌g, 𝐶𝑝,g and 𝜆g are the ground bulk density, specific heat 
capacity and thermal conductivity, respectively. For the lake thermal 
modelling (Figure 1a), conduction heat transfer equations are 
extended to account for the turbulent thermal diffusivity and solar 
radiation (Henderson-Sellers 1985, Sander 1998): 
 ∂𝑻w∂𝑡 − ∂∂𝑧 (αw,v′ ∂𝑻w∂𝑧 ) − ∂∂𝑥 (αw,h′ ∂𝑻w∂𝑥 ) = 1𝐶𝑝,wρw ∂𝑰∂𝑧 (3) 

 
where 𝑻w, corresponds to the water temperature 𝜌w is the water 
density for the reference temperature condition, 𝐶𝑝,w is the water 
specific heat capacity, and 𝑰 correspond to the incoming shortwave 
radiation. The effective thermal diffusivity in each direction is 
defined as: 
 αw,i′ = αw-mat + αw-turb,i     𝑖 ∈ {h,v} (4) 

 
where the effective thermal diffusivity is calculated considering a 
material (molecular) thermal diffusivity for the lake water 𝛼w-mat 
plus a directional turbulent thermal diffusivity 𝛼w-turb,h or 𝛼w-turb,v for the horizontal and vertical direction, respectively. 𝛼w-mat is calculated as: 
 

αw-mat = λwρw𝐶𝑝,w  (5) 

 
where 𝜆w  is the water thermal conductivity. In geophysical 
modelling for water bodies, given the preponderance of vertical 
thermal stratification, the vertical thermal diffusivity is calculated as 
part of the solution of a coupled 1D vertical k-ε turbulent flow - 
thermal model, herein modelled using one-way coupling with the 
1D finite difference model, SIMSTRAT (Goudsmit et al. 2002), as 
detailed in the next section. On the other hand, horizontal turbulent 
fluxes processes are resolved on smaller scales than those often 
attainable in geophysical model grids of water bodies. For this study, 
the 𝛼w-turb,h value is considered equal to 0 m2 s-1, equivalent to the 
assumption of an averaging of the horizontal thermal fluxes in the 
lake. 
 

Figure 1: Model domains with their relevant thermal variables and 
parameters. (a) Lake model domain. (b) Close-up of the pit lake basin 
(ground) with an embedded GHE. (c) Schematic representation of a GHE 
pipe. For a complete model view refer to Figure 2a. 

The heat produced by the shortwave radiation 𝑰 is described by 
its divergence over the vertical coordinate in each water column 
(Equation 3). The 1D Beer-Lambert's law can model the shortwave 
radiation propagation in the lake column (Joehnk and Umlauf 2001): 

 ∂𝑰∂𝑧 + μ𝑰 = 0 (6) 

 
where μ corresponds to the extinction coefficient of the lake water, 
assumed to be 0.30 m-1. The equation is solved over the z-
coordinate, considering the incident radiation at the surface 𝐼surf as 
a boundary condition: 
 𝐼(𝒛) = 𝐼surf(1 − 𝑟𝑠)𝑒−𝜇𝑧  (7) 
 
where 𝑟𝑠  is the albedo coefficient, considered equal to 0.08 for 
open freshwater (Meira Neto et al. 2020), which accounts for 
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incoming radiation reduction due to the surface water reflection. The 
GHEs are included in the model (Figure 1b) as point sources with a 
prescribed transient heat load 𝑄pipe in terms of watts per metre. To 
calculate the average temperature of the carrier fluid 𝑇f ui , we use 
a horizontal GHE thermal resistance model (Figure 1c), as 
developed by (Claesson and Dunand 1983): 
 𝑇g-  t−𝑇f ui 𝑅 = 𝑄 i    (8) 

 𝑅𝑝 = 𝑅 -  + 𝑅 -      (9) 

 
where 𝑇g-  t  corresponds to the average ground external 
temperature around the pipe, 𝑅𝑝  is the pipe-fluid thermal 
resistance, corresponding to the sum of the thermal resistance of the 
conduction along the pipe 𝑅 -     and the resistance of the carrier 
fluid 𝑅 -   calculated as: 
 𝑅 -    = 12πλ ⋅ 𝑙𝑛(𝑟/𝑟_)  (10) 

 𝑅 -  = 12π𝑟_𝑁𝑢λf ui 𝑑ℎ  (11) 

 
where 𝜆  is the thermal conductivity of the pipe, r is the outer 
radius of the pipe, 𝑟_ is the inner radius of the pipe, 𝜆f ui  is the 
thermal conductivity of the carrier fluid, 𝑑ℎ is the hydraulic radius 
of the pipe and 𝑁𝑢 is the Nusselt number of the carrier fluid. 

2.2 Pit lake modelling conditions 

The GHE's effectiveness in a pit lake setting is evaluated using a 
case study centred on the closure of a pit coal mine in the Latrobe 
Valley, situated in the Gippsland region of Victoria, Australia. 
Similar cases can be found in the Americas. The subsurface is 
characterised by an abundance of lignite (brown coal) availability, 
with lignite to overburden ratios ranging from 4:1 to 5:1. Figure 2a 
presents the geometry for the pit lake case of study, based on the 
considered pit wall slope required for closure in the area (Teague, 
Catford, and Roper 2016). The ground stratigraphy is simplified as 
a homogeneous layer of brown coal (lignite), with a 1 m layer of 
cover material above (Figure 2b and Figure 2c), to reduce the risk of 
coal self-combustion before pit lake filling.  

The material properties of the model were obtained from the 
literature and are summarised in Table 1. The thermal conductivity 
and heat capacity parameters were obtained from (Wan et al. 2017) 
for lignite (brown coal). Density and porosity values were derived 
from (Woskoboenko, Stacy, and Raisbeck 1991), specifically for 
lignite found in the coal formation in the Latrobe Valley. For the 
cover properties, literature values for wet silty sand - sandy silt 
(Dalla Santa et al. 2020) were used. For the lake water, properties 
were selected to match a material thermal diffusivity 𝛼mat equal to 
0.15 mm2 s-1 as set by default in SIMSTRAT. 

A horizontal GHE is embedded at 0.5 m from the surface while 
the cover-laying process takes place for geothermal energy 
extraction/injection (Figure 2c). The study takes into account three 
different pit lake depths for the GHE allocation: 5 m, 20 m and 35 m. 
Each GHE is built using an array of 30 horizontal pipes connected 
with a 0.5 m spacing, as seen in Figure 2d. The pipes are connected 
at both sides, with an additional loop at the beginning to allow an 
evenly distributed flow rate among the parallel pipes. Table 2 

summarises the GHE geometry parameters and pipe thermal 
properties. 
 

Figure 2. Pit lake model. (a) Overall model geometry and material 
distribution. (b) Slope geometry and ground heat exchanger (GHE) 
allocation. (c) Horizontal GHE geometry embedded in the cover at 0.5 m 
depth from the surface, with 0.5 m pipe spacing. (d) Plan view of the 
horizontal GHE. 

 
Table 1. Pit lake material properties. 

Material 

Thermal 
Conductivity 𝜆 

Density 𝜌 
Heat Capacity 𝐶𝑝 

Porosity 

  W m-1 K-1 kg m-3 J kg-1 K-1 - 

Coal 0.25 1367 1316 0.45 
Cover 2.06 2650 840 0.30 
Water 0.62 994 4179 - 
(1) Thermal properties of the granular material correspond to the solid portion of 
the soil. Bulk properties were calculated considering the soil saturated with 
water, where appropriate. 

 
As input for the model, weather-forcing hourly data was obtained 

from the freely available datasets ERA5 and ERA5-Land for the 
Latrobe Valley and used for the lake thermal dynamics model (see 
’Model validation’ section below) and the boundary conditions of 
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the finite element model, where appropriate. A residential thermal 
load developed for a standard single-family house in the Latrobe 
Valley (Carcamo-Medel, Fuentes, and Narsilio 2024) is used for the 
heat exchanger. Given its residential nature in a cold climate, the 
thermal load is unbalanced towards heating, with an annual heating 
demand of 18.7 MWh, compared to only 1.2 MWh of cooling. The 
air temperature and the thermal load are shown in Figure 3a 
and Figure 3b, respectively. 
 
Table 2. Ground heat exchanger model parameters. 

Parameter Unit Value 

pipe depth m 0.5 
pipe length m 300 
volumetric water flow 𝑄𝑓𝑙𝑜𝑤 L s-1 26 
pipe SDR - 11 
pipe external diameter mm 50 
pipe width mm 4.55 
pipe internal diameter mm 40.9 
number of collectors per bench - 30 
pipe spacing m 0.5 
pipe thermal conductivity λp W m-1 K-1

 0.44 
(1) GHE pipes are modelled considering steady-state heat transfer along their 
radial direction, neglecting transient effects given their small capacitance relative 
to the surrounding ground and water. 

 
The system’s operation is considered to begin on the 1st of July, 

given the mine's location in the southern hemisphere. Each GHE 
operates independently, with an average 𝑇fluid among the pipes, 
calculated for the GHE at each depth, representing the carrier fluid 
mixing occurring in the GHE before the ascent to the heat pump. 
The model considers the operation of the system for five years to 
assess the accumulating effect the unbalanced thermal load may 
have on the ground/lake temperatures. The thermal load prescribed 
to each point heat source is escalated by a scaling load parameter 𝑓𝑙oad. The parameter is adjusted for each model. Hence, the system 
extracts the maximum available thermal energy while remaining 
sustainable during operation. 
 

Figure 3. Hourly time series (a) Air temperature in the Latrobe Valley, 
Australia (b) Thermal load used for the assessment. 

The model utilises a mesh of 34,712 linear triangular elements 
(Figure 4a) with a minimum skewness factor of 0.5. A minimum 
element size of 1.0 m is established for the lake domain to ensure a 
proper mesh resolution to model the steep gradients along the 
thermocline accurately (Figure 4b). Further mesh refinement of the 
cover domain around the GHE (Figure 4c) is applied to obtain 
appropriate mesh detail around the point source. An implicit 
backward differentiation formula (BDF) method of order two is used 
for time discretisation, with a maximum time step of one hour. The 

solution is stored on a 4-hour basis for the model overall, with a 1-
hour resolution for the GHE fluid temperature time series. 
 

Figure 4. Model mesh and boundary conditions. (a) Overall mesh model. (b) 
Close up at the pit wall. (c) Zoom up to the horizontal GHE at 20 m depth. 
(d) Model boundary conditions: Far-field temperature at the bottom and 
right-side boundary, air temperature and lake temperature time series at the 
top boundary and symmetry at the left-side boundary. (e) Schematic 
representation of cover thickness variation cases. 

The boundary conditions of the models are illustrated in Figure 
4d. A far-field temperature for the ground equal to 15 °C is 
considered in the bottom and right boundary, and a time series air 
temperature 𝑇𝑎𝑖𝑟 is applied as a boundary condition at the ground 
surface. For the lake water surface, temperature times series are 
obtained from the SIMSTRAT 1D model. At the same time, a 
symmetry boundary condition at the far (relative to the pit wall) left 
side of the model is used. The two models are differentiated by the 
modelling of the heat transfer process occurring in the water. 
Case 1, the simpler model, only considers heat transfer in the water 
through conduction. In Case 2, the turbulent heat transfer is 
accounted for using the vertical diffusivity obtained from the 1D 
SIMSTRAT model and the incident shortwave radiation onto the 
water. 

It is in our interest to assess how the lake stratification impacts 
changes for different geometrical configurations. In this paper, we 
study the role of cover material thickness on the thermal 
performance of the geothermal system, as a property that may vary 
for different locations at the same pit, either by design or 
construction considerations. For this purpose, models with cover 
thickness values ranging from 1.0 m to 4.0 m (Figure 4e) are 
assessed and compared for both modelling methodologies (Case 1 
and Case 2). 
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2.3 Model validation 

The 2D model capability to reproduce lake’s thermal dynamics are 
assessed for validation. For this purpose, the 1D finite difference 
lake model SIMSTRAT (Goudsmit et al. 2002) is used. For 
simplicity, the whole lake is assumed to be made of fresh water. The 
input for SIMSTRAT includes weather-forcing time series from the 
ERA5 database and a pit-lake bathymetry derived from the study 2D 
pit geometry (Figure 2a), using a solid revolution approach to 
calculate a change of cross-sectional area with depth. The simulation 
begins in the southern hemisphere winter (1st of July, 00:00) with 
initial homogeneous water temperature conditions equal to 4 °C. A 
spin-up time of 20 years is used to let the model stabilise. 

The simulation results in SIMSTRAT after temperature 
stabilisation are presented in Figure 5a for one year, where a 
monomictic lake thermal structure, i.e., the lake undergoes one 
complete mixing cycle per season, is observed. While monomictic 
thermal structures are a potential outcome for pit lakes, the presence 
of minerals could result in deep zones of limited or null mixing 
(Schultze, Pokrandt, and Hille 2010), which falls out of the scope of 
this study. At the beginning of the simulation in winter (July in the 
southern hemisphere), the simulated lake is thoroughly mixed with 
an almost homogeneous temperature of around 12.2 °C. Thermal 
stratification becomes apparent in spring (September), attaining its 
peak during summer, reaching maximum temperatures of 28.4 °C at 
the surface. Finally, as the shallow water cools down, mixing along 
the lake begins. 

A 𝛼𝑡urb−v(𝑧, 𝑡) time series, dependant over time and depth, is 
obtained as an output of the SIMSTRAT model. The time series is 
fed to a column COMSOL model as an input to model turbulent 
thermal transfer, the results of which are shown in Figure 5b. The 
results for the COMSOL model follow the monomictic thermal 
behaviour of the lake during the season. The most significant 
difference occurs around 10 m of depth from the lake surface, 
reaching a maximum around 1.0 °C in February (summer). As the 
depth increases, the disparity between the two models decreases 
until they reach almost equal values. The COMSOL model is 
deemed appropriate for the study's needs.  

The 2D thermal resistance model is validated using experimental 
data for a horizontal ground heat exchanger pilot test carried out by 
(Kayaci and Demir 2018). The dataset was also used by (Gu et al. 
2022) to validate their 3D numerical model. The geometry used for 
our 2D model corresponds to a representative middle section of the 
3D numerical model by Gu et al. Each pipe of the horizontal GHE 
arrangement is modelled as a point source, with a prescribed thermal 
load time series 𝑄pipe(𝑡) obtained from the results in the middle 
section of the 3D model. A good agreement between the 2D, 
measured data and 3D model carrier fluid average temperature 𝑇avg 
is obtained, as shown in Figure 5c. The average fluid temperature 
obtained in the 2D model is calculated using Equation 8, while 
calculated in the 3D model as the average of the inlet (𝑇in) and outlet 
(𝑇out) carrier fluid temperatures: 
 𝑇avg = 𝑇in+𝑇out2   (12) 

 
3 RESULTS AND DISCUSSION 

3.1 Carrier fluid temperature 

The average carrier fluid temperatures 𝑇fluid, calculated for each 
GHE over the 5-year operating period, are presented in Figure 6 for 

the base cases. Overall, significant differences in temperature 
behaviour over time are observed in both cases. For Case 1, a steady 
downward trend occurs in the 𝑇fluid , while stabilised seasonal 
temperatures are appreciated for Case 2, for all GHE locations. As 
the depth of the GHE increases (Figure 6b and Figure 6c), the trend 
of the 𝑇fluid moving downward over time in Case 1 becomes more 
pronounced, which emphasises the lower availability of thermal 
energy for heating, with depth. Since the heat transfer is assumed to 
occur only by conduction in Case 1 and given the insulation 
properties of the coal homogeneous layer beneath the GHEs (Table 
1), the available thermal budget is limited. Moreover, as the height 
of the water column above the GHEs increases (with depth, Figure 
6d), the renewal of the temperature in the ground and lake around 
the GHE is limited even further. 
 

Figure 5. Validation of the numerical model: colour map with lake 

temperature changes over time. (a) Results from 1D finite difference 

SIMSTRAT. (b) Results from 2D COMSOL Model. (c) Validation of pipe 

resistance model. In panel (c), measured average temperature Tavg by Kayaci 

and Demir (2018), Gu et al. (2022) from their 3D model and the results from 

this study are shown in dashed red line, continuous blue line, and dashed 

yellow line, respectively. 

For Case 2 (Figure 6a-c), larger seasonal changes in 𝑇fluid occur 
relative to Case 1. The largest amplitude of the 𝑇fluid occurs near 
the epilimnion (5 m GHE - Figure 6a), around 21 °C from peak to 
peak between yr 4 and yr 5. The amplitude variations decrease with 
increasing GHE depth (9.4 °C and 9.6 °C from peak to peak for 20 m 
and 35 m GHEs, respectively), emphasising the influence of the 
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stratified water column over the average 𝑇𝑓𝑙𝑢𝑖𝑑  in the model. In 
contrast to Case 1, a renewal of the available temperature occurs 
each season, for all depths. The lake mixing process at the beginning 
of each year allows temperature diffusion along the whole water 
column into the temperature boundary at the surface. This process 
enables the operation to be sustainable over time, even when a 
significantly unbalanced thermal load is applied, such as the 
residential load herein used (15.6:1.0 heating-to-cooling ratio). On 
the other hand, not accounting for the lake's thermal stratification 
(Case 1) limits its sustainability. The lack of stabilisation of 𝑇fluid 
over time hints at an eventual surpass of the allowed temperatures in 
the geothermal system for operational times above 5 yr, when only 
heat conduction is considered in the lake. 
 

Figure 6. Average carrier fluid over time for GHE at different pit depths, for 
a 5 yr operation of the geothermal system. Hourly time series were resampled 
to 5 d for a more precise visualisation. (a) GHE located at 5 m. (b) GHE 
located at 20 m. (c) GHE located at 35 m. (d) Schematic of GHEs allocation. 

Moving onto the sensitivity analysis, Figure 7 summarises the 
results of average fluid temperature 𝑇fluid  considering turbulent 
heat transfer (Case 2) between yr 3 and yr 5 (after stabilisation), for 
varying cover thickness. Case 1 is not included to facilitate 
visualisation. A damping effect induced by the increasing cover 
material thickness is observed across all GHE depths, particularly 
around the maximum 𝑇fluid. In contrast, the minimum 𝑇fluid, which 
is related to the maximum heat extraction by the geothermal system 

during winter, reaches similar values for all cover thickness values, 
regardless of the closeness of the temperature to its lower limit 
(0 °C). At the same time, the peak temperatures are attained at 
different times during the season. The variations in 𝑇fluid  will 
impact the immediate coefficient of performance (COP) of the 
system, with varying relevance given the ranges of temperature 
differences. Similarly, shifts in the 𝑇fluid  temporal phase (i.e., 
when the peak temperatures are developed) could impact the 
operational cost of the system, depending on its temporal 
relationship with the thermal load. 

3.2 Annual thermal budget 

The annual thermal energy obtained per GHE is presented in Figure 
8 for cases 1 and 2, and varying cover thickness. The heating-to-
cooling energy ratio is kept constant for all simulations, scaled 
proportionally by the same factor 𝑓load . It is evident that the 
selection of modelling methodology significantly impacts the 
estimated annual available energy. This is explained by the 
heating-dominated residential thermal load, and the low 
temperatures found in the lake, which limits GHE heat extraction to 
avoid freezing temperatures in the domain. Given the above, the 
mechanism for heat diffusion and renewal of the ground and lake 
temperatures becomes relevant, which explains the poor thermal 
budget for the case where only conduction heat transfer is 
considered (Case 1, only 25% of available thermal energy compared 
with Case 2 for 1 m of cover). 
 

Figure 7. Average carrier fluid over time for GHE at different pit depths, for 
Case 2, for cover thickness between 1.0 m and 4.0 m. Operation of the 
geothermal system between yr 3 and yr 5 is considered, with an hourly time 
series resampled to 5 days for clearer visualisation (a) GHE located at 5 m 
(b) GHE located at 20 m (c) GHE located at 35 m. 

For a fixed cover thickness, the magnitude of the variations in the 
available thermal energy depends on the considered load profile and 
the pit lake’s year-round temperatures. At the minimum, a larger 
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cooling load could be considered until the thermal load is balanced 
along the year for the epilimnion, and probably even more as the 
depth of the GHE increases. On the other hand, for pit lakes located 
in colder climates, where hypolimnion temperatures vary around 
4 °C to 5 °C, heat extraction would be limited severely if 
temperatures are bounded above the water freezing point (0 °C). 

 
With an increase in cover thickness, the damping effect of the 

additional material reduces the available energy budget in Case 2 
(C2). A thicker cover increases the distance between the GHEs and 
the thermal energy renewal process occurring in the lake. On the 
other hand, the available energy increases with increasing cover 
depth in Case 1 (C1), which relates to the larger volume of ground 
available for thermal exchange. While this additional volume is also 
available in Case 2, the distance from the GHE to the lake is much 
more significant for the thermal budget.  

 

Figure 8. Available annual thermal energy (heating and cooling) per GHE 
for each case of analysis (Case 1 – C1 and Case 2 – C2), with increasing 
cover thickness. 

When contrasting thermal budget results for both cases of 
analysis, significant variations occur for varying cover height 
thickness. Applying the simpler (only conduction) methodology 
(Case 1), sub estimates the energy budget around 25% of the energy 
budget when turbulent heat transfer is considered (Case 2). The 
differences get shortened as the cover thickness increases, with the 
simpler method estimating 71% of the available annual energy 
budget when compared to Case 2. Although the estimated thermal 
budget in both cases could eventually be the same for a cover thick 
enough in the period of analysis, differences in the system 
sustainability would still be relevant for longer periods (Figure 6). 
Therefore, it is key to account for turbulent lake heat transfer for the 
numerical model of GHE in lake/pit lake environments. 

It is expected that variations in other material and geometrical 
parameters may have similar impacts on the available energy 
thermal budget. As such, it should be the object of further study. 
 
4 CONCLUSIONS 

The addition of ground heat exchangers (GHEs) to an engineered pit 
lake basin presents an opportunity to produce renewable thermal 
energy sustainably for nearby users without compromising existing 
mine closure strategies. This study analyses the thermal behaviour 
of embedded GHE in a pit lake, considering two different modelling 
approaches of different complexity derived from methodologies 
commonly found in the shallow geothermal and lake geophysical 
modelling community. 

Considering turbulent heat transfer along the lake (Case 2) is vital 
to correctly estimating the available thermal energy for sustainable 
GHE operation with an unbalanced (residential) thermal load. The 
thermal energy provided by the lake thermal mixing allows for a 
rapid seasonal stabilisation of the system, a process that takes 
between 1 to 2 years, depending on the depth of the GHE. On the 
other hand, when only conduction heat transfer is considered (Case 
1), it is expected that the geothermal system eventually turns 
unsustainable over operational times longer than the 5 years 
considered in this study. 

Case 1 shows a significantly lower annual thermal budget 
relative to Case 2, with only 25% of the budget estimated for the 
latter. This value would decrease even further if longer operational 
times were to be considered. 

The cover thickness parameter influences the carrier fluid 
temperature 𝑇fluid  and the annual thermal budget. It provides 
additional volume for heat transfer for the only conduction model, 
increasing the thermal budget. In contrast, the additional material 
acts as a damper between the GHE and the lake for Case 2, thus 
reducing 𝑇fluid and the annual thermal capacity. 

The main limitations of the study are the simplification of the 
model to 2D dimensions, the simplification of the geometry and 
material distribution, the one-way coupling in the lake's turbulent 
component (only) affecting lake thermal behaviour, and the 
assumption of a steady-state regime in the lake (no additional 
inflows or outflows). The consideration of these factors could 
provide more detailed results if required by a specific assessment, 
although it would prove significantly more computationally 
expensive. In particular, groundwater flow, if present, could provide 
significant additional thermal capacity, and its consideration will be 
the subject of study by the authors in future work.  
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