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High-temperature coal mines represent a promising but underexplored source
of geothermal energy that can be harnessed for sustainable heating and cooling.
This study evaluates the performance of borehole heat exchangers (BHEs)
in active high-temperature coal mines, with a focus on their heat extraction
capabilities and the associated formation cooling effects. A coupled three-
dimensional numerical model is developed using OpenGeoSys to simulate
heat transport processes within a network of five tunnel boreholes. The
model is validated against analytical solutions and a one-dimensional wellbore
simulator. Results show that the peripheral and central BHEs can reach a
stable heat extraction rate of 7,975 and 7,950 W after 120 days, respectively,
indicating that the heat extraction capacity is almost unaffected by thermal
interactions between the tunnel boreholes in the short term. However, when
colder water is injected into the tunnel wells, more heat can be extracted and
the formation temperature will decrease faster, leading to a more significant
thermal interaction between the well and a more pronounced cooling effect.
Groundwater flow further alters these dynamics by redistributing heat within
the subsurface and affecting the thermal interaction among boreholes. These
findings highlight the dual potential of BHE systems in coal mines to both
supply geothermal energy and mitigate underground heat hazards, providing
practical insights for integrating such systems into district heating networks in
mining regions.

KEYWORDS

geothermal energy, borehole heat exchanger, wellbore, coal mines, cooling effect,
OpenGeoSys

1 Introduction

The growing global demand for energy and the imperative shift towards sustainable
energy systems have highlighted the need for innovative solutions in renewable energy
technologies (Fraser-Harris et al., 2022). Among them, geothermal energy has emerged
as a stable, low-carbon, and underutilized resource. In particular, the extraction of
geothermal heat from high temperature coal mines presents an innovative solution for
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both energy recovery and heat management (Chen et al., 2019;
Chen et al., 2021; Cai et al., 2024; Chen et al., 2025a; Kolo et al.,
2024). Coal mines, whether abandoned or operational, have
extensive subsurface networks with high thermal gradients,
which makes them suitable candidates for sustainable energy
extraction. Furthermore, leveraging these resources not only
enables efficient energy recovery, but also addresses environmental
concerns associated with mine abandonment, such as flooding and
accumulation of subsurface heat (Chen et al., 2024).

The utilization of geothermal energy from coal mines involves
harnessing heat from abandoned or active mines to provide a
sustainable energy source (Hall et al., 2011; Menéndez et al.,
2019). This approach is gaining attention due to its potential
for reducing carbon emissions and providing a reliable source
of energy. The geothermal heat from the mines can be used
for district heating, industrial processes, or power generation
(Peralta Ramos et al., 2015). It is particularly attractive in areas
with a history of mining, which may not have other renewable
energy options. Additionally, this use can contribute to the economic
revitalization of former mining areas, providing both energy and
jobs (Loredo et al., 2016; Preene and Younger, 2014).

High-temperature coal mines located in historically intensive
mining areas provide particularly favorable conditions for
geothermal development (Sun et al., 2023). The considerable
depth and connectivity of these mines facilitate the circulation
of heat exchange fluids, effectively harnessing geothermal heat for
diverse applications, including space heating, cooling, and industrial
processes (Kelly and McDermott, 2022). Borehole heat exchangers
(BHEs) are widely used for geothermal heating and cooling systems,
providing a sustainable and energy-efficient method of transferring
heat between the ground and buildings (Ciampi et al., 2018;
Rosato et al., 2020a; Rosato et al., 2020b). When integrated into
coal mines, BHEs can maximize thermal transfer efficiency while
ensuring the structural and environmental integrity of the coalmine,
which is critical to mitigating its operational risks (Xu et al., 2022).

Several studies have explored the feasibility of extracting
geothermal energy from coal mines using BHEs. Vukelić and Šporin
(2024) investigated the feasibility of utilizing shallow geothermal
energy in a closed coal mine in Slovenia, focusing on both
groundwater and borehole systems. Using Surfer software, the
authors calculated that approximately 7.5 kW of thermal energy can
be extracted from a 150-m-deep BHE. The research demonstrates
that such systems can effectively provide heating and cooling for
buildings near disused mines. Huang et al. (2023) assessed the
long-term viability of parallel horizontal ground heat exchanger
(pHGHE) system installed in backfilled stopes. Applied to the Anju
coal mine in China, the model indicates that the system could
deliver a total thermal capacity of 17 GWh per extraction cycle,
sufficient to heat over 170,000 m2; of residential space. Sun et al.
(2023) investigated the applicability of a BHE system designed
for abandoned coal mines using coupled flow-heat mathematical
models. Their findings indicate that increasing the angle of single-
row boreholes improves heat transfer efficiency, with the optimal
angle being no more than 30°. Moreover, to optimize system
performance, the spacing between rows inmulti-row configurations
should exceed 4 m. Zhang et al. (2024) presented a comparative
study on the performance of backfill heat exchangers (BFHEs)
in various deep mine geological settings. The study finds that

groundwater flow significantly enhances BFHE performance, while
increasing the thermal conductivity of the backfillmaterial improves
heat extraction.

While these studies highlight the potential of utilizing
abandoned or backfilled coal mines for geothermal applications,
several research gaps remain. For example, the thermal interactions
between BHEs, particularly under the influence of groundwater
flow, are not yet fully understood, despite their potential impact
on system efficiency and long-term performance. Moreover,
the formation cooling effect resulting from thermal energy
extraction—an important aspect ofmanaging underground thermal
environments—has received limited evaluation, especially in high-
temperature and operating mining contexts. To address these gaps,
this study investigates the performance and efficiency of geothermal
heat extraction systems utilizing BHEs in high-temperature coal
mines, with a specific focus on their formation cooling effects and
overall energy efficiency. Through a combination of realistic field
data and advanced simulation techniques, this research aims to: (1)
elucidate the underlyingmechanisms of heat transfer within coupled
systems, (2) evaluate their one-heating-season performance, and (3)
explore their potential for integration into district heating network.
In addition, the cooling functionality of these systems as both
geothermal energy sources and cooling mechanisms is examined,
highlighting their significance in addressing heat management
challenges in industrial and urban mining settings.

This study is among the first to systematically quantify the
heat extraction capacity and formation cooling effects of BHEs
in active high-temperature coal mines using a validated modeling
framework. By applying numerical models implemented in the open
source software OpenGeoSys (OGS) (Kolditz et al., 2012; Bilke et al.,
2019), we not only reveal the dynamic thermal interactions
within tunnel borehole arrays, but also demonstrate their practical
feasibility for sustainable building heating in industrial settings.This
integrated approach provides critical insights for repurposing coal
mines as renewable energy hubs, addressing both energy demand
and underground heat hazard mitigation.

2 Methods

2.1 The 3D borehole heat exchanger model

In this study, the heat pipe as a borehole heat exchanger
(BHE) is used to extract heat to largely extract geothermal energy
(as indicated by Kong et al. (2017); Chen C. et al. (2021)) from
high-temperature surrounding rock formations to cool down the
underground workplace. For the system shown in the reference
of Chen C. et al. (2021) and Jiang et al. (2022), three governing
equations have to be included to quantify the physical process in
the borehole and surrounding formations, which correspond to the
energy balance in each compartment.

In surrounding subsurface geological formations, with intrinsic
soil/rock specific heat capacity cs, intrinsic soil/rock density ρs and
soil/rock porosity ϵ, the evolution of soil/rock temperature Ts is
determined by the following governing Equation 2 considering both
heat advection and conduction,

[ϵρwcw + (1− ϵ)ρscs]
∂Ts

∂t
+ ρwcwvw ⋅∇Ts −∇ ⋅ (Λs ⋅∇Ts) =Hs, (1)
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where cw, ρw, and vw refer to the specific heat capacity, density, and
Darcy velocity of groundwater, respectively. Λs denotes the thermal
hydrodynamic dispersion andHs represents the heat source and sink
terms. The following Equation 2 then gives the heat flux between
subsurface and the borehole,

qs = −Φgs (Tg −Ts) onΓs, (2)

where Γs is the boundary between soil/rock and borehole, Φgs is the
thermal resistance between the soil/rock and the grout inside the
borehole, and Tg is the grout temperature inside the borehole.

For the grout compartment surrounding the pipe inside the
borehole, the heat transport process is dominated only by heat
conduction as in Equations 3, 4,

ρgcg
∂Tg

∂t
−∇ ⋅ (λg∇Tg) =Hg (3)

with Robin type of boundary condition (BC):

qg = −Φgs (Ts −Tg) −Φfg (Tf −Tg) onΓg.
(4)

The heat exchange term Φfg is the thermal resistance
between the circulation fluid Tf and the grout Tg. Detailed
calculations of the heat exchange coefficients Φfg and Φgs can
be found in Diersch et al. (2011).

For the circulation fluid inside the pipe, the heat transport
process is mainly dominated by the heat advection of the circulation
fluid with a flow velocity of vf, as in Equations 5, 6

ρfcf
∂Tf

∂t
+ ρfcfvf ⋅∇Tf −∇ ⋅ (Λf ⋅∇Tf) =Hf (5)

with Robin type of BC:

qf = −Φfg (Tg −Tf) onΓf,
(6)

in which the hydrodynamic thermal dispersion can be
written as in Equation 7

Λf = (λf + ρfcfβL‖vf‖) (7)

where λf, ρf, cf denote the heat conductivity, density, and specific heat
capacity of the circulation fluid. Finally, βL refers to the longitudinal
heat dispersivity coefficient.

The numerical model was implemented in the OGS software
using a dual-continuum approach (Chen C. et al., 2021;
Diersch et al., 2011). The two heat transport equations inside the
borehole are solved on 1D line elements, and the surrounding
soil/rock heat transport equation is solved on 3D elements.
The heat flux between each component inside the borehole and
between the surrounding subsurface is calculated by the difference
in temperature and the corresponding heat transfer coefficient.
They are explicitly linked and solved together with the governing
equations in the OGS numerical model (Chen, 2022). Compared
to the fully discretized 3D model, the number of elements can
be significantly reduced by implementing the model with DC-
FEM technology (Al-Khoury et al., 2010). The implemented
model has already been successfully verified against analytical
solutions and documented in (Chen C. et al., 2021; Chen, 2022)
in detail. More detailed documentation on benchmarks and
tutorials for DBHE modeling features can be found on the official
OpenGeoSys website (Bilke et al., 2020).

2.2 The 1D wellbore heat transport model

In a well with a constant cross-sectional area, the transient
fluid flow in a two-phase, one-component geothermal well can
be quantified using one-dimensional formulations of the mass,
momentum, and energy balance. The one-dimensional coordinate
s runs along the axis of the well towards the top of the well. The
specific governing equations arewritten as follows in Equations 8–10
(Akbar et al., 2016; Chen et al., 2025b):

∂ρm

∂t
= −

∂(ρmvm)
∂s

(8)

∂(ρmvm)
∂t
= −

∂p
∂s
− ∂
∂s
(ρmv

2
m + γ) −

fρmvm|vm|
4ri

(9)

∂
∂t
[ρmhm +

ρmv
2
m

2
− p]

= − ∂
∂s
[ρmvm(hm +

1
2
v2m)]+ ρmvmg cos θ+

Qwf

πr2i
.

(10)

The primary variables are pressure p, mixture flow velocity vm,
and mixture-specific enthalpy hm that takes into account latent heat.
ρm refers to the density of themixture that is averaged by the volume
fraction of the steam α. θ refers to the inclination angle of the
wellbore. ri is the internal radius of the well. f is the wall friction
coefficient.The conductive heat flux exchanged between thewell and
the surrounding formation (Qwf) can be approximated by the semi-
analytical solution from Carslaw and Jaeger (1959) and Zhang et al.
(2011), as in Equations 11, 12.

Qwf = 2πk(Twell −Tr)[(πtd)
−0.5 + 1

2
− 1

4
(
td
π
)+ 1

8
td] td < 2.8 (11)

Qwf = 4πk(Twell −Tr)[
1

ln(4td) − 2β
−

β
(ln(4td) − 2β)

2] td ≥ 2.8

(12)

where td is the dimensionless time, td = krt/(ρrcrr
2
i ). t is the real time.

β is the Euler’s constant, which equals 0.57722. The subscript r refers
to the geothermal reservoir.

The water equation of state in the 1D wellbore model is
calculated based on the International Association for the Properties
of Water and Steam (IAPWS-IF97) (Wagner and Kretzschmar,
2007).The detailed implementation of the 1Dwellboremodel can be
referred to the reference (Chen et al., 2025b) and the source code can
be found on theOGSGitlab (https://gitlab.opengeosys.org/ogs/ogs).

2.3 Validation

To validate the numerical model used in this work, a 20-m well
is drilled in a rock formation with an initial temperature of 55°C.
Cold water with a constant inlet temperature of 20°C is continuously
injected into the well for 30 days. All the properties used in the
model are listed in Table 1. The simulated results of the BHE model
have been compared with the analytical solution of wellbore heat
transport proposed by Ramey (1962) and the two-phase wellbore
simulator (Chen et al., 2025b).
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TABLE 1 Parameter values used in the validation case.

Parameter Symbol Value Unit

Wellbore length L 20 m

Radius of the wellbore rw 0.135 m

Internal radius of the pipe rp 0.012913 m

Pipe thickness tp 0.00587 m

Wellbore roughness f 0 m

Circulation water velocity v 0.038 m/s

Rock thermal conductivity kr 2.78018 W/m/K

Rock density ρr 1800 kg/m3

Rock specific heat capacity cr 1778 J/kg/K

Initial Rock temperature Tr 55 °C

Injection temperature Ti 20 °C

FIGURE 1
Comparison of the 3D BHE model with the analytical solution
proposed by Ramey (1962) and 1D wellbore model
implemented by Chen et al. (2025b).

The results under the flow velocity in the tunnel of 0.038 and
0.076 m/s are compared and shown in Figure 1 for the change in
outflow temperature over time. The results calculated by the BHE
process and the wellbore simulator in OGS software can match the
analytical solution very well, the relative difference decreases over
the injection time. In the first 5 days, the wellbore simulator can have
a better comparison with the analytical solution, especially for the
casewith very high velocity of 0.076 m/s.With increasing simulation
time, the difference between the three models becomes minor. After
30 days, the relative difference between the BHE-1P process and
the analytical solution is approximately 0.03%, between the wellbore
simulator is approximately 0.01%.

In Figure 2, the temperature distribution of the circulation fluid
in the tunnel is additionally compared after injection of 30 days
under the two flow velocities in the tunnel. The difference from the

FIGURE 2
The comparison of the temperature distribution in the tunnel well
after 30 days.

analytical solution in the lower velocity case of 0.038 m/s is greater
than in the higher velocity case. The fluid temperature at the outlet
point has a relative difference of approximately 0.08% against the
analytical solution. In total, after the comparison of results among
the three models, combining the previous validation results with the
monitored data (Cai et al., 2024), the numerical model used in this
study is accurate enough to simulate the long-term heat extraction
performance of the tunnel network and its cooling effect for the
high-temperature coal mines.

2.4 Model and scenarios setup

The numerical model in this study was constructed to simulate
five horizontal tunnels to extract geothermal energy for the cooling
of the coal mine workface. The tunnel length is 100 m and the inter-
distance is set at 20, 10, and 5 m, respectively. The boundary BHE is
marked as BHE#1, and the center BHE ismarked as BHE#3. In order
to ensure the accuracy of the model, the total length of the model is
200 m to avoid the thermal plume approaching themodel boundary.
There are 229,500 elements and 118,776 nodes in the model in total
for the simulation by the OGS software.

The initial temperature of the surrounding formation is 55°C
and the injection temperature is maintained at 20°C. The total
simulation time is 120 days, which means that cold water will
be continuously injected into the cooling tunnel for 120 days.
The properties of the surrounding formation are the same as the
parameters listed in Table 1. When there is groundwater flow in the
surrounding formation, it is assumed that the flow velocity is 1×
10−6 m/s during the operation.

3 Results

3.1 Base model results

In the base case with the distance between the boreholes of
20 m, the temperature distribution in the cross section of the five

Frontiers in Built Environment 04 frontiersin.org

https://doi.org/10.3389/fbuil.2025.1575878
https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org


Zhang et al. 10.3389/fbuil.2025.1575878

FIGURE 3
Temperature distribution in the surrounding formation after the heat extraction of 120 days, the inter-distance between BHEs is 20 m.

tunnels is shown in Figure 3. It can be seen that the thermal
plumes generated by BHE heat extraction does not interfere with
themodel boundary, so that the total energy balance can be ensured.
Addtionally, the thermal interaction between the tunnels are minor,
as reflected by the temperature distribution.

To further illustrate the temporal evolution of the thermal
impacts, the temperature profile across the five tunnels (along the
dashed line XX’ in Figure 3) after 10, 60, and 120 days of heat
extraction is plotted in Figure 4. It can be observed that thermal
interaction begins after approximately 120 days, as indicated by
the overlapping thermal influence zones of neighboring BHEs.
This indicates that with a well spacing of 20 m, the designed
BHEs can provide stable heating for around 120 days—roughly
equivalent to the duration of a typical heating season in northern
China. Nevertheless, reduced thermal interaction also results in less
temperature decrease in the area between tunnel boreholes, making
it an ineffective strategy for cooling high-temperature coal mines.

3.2 Heat extraction rate

When looking at the heat supply capacity of the five tunnel
boreholes to buildings in one heating season, the evolution of the
outflow temperatures and the heat extraction rates of the boundary
and center boreholes are shown in Figure 5. For the base case with a
20 m distance between tunnel boreholes, the outflow temperatures
of BHE#1 and BHE#3 are almost identical, further confirming
that thermal interaction between the boreholes is negligible across
120 days of heat extraction.

Furthermore, the evolution of heat extraction rates shows the
same trend as the outflow temperatures, becoming stable after
around 40 days. After 120 days, BHE#1 and BHE#3 can reach
a stable heat extraction rate of 7,975 and 7950 W, respectively,
indicating that the heat extraction capacities are almost unaffected
by thermal interaction between neighboring boreholes. It is

FIGURE 4
Temperature distribution profile of the surrounding formation crossing
the middle position of the horizontal five-tunnel-borehole array.

worth noting that if the heat extraction period extends beyond
120 days, the thermal interaction between boreholes is likely to
significantly impact the heat extraction capacity of the BHEs, as
more pronounced overlap of thermal influence zones is expected
to occur beyond this duration (see Figure 4). In particular, the heat
extraction rate of the central BHE (#3) will be most affected, with
the greatest reduction in heat extraction capacity, as indicated in the
reference (Chen et al., 2020; Chen et al., 2021).

It is worth mentioning that the heat extraction rate in this
scenario is also limited by the injection temperature (Chen C. et al.,
2021). If colder water is injected into the tunnel wellbores, more heat
can be extracted and the formation temperature will decrease faster,
leading to more significant thermal interaction between the tunnel
boreholes, accompanied by a more pronounced cooling effect. This
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FIGURE 5
The evolution of outflow temperature from BHE#1 and BHE#3, as well
as the heat extraction rate.

FIGURE 6
The formation temperature distribution for the three different
inter-distance among the BHE after heat extraction of 120 days.

will pose a challenge from the engineering perspective on how
to find a huge amount of cold water in the workface of a high-
temperature coal mine.

3.3 Effect of borehole distance

Compared to the influence of injection temperature, the
borehole distance could be more interesting to investigate because
this will determine the amount of boreholes necessary in a single
workface of a high-temperature coal mine to effectively extract
geothermal energy and achieve sufficient cooling. Therefore, in
this section, the influence of the borehole distance is investigated
and three different scenarios are simulated with a borehole
distance of 5, 10, and 20 m. The simulated temperature profile
after 120 days across the medium depth of the borehole array is
depicted in Figure 6.

It can be seen from Figure 6 that the overall temperature in
the area between boreholes decreases along with the decrease of
borehole inter-distance. When the borehole distance is 20 m, the
highest temperature in the area between boreholes (from x = − 40m
to x = 40 m) equals the initial formation temperature of 55°C, while
the average temperature across this section is 52.9°C, equivalent
to an average temperature decrease of 2.1°C. However, when the
borehole distance is shortened to 5 m, the highest temperature in
the area between boreholes (from x = − 10 m to x = 10 m) will
decrease by approximately 7.2°C compared to the initial temperature
(55°C), with an even lower average temperature.Meanwhile, the heat
extraction capacity for the smaller distance scenario will decrease
since the outflow temperature is expected to decrease (not shown).
The lowest BHE outflow temperature in the 20-m distance scenario
is 36.0°C (BHE#3), while this value decreases to 35.0°C (BHE#3) in
the 5-m distance scenario. The outflow temperature decreases less
significantly than the formation temperature in the area between
boreholes, indicating that a more effective cooling effect can be
achieved, albeit with a slight reduction in heat extraction capacity.

3.4 Effect of groundwater velocity

In this section, the influence of groundwater flow is considered,
as groundwater is widely available and can be easily transported
in the coal mine. The groundwater velocity is assumed to be
1× 10−6 m/s (Huang et al., 2023) flowing from left to right and
perpendicular to the direction of the borehole length.The formation
temperature distribution after 120 days of the 5-m distance scenario
is shown in Figure 7, with the impact of groundwater flow clearly
visible at the downstream of the borehole array.

The detailed formation temperature profile across the BHE array
for different borehole distances is depicted in Figure 8. For the cases
with borehole spacing of 10 and 20 m, the thermal interaction are
less prominent, as the groundwater flow appears to affect all BHEs
almost equally. However, the effect of groundwater flow becomes
significant when the borehole distance decreases to 5 m, as depicted
by the non-uniform temperature profiles around different BHEs.

This difference can be further visualized in Figure 9, which
shows the temporal evolution of outflow temperatures of different
BHEs and their corresponding heat extraction rates in the 5-m
distance scenario. It can be seen that the outflow temperatures of
BHE#1 and BHE#3 differs significantly after 120 days, reaching
1.6°C difference. Additionally, the heat extraction rate of BHE#1
is 9,250.5 W, whereas BHE#3 reaches only 7,940.8 W. The
above differences are mainly due to the impact of groundwater
flow, which induces thermal advection in the subsurface heat
transport process (Equation 1). As a consequence, the thermal
energy compensation of BHE#1 is the strongest since it locates in the
most upstream of groundwater flow. The downstream BHEs receive
less heat compensation due to the heat extraction of upstream ones,
resulting in reduced heat extraction rates. This trend is further
confirmed by the heat extraction rate of BHE#5, which is 7,777.2 W,
even lower than BHE#3.

It should be noted that the relationship between heat extraction
rates of the central and peripheral BHEs is different in scenarios
without groundwater flow (Section 3.2 and here with groundwater
flow. Also, the borehole distance plays a role. In general, fewer
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FIGURE 7
The formation temperature distribution for the borehole distance of 5 m after the heat extraction of 120 days, with the groundwater flow velocity of 1×
10−6 m/s.

FIGURE 8
The formation temperature across the boreholes with the borehole
inter-distance of 5, 10, and 20 m after the heat extraction of 120 days,
with the groundwater flow velocity of 1× 10−6 m/s.

boreholes should be placed downstreamwhen the borehole distance
is small, so as to avoid negative thermal interaction between
boreholes (Meng et al., 2019).

4 Discussion

4.1 Modeling approach

The 3D model shown in this study consumes more
computational time than the 1D model (Akbar et al., 2016;
Chen et al., 2025b). However, the 1D model cannot simulate
the thermal interactions between boreholes and the influence
of groundwater flow. As specified in Equations 11, 12, the 1D

FIGURE 9
The evolution of outflow temperature from BHE#1 and BHE#3, as well
as the heat extraction rate, under the influence of groundwater flow
with a borehole distance of 5 m.

wellbore model uses the semi-analytical solution to quantify
heat flux exchange with the virtual homogeneous surrounding
formation, although the wellbore simulator has the advanced feature
of modeling two-phase state.

4.2 Recommendations for sustainable
operation

Although this study demonstrates that buried pipes generally
exhibit good heat extraction performance in high-temperature coal
mines, practical engineering applications often involve complex
and variable geological conditions and BHE design requirements.
Therefore, several recommendations are proposed to enhance the
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long-term sustainability and efficient operation of BHEs in coal
mine settings.

As discussed in Sections 3.3, 3.4, the spacing between boreholes
is a key factor influencing the formation temperature distribution
and the heat extraction performance of BHEs (Gultekin et al.,
2016). When boreholes are placed closer together, the surrounding
temperature decreases more sharply; however, thermal interference
between BHEs limits the amount of extractable heat. In contrast,
wider borehole spacing generally results in higher average
heat extraction rates and a larger cooled volume, despite less
pronounced local temperature drops. Moreover, the positive effects
of groundwater flow become more evident with increased borehole
spacing. In practice, the borehole spacing should be carefully
optimized based on the specific heating demand and acceptable
formation cooling effects.

Additionally, although the influence of inlet temperature is
not addressed in this study, it can be reasonably anticipated that
lower inlet temperatures will intensify the cooling effect on the
formation. To make practical use of this characteristic, the cascade
utilization of mine geothermal heat is recommended, whereby
the inlet temperature is progressively reduced through successive
applications. Such a cascade system may include, for example,
horticulture and fish farming following residential heating (Rubio-
Maya et al., 2015).

4.3 Coupling with heat pump

Another discussion point is that the boundary condition of the
BHEs is assuming a constant injection temperature in the model. As
specified inChen et al. (2025b), if a dynamic heat pumpperformance
is considered, the total heat load will be redistributed between the
heat pump and subsurface. In this case, subsurface heat extraction
performance and its sustainability will be underestimated. The
tunnel network model in this study can be easily coupled with
the surface heat pump thermodynamic model. In real engineering
applications, the subsurface heat exchanger must be coupled with
the heat pump to further use the geothermal energy extracted for
high-temperature coalmines.Whether extracted geothermal energy
can be used for heating buildings or just wasted is dependent
on the system’s techno-economic performance in the long term.
That needs to have more detailed background information and an
application case.

5 Conclusion

Based on the scenarios concerning the utilization of geothermal
energy for building heating in high-temperature coalmines, a tunnel
borehole array is modeled based on the OGS software. Then, a
series of scenarios are simulated to investigate the heat extraction
capacity and the formation cooling effect of the array. In addition,
the influence of the borehole inter-distance and the groundwater
flow on the heat extraction performance and the cooling effect is
studied. The key findings are summarized below.

• For the base case with a well distance of 20 m, the thermal
interaction starts to occur after 120 days. This system can

provide stable heating for buildings during one heating season
in typical northern China.

• BHE#1 and BHE#3 can reach a stable heat extraction rate
of 7,975 and 7950 W, respectively, after 120 days. Their outlet
temperatures and the heat extraction rates become stable after
around 40 days.

• The mean temperature in the area between boreholes decreases
along with the decrease of borehole inter-distance. When the
borehole distance is reduced to 5 m, the temperature in the area
between the boreholes will decrease by at least 7.2°C compared
to the initial temperature 55°C.

• To achieve a better cooling effect, a certain level of thermal
interaction between boreholes can be permitted, as the heat
extraction capacity is not significantly compromised. However,
in the presence of groundwater flow, it is advisable to placemore
boreholes upstream, especially when the borehole spacing is
small (e.g., 5 m).

More techno-economic analysis will be performed in future case
studies based on practical coal mines in northern China, so it could
give more rational design suggestions for project implementation.
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