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This study aims to analyze the long-term thermal behavior of a 3030 m deep borehole heat
exchanger (DBHE) in Algeria and assess its suitability for geothermal energy extraction
through a numerical model developed in ANSYS-CFX. The system is represented as a U-
tube embedded in a stratified geological formation with distinct thermophysical properties,
allowing simulation of transient fluid-soil heat transfer over extended operating periods.
The model evaluates the effects of key variables, particularly inlet fluid temperature and
flow velocity, which strongly influence heat extraction capacity and thermal stability.
Results show a gradual decline in surrounding soil temperature during the initial years of
operation, followed by quasi-steady-state conditions after approximately five years as
thermal depletion rates diminish. Higher flow velocities enhance heat extraction, while
lower inlet temperatures improve long-term outlet temperature stability. For a borehole
depth 0of 3030 m, a 0.01 m pipe diameter, a 303.15 K inlet temperature, and a 0.5 m/s flow
velocity, the predicted outlet temperature after five years is 366 K. Overall, the analysis
demonstrates that deep abandoned oil wells in Algeria offer promising potential for
repurposing as geothermal systems, contributing to the diversification and sustainability of

the national energy mix.

1. INTRODUCTION

Geothermal energy is a key component of the global
transition to sustainable energy systems, providing a
renewable and reliable energy source that operates regardless
of weather conditions. Unlike intermittent wind and solar
power, which depend on natural variations, geothermal energy
provides continuous baseload power to support grid stability
and complement other renewable energy sources. Worldwide,
geothermal power currently generates more than 94 TWh of
electricity annually, or about 0.3% of the world's total
electricity production [1]. Geothermal energy is recognized for
its low carbon footprint, emitting approximately 99% less
carbon dioxide than fossil fuel power plants of similar size, as
reported by the Energy Information Administration [2].
Projections suggest that geothermal energy could meet up to
15% of global electricity demand by 2050, helping to reduce
reliance on coal and gas significantly [3].

In the context of decarbonization and cost-effective energy
solutions, the conversion of abandoned oil and gas wells for
geothermal energy production holds great promise. Globally,
there are millions of abandoned wells, with approximately 4
million located in the United States and Canada alone [4],
representing a vast untapped infrastructure that could be used
for geothermal energy production. Using these existing wells
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allows geothermal project developers to avoid the high costs
associated with drilling new wells, which typically account for
40-60% of the total cost of geothermal projects [5]. In
addition, the wuse of these wells can help mitigate
environmental problems, as abandoned wells often leak
methane, a potent greenhouse gas. Their conversion to
geothermal wells addresses both energy and environmental
challenges.

Research has shown that borehole heat exchangers (BHEs),
including coaxial, U-tube, and twin-tube configurations, are
particularly effective in extracting geothermal heat from these
wells. These systems provide efficient heat transfer by
circulating a working fluid through the well without the need
for fluid extraction, thereby reducing the risk of corrosion and
subsurface contamination [6]. As geothermal technology
advances, the development of closed-loop systems using
converted wells could significantly improve the economic
feasibility and environmental sustainability of geothermal
energy [7, 8].

Several studies have recently investigated the feasibility of
extracting geothermal heat from abandoned oil wells. Gharibi
et al. [9] found that U-tube systems maintain stable outlet
temperatures over time. Hu et al. [10] demonstrated that deep-
well doublet (deep borehole heat exchanger (DBHE)) systems
outperform single-well DBHEs. Pokhrel et al. [11] carried out
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experimental and numerical analyses on a 500 m deep coaxial
BHE system, reporting thermal power outputs between 172
and 262 kW. Chappidi et al. [12] showed that mono and hybrid
nanofluids enhance geothermal energy extraction from
abandoned wells. Cai et al. [13] showed that variable flow
strategies improve thermal performance in double-well open-
loop systems. Davoodi et al. [14] provide a broader synthesis
of technical, economic, and environmental considerations for
geothermal recovery from abandoned wells.

Recent studies have developed advanced numerical models
to analyze heat transfer and fluid behavior in BHE systems
installed in existing boreholes. These include simulations of
thermal response [15, 16], comparisons between different
configurations and working fluids [17-19], and evaluations of
environmental and economic aspects [20].

Sliwa et al. [21] developed a detailed numerical simulation
of a BHE using ANSYS CFX for an 180 m deep system,
comparing numerical outputs with TRT measurements and
showing accurate prediction of temperature evolution. Rees
and He [22] proposed a 3D numerical model that resolves
exchanger components and captures temperature variations
over time scales ranging from seconds to decades. Their
results show reliable long-term thermal behavior predictions.

Cheng et al. [23] modeled a 6000 m deep abandoned oil well
using isobutane as the working fluid and identified an optimal
inflow velocity that maximizes net electricity generation.
Alimonti and Soldo [5] analyzed a deep well in the
Villafortuna Trecate field (58006100 m), comparing water
and diathermic oil; at a flow rate of 15 m3/h, water produced
1.5 MW of thermal power and 134 kW of net electricity.

Renaud et al. [1] modeled a deep BHE based on the IDDP-
1 project in Iceland. Simulations performed over 30 years
show a thermal peak of 1.2 MW after one year, with radial
thermal disturbance expanding 10—40 m over the first decade.

Kharseh et al. [24] performed an optimization of operating
parameters to maximize heat extraction from a geothermal
well. They found an optimal flow rate between 3.7 and 4.4
kg/s, achieving 275 kW of heat extraction and stable
generation of 11 kW of electricity over 25 years.

Recent research has increasingly focused on optimizing the
performance of geothermal heat exchangers, whether U-tube,
coaxial, or other closed-loop configurations, through
numerical modeling, sensitivity analysis, and advanced
optimization algorithms. Gao et al. [25] examined the heat-
extraction performance of a 3,200-m-deep U-shaped
geothermal well; they performed sensitivity analyses on
injection flow rate, injection temperature, and subsurface
thermal conductivities, ultimately identifying optimal
operating conditions (~100 m>3h flow rate and ~10 °C injection
temperature). These results underline the importance of
parameter optimization for maximizing thermal efficiency in
deep closed-loop systems.

Analytical approaches have also been proposed to simplify
the assessment of coaxial DBHEs. For instance, Matyska et al.
[26] developed a matrix-based analytical method to calculate
heat extraction while accounting for variable geological
conductivity and diffusivity; this provides a useful tool for
evaluating the impact of operational parameters such as flow
rate, geometry, and formation properties. Comparative studies
such as Alimonti [27] between U-shaped and coaxial DBHE
systems further highlight how geological conditions and
application targets (heating vs. power generation) influence
the optimal system configuration.

Other studies emphasize optimizing well geometry and
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operating conditions in repurposed abandoned wells. For
example, Ma et al. [28] carried out parametric evaluations of
U-shaped systems deployed in existing wellbores; their results
demonstrate the importance of optimizing casing properties,
cement characteristics, layout geometry, and thermal-
hydraulic operation to maximize performance. Additionally, a
comparative analysis of simulation tools for BHE optimization
Heim et al. [29] showed that the choice of modeling approach
(e.g., 3D computational fluid dynamics (CFD), g-functions,
hybrid models) can substantially influence predicted outlet
temperatures and thereby affect optimization outcomes.

Beyond single-well optimization, recent work has extended
parameter optimization to field-scale problems. In the study of
Szklarz et al. [30], a stochastic optimization framework that
integrates  geological uncertainty and geomechanical
constraints was applied to determine optimal well locations,
well types, and production/injection rates in a stratified
reservoir. Their findings highlight the need to account for
subsurface mechanics and uncertainty when designing and
operating geothermal systems at the field scale. Similarly,
Zeng et al. [31] simulated multi-field coupling thermal,
hydraulic, and fluid flow processes, showing how injection
pressure, fracture density, and fracture aperture influence heat
extraction. This guides the selection of optimal injection
strategies and production planning.

Recent advances in optimization algorithms and artificial
intelligence provide new perspectives for geothermal system
design. For example, Chong et al. [32] proposed a surrogate-
assisted evolutionary algorithm to optimize heat extraction in
enhanced geothermal systems (EGS), exploring a wide design
space while reducing computational cost; their framework
adjusts well-control conditions to maximize thermal
efficiency. This type of approach is particularly promising for
designing optimized geothermal systems in complex contexts
including repurposed deep abandoned wells where multiple
conflicting objectives must be balanced.

Although many studies have explored the geothermal
potential of abandoned oil and gas wells, a persistent gap
remains regarding the long-term thermal behavior of very deep
closed-loop systems operating in hot, stratified geological
formations such as those found in southern Algeria. Most
recent works focus on shallow to medium-depth exchangers,
double-well configurations, or general techno-economic
assessments, while very few transient 3D models calibrated
with real North African data exist, which limits the reliability
of local predictions and the optimization of operating
strategies for this region. For example, a recent study on a
geothermal site in northeastern Algeria showed that the
identified hydrothermal resources could enable electricity
production through an indirect Organic Rankine Cycle (ORC)
system, confirming the technical feasibility of this approach
while revealing constraints related to fluid temperature and
site configuration [33]. Similarly, research on thermal waters
and aquifers (Albian reservoirs, thermal springs) in southern
and northwestern Algeria confirms the existing geothermal
potential but does not address the dynamic long-term behavior
of deep borehole heat exchangers [34]. To address this gap, the
present study develops a detailed 3D numerical model of a U-
tube heat exchanger in ANSYS CFX, based on real data from
a 3030 m abandoned well in Algeria, and systematically
analyzes the combined influence of mass flow rate, inlet
temperature, insulation length, and pipe diameter. This
contribution provides new insights for optimizing heat
recovery from deep converted wells and supports the



development of geothermal energy in North Africa.

This paper aims to propose solutions to maximize heat
recovery from abandoned oil wells and thereby contribute to
better exploitation of geothermal resources. To this end, a 3D
numerical model of a U-tube heat exchanger has been
developed and simulated using ANSYS CFX software. The
model is based on real data from an abandoned well in
southern Algeria. The influence of four key parameters on the
performance of the geothermal heat exchanger, namely mass
flow rate, fluid inlet temperature, insulation length, and pipe
diameter, has also been highlighted.

2. METHODOLOGY
2.1 Physical model (borehole heat exchanger geometry)

The geometry studied in this paper consists of a U-tube heat
exchanger. It is based on an abandoned oil well in southeastern
Algeria. In this region, gas wells are usually drilled at depths
ranging from 2800 to 4200 m. In this study, a depth of 3030 m
has been selected. The borehole is filled with a suitable
material called grout. Water, used as the working fluid, is
injected into the well through the inlet tube and absorbs the
geothermal heat as it circulates through the stainless-steel tube,
as shown in Figure 1. The optimum insulation length is
determined based on its effect on the performance of the
geothermal heat exchanger. The temperature of the solid
domain is defined as a function of the geothermal gradient in
the ground, which is assumed to be linear, increasing from 298
K at the surface to 400 K at the well bottom. The outer radius
of the domain has a zero-heat flux condition, representing the
far field where the ground is unaffected by heat transfer in the
vicinity of the well. To ensure the validity of this condition, it
was verified that there was no change in temperature at or near
the boundary after each simulation. The radius of this
boundary was set to 200 m for all simulations. The borehole
geometry, the different soil layers and their thermophysical
properties are presented in Tables 1 and 2.

Extracted fluid

Injected fluid

Figure 1. Schematic diagram and boundary conditions of the
U-tube DBHE for geothermal production from abandoned oil
wells
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Table 1. The depths and thicknesses of different ground

layers

Layer Type of the Depth (m) Thickness
Index Layer From To (m)

1 Limestone 0 164 164

2 Clay 164 954 790

3 Anhydrite 954 1850 896

4 Salt 1850 2776 926

5 Clay 2776 2921 145

6 Sandstone 2921 3260 339

Table 2. Thermo-physical properties of the geological layers

. . Thermal Specific Heat
PT:;EE?& ][iegl;ls:l?]l Conductivity Capacity
[W/m-K] [J/kg'K]
Limestone 2410 2.58 932
Clay 1880 1.63 1286
Anhydrite 2964 0.51 858
Salt 1156 4.77 886
Sandstone 2308 2.65 873.68
Stainless 8032 16.31 503
Steel
Water 998 0.61 4182
Insullation 3000 0.027 2545

2.2 Numerical model

Based on the proposed well configuration shown in Figure
1, a three-dimensional numerical model is developed in a
Cartesian coordinate system. To model the geometry, we first
create the U-tube (consisting of an elbow and two pipes), then
define the grout volume surrounding the U-tube, and finally
model the soil surrounding the entire computational domain.
The generated volumes were meshed using Gambit with a
hybrid mesh consisting of tetrahedra, hexahedra, prisms, and
wedges. An expanding mesh was chosen in the radial direction
to minimize the total number of cells. This results in a refined
mesh near the wall, where the largest gradients occur, and a
coarser mesh further out, with an expansion factor of 1.2 (see
Figure 2). However, several tests were performed to ensure
that the simulation solutions were independent of the mesh
size in the vertical direction (z) and the time step At. To this
end, each parameter was progressively increased to optimize
the number of elements while reducing memory usage and
computation time.

A separate independence study was performed for each
parameter: Az and At. Grid and time step independence was
determined using a case with an inlet temperature of 303.15 K
and an inlet velocity of 0.5 m/s, with the same temperature
gradient and surface temperature as before, over five years of
operation. Simulation results for all three models show that
increasing the step size Az (I m, 2 m, 3 m) does not
significantly affect the results obtained (see Figure 3).
Therefore, a grid size of 3 m along the z-axis is used for the
following calculations of this work. The time step was set to
3600 s. The system outlet temperature did not vary by more
than 0.50% between successive decreases in parameter size.

It is worth noting that the model was simulated in transient
mode. According to the sensitivity study, the optimum value
of the soil radius is 200 m (Figure 4), and its depth is
considered to be 200 m above the well depth. The entire
numerical model, including the U-tube heat exchanger,
working fluid, grout, and surrounding soil, consists of 661536
cells.



Figure 2. Finite volume meshing of the U-tube borehole heat

exchanger (BHE)
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Figure 3. Evolution of fluid temperature after 5 years of
operation, grid sensitivity testing in z-direction
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Figure 4. Outlet fluid temperature after 5 years of operation,
grid sensitivity test in the x-direction at W =0.5m/sand T =
303.15K

2.3 Governing equations

The method used in this study is based on numerical
modeling using ANSYS CFX software. The CFD solver is
based on the finite volume method. The most widely used k-
epsilon (k-¢) turbulence model is employed for numerical
simulations. An incompressible, transient flow is assumed,
taking into account the gravitational force and the effects of
turbulence. Due to the considerable length of the domain, most
of the heat transfer occurs underground, making surface
effects negligible. The heat transport around a geothermal heat
exchanger in a borehole is described as a function of the
Cartesian coordinate system and time. This phenomenon is
also related to fluid flow, involving convective heat transfer
from the fluid to the U-tube, followed by conduction through
the grout and surrounding rock. Note that convective heat
transfer in the rock can be neglected due to the absence of an
aquifer layer with water filtration. In this case, the heat transfer
in the rock is modeled by the transient heat conduction
equation known as the Fourier-Kirchhoff equation, which is
given as follows:

or _ V- (kvT (1)
p Cp at - ( )
where, p is the density (kg/m?), C, is the specific heat capacity
(J/kg-K), T'is temperature (K), ¢ is time (s), and & is the thermal
conductivity (W/m-K).

The equations governing fluid flow properties in three-
dimensional Cartesian coordinates are given by the continuity
and momentum equations given by Egs. (2) and (3),
respectively. These equations are used to calculate the
velocity, pressure, and density of a moving fluid:

V.v=0 )
dv o L L . = -
P =Pla VWD) =pg—V.p+urv 3)

The conservation of energy equation, expressed as a
function of temperature 7, takes the form:



w7V +7.(aVT) 4)
where, C, is the heat capacity, and « is the thermal diffusivity.
Geothermal gradient formation temperatures are obtained
from oil/gas well logs and are described as a linear function:
T(z)=a.z+b (5)
where, z: formation depth [m], T(z): formation temperature at
depth z [K], a: geothermal gradient [°C/m], and b: is the
surface temperature [K].

The effect of turbulence is taken into account in the
numerical simulation model. The Reynolds number in the U-
tube region is 22432. The K-¢ turbulence model with improved
wall treatment was used in the analysis. Egs. (6) and (7) were
used to calculate &k and €.

a(pk)

LV (pUk) = V. ((u+ i—;)Vk) P —pe  (6)

where,
p: is the fluid density,
k: is the turbulent kinetic energy,

U: is the fluid velocity vector,

L is the molecular dynamic viscosity,

ut: is the turbulent viscosity,

o is the diffusion coefficient for £,

Py is the production term for k, representing turbulence
generation due to velocity gradients,

€: is the dissipation rate of turbulent kinetic energy.

And

2

d(pe) - u € €
+V.(pUe) =V.((u+ O_—t)VE) +CipPe— Cop
&

at

()

where, o¢: is the diffusion coefficient for e,

C1 and C:: are the model constants (typically, Cy = 1.44 and
C>=1.92) and ok = 1.0, oe = 1.3 [35, 36].

The turbulent viscosity ut is calculated from & and ¢ as
follows:

)

where, C, is a model constant, typically equal to 0.09.

The inlet velocity and outlet pressure are chosen for the inlet
and outlet pipes, respectively. To simulate the heat transfer,
conduction is assumed to be the main mechanism in the soil,
and forced convection is assumed to be the dominant
mechanism inside the U-tube. A transient heat transfer
equation is solved at each time step to find the temperature
field in the soil, grout, and U-tube. The physical properties of
the water and soil layers are assumed to be constant.

3. RESULTS AND DISCUSSION

To assess the performance of the U-tube heat exchanger
installed in abandoned oil wells over several years of
operation, and to determine the ultimate heat extraction rate,
simulations were carried out under transient conditions. In
addition, sensitivity analyses were performed on key model
parameters, such as fluid inlet velocity, inlet temperature,
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length of insulation applied to the outlet pipe, and U-tube
diameter, to assess their influence on heat exchanger
efficiency. The specific parameters used in the different
models are shown in Table 3.

Table 3. Parameter values used in computational fluid
dynamics (CFD) simulation

Parameters Unsteady State Simulation
Outer ground radius [m] 200
Well length [m] 3030
Well Diameter [m] 0.244
U-tube diameter [m] 0.01/0.02/0.045

0/1850/2674/2819/3030
288.15/293.15/298.15/303.15
0.1/0.5/1.0/1.5/2/2.5

Insulation length [m]
Fluid inlet temperature [K]
Fluid inlet velocity W [m/s]

3.1 Temperature distribution

In this study, we initiated our analysis by examining the soil
layers in a radial direction, extending toward the area near the
BHE wall, to elucidate the thermal characteristics of the
various soil layers as a function of depth. Transient numerical
and experimental studies on BHEs have shown that isotherms
evolve significantly over time and that the thermal front
propagation depends strongly on subsurface properties,
geometry, and operating schedule [37-39].

From the results presented in Figure 5, it can be seen that
the soil temperature changes continuously during the transient
phase (Ist, 3rd, and 5th year). Due to the heat exchange
between the soil and the U-tube BHE, the radius of thermal
influence, defined here as the zone where rock temperature
remains near-stable, gradually expands over time until a quasi-
equilibrium is approached.

Initially, the isotherms are parallel to the surface and bend
near the heat exchanger. Then, the radius of influence expands
until it approaches an equilibrium state where the heat flux
absorbed by the U-tube BHE is approximately balanced by the
heat flux supplied by the surrounding rock.

In our simulations, the radius of influence stabilizes near
~75 m, a scale that is small relative to the reservoir diameter
of 200 m. This is consistent with other parametric DBHE
studies that report thermal influence zones of tens to a few
hundred of meters depending on the thermal load and
geological conditions [38, 39].

Figure 5. Contour plots of the ground over 1, 3 and 5 years
of continuous operation at W = 0.5 m/s and T =303.15 K



The temperature profiles of the soil layers over 5 years of
operation (Figure 6) show that the temperature decrease
around the well extends to about the computed radius (~75 m)
and then remains nearly constant; this supports the choice of a
computational domain larger than 200 m as adequate to avoid
boundary effects in 5-year transient simulations.
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Figure 6. Radial temperature profiles of the surrounding
ground after 5 years of operation at W= 0.5 m/s and T =
288.15K

The temperature profiles of the surrounding rock at a depth
of 2313 m observed during the first five years of operation
(Figure 7) show that the rate of ground temperature decrease
progressively slows, indicating that longer timescales are
required to approach equilibrium.

Figure 8 shows the temperature depth profile of the working
fluid over several years of operation. It can be seen that the
fluid outlet temperature decreases with time due to the cooling
of the circulating water during the downflow; this reduction is
explained by the diminishing temperature gradient between
the formation and the working fluid, which reduces the
convective heat transfer rate and the outlet temperature.
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Figure 7. Radial temperature profiles at 2313 m for different
years of operation at W = 0.5 m/sand T = 288.1 K
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In addition, it was observed that the maximum outlet
temperature occurs during the first year of operation. After
five years, the outlet temperature stabilizes near 306 K (A =
3 °C). Notably, the variation of the working fluid temperature
with depth in the salt layer (1850-2776 m) during upflow is
more pronounced than in other layers, due to the longer
residence time of the fluid in that interval and the relatively
high thermal conductivity of the salt formation, which
enhances conductive heat transfer and increases the vertical
temperature gradients.
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Figure 8. Vertical fluid temperature profiles along the U-tube
BHE during 5 years of operations at W= 0.5 m/sand T =
288.15K

3.2 Effect of working fluid injection velocity

Recent studies on deep U-tube and coaxial geothermal
systems have shown that the injection velocity is one of the
most influential operational parameters, directly affecting the
outlet temperature, heat extraction rate, and long-term thermal
depletion of the surrounding rock [40-42].

A crucial parameter to examine is the mass flow rate, which
plays a key role in the heat exchanger between the soil and the
BHE. The mass flow rate increases as the fluid inlet velocity
increases according to Eq. (9).

m = pAU )

Figure 9 presents the impact of inlet flow velocity on outlet
temperature for two inlet temperatures (288.15 K and 303.15
K). The outlet temperature decreases progressively with time,
and this decrease becomes more pronounced at higher
injection velocities, a behavior consistent with recent
numerical simulations of deep geothermal wells showing that
higher velocities accelerate the thermal drawdown of the
subsurface [40]. Otherwise, Higher injection velocities also
increase the cooling rate of the surrounding rock, which leads
to an earlier decline in outlet temperature

Moreover, the mass flow rate plays a significant role during
the transient period: as the velocity increases, the outlet
temperature decreases, as confirmed in Figure 10. This trend
is largely attributed to the reduction in residence time, limiting
the heat absorbed by the fluid as it travels up the well.
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Figure 9. Outlet temperature trend for different values of
inlet velocities

Figure 11 presents the results of simulations performed at
different flow rates. Increasing the flow rate produces two
contrasting effects: the heat extraction rate rises, while the
outlet temperature decreases. The rise in heat extraction is
expected, since it is directly proportional to the flow rate, as
expressed in Eq. (10). However, higher flow rates also reduce
the residence time of the fluid within the borehole, limiting the
heat exchange with the surrounding rock and leading to lower
outlet temperatures.

Qext = MCy(Toue — Tin) (10)
where, m is the mass flow rate, C, is the specific heat capacity
of the fluid, 7, is the outlet temperature of U-tube BHE, and
Tin is the inlet temperature of the fluid.

Figure 12 displays the colored velocity vectors as a function
of velocity magnitude. A slight asymmetry can be observed
between the velocities in the ascending and descending
branches, likely caused by pressure losses or thermal
dissipation during the flow. The transition at the U-tube bend
(between the descending and ascending flow) highlights zones
of recirculation or turbulence, which are typical of geothermal
systems with this geometry. The velocity vectors and their
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Figure 10. Vertical fluid temperature profiles along the U-
tube BHE at different inlet velocities

direction are crucial for assessing the fluid flow and thermal
performance of the heat exchanger [43]. This visualization
highlights areas where the flow could be optimized to improve
overall efficiency. For effective heat transfer, the flow velocity
must be appropriately adjusted: excessively high velocities
would increase pressure losses, while excessively low
velocities would limit heat transfer.

3.3 Effect of working fluid injection temperature

Operational inlet fluid temperature is a key parameter
controlling the thermal behavior of BHEs, as it directly affects
the driving temperature gradient between the heat source
(ground) and working fluid. Recent numerical and
experimental studies have shown that variations in inlet
temperature can significantly influence outlet temperature
trends and heat transfer rates over transient operation of
geothermal systems [26, 44-46]. To highlight the effect of this
parameter, several simulations were performed by increasing
the inlet temperature from 288.15 K to 303.15 K with a fluid
injection velocity of 0.5 m/s. Figures 13 and 14 show that the
fluid outlet temperature increases almost linearly with the inlet
temperature.
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velocity of the working fluid after 5 years of continuous
operation

Velosty w

Conour 3
510008-001
4000e-001
30008001
20008001
1,000¢-001
20004000

10008901
20000001
30000001
4 0000:001

£ 0000001
m 1)

Figure 12. Velocity vectors in the top and the elbow of the
U-tube BHE

918

285 290 295 300 305 310 315

N RN
NN
o NN
AN
o] 2 NN/
X

N\
——298.15K \
3000 4 |——303.15 K

3500 l l

20 325

TOUT<_J

X
\
\

\

\

\_____/

Temperature (K)

Figure 13. Effect of different inlet temperatures of the water

at W=0.5m/s
318
240
\ - 316
230 ‘—l— Heat power i /
—m— Outlet Temperature g
g 220 314 o
o2 =
~ @©
5 210 N / L 312 ©
= Q.
o £
o 200 ﬁ
© 310
[} @
T 190 . g
» - 308
180
[™m

286 288 290 292 294 296 298 300 302 304
Inlet Temperature (K)

Figure 14. Outlet temperature and heat power vs. inlet
working fluid temperature after 5 years of continuous
operation at W = 0.5 m/s

This behavior is consistent with recent modeling work that
demonstrates strong sensitivity of outlet temperature to
boundary conditions and operational parameters in deep
borehole systems, where the initial thermal gradient sets the
base driving force for heat uptake [44, 46].

Throughout this study, the soil surface temperature remains
constant at 298 K. As long as the inlet temperature remains
lower than the well bottom temperature, the outlet temperature
will be higher than the inlet temperature, but the effective heat
gain (Tou - Tin) decreases with higher Ti,, reflecting reduced
thermal drive.

Moreover, an increase in inlet temperature results in a
decrease in temperature contrast between the inlet and outlet
sections, leading to a reduction in instantaneous thermal power
generated, because heat transfer scales with the temperature
difference between fluid and formation. In fact, in the
conducted simulations, a one-degree increase in the inlet
temperature results in approximately a 0.6 K increase in outlet
temperature. This sub-unit gain (less than 1:1 increase) is
physically expected because heat transfer resistance in the
fluid and surrounding rock limits the proportion of formation



heat that can be transferred within finite residence time.
3.4 Effect of the length of the outlet pipe insulation

As mentioned above, the water temperature rises steadily in
the downward direction due to the increasing temperature of
the U-tube influenced by the geothermal gradient and the
duration of contact between the fluid and the hot wall.
Conversely, in the upward direction, the temperature of the
grout decreases with depth until it falls below the temperature
of the working fluid at a certain depth. This cooling in ascent
is explained by the natural decrease in formation temperature
with depth and by heat exchange between the ascending fluid
and the cooler grout/formation. Insulating the outlet pipe
reduces this axial heat loss and therefore helps preserve the
fluid’s thermal energy gained in the downflow [47-49].
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Figure 15. Outlet temperature trend for different insulation
lengths

In this model, thermal insulation is provided by polystyrene,
which has a thermal conductivity of 0.027 W/m-K. The
simulations show that the heat exchanger reaches near-
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maximum outlet temperature and extraction performance
when the insulated height is set to =1850 m; beyond this
insulated length, additional gains in outlet temperature are
small (diminishing returns). It can also be concluded that the
optimum insulation height found (<1850 m) is primarily a
function of the well depth, the geothermal gradient, and the
location of the largest AT along the riser and is therefore
relatively insensitive to moderate changes in inlet velocity or
inlet temperature in the parameter range tested (Figure 15).
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Figure 16. Vertical fluid temperature profiles along the U-
tube BHE for different insulation lengths

In addition, Figure 16 shows the temperature-depth profiles
of the working fluid for two different input cases after 5 years
of operation. Reducing the insulation length increases heat
transfer from the ascending fluid to the grout, producing
stronger cooling of the upflow. Conversely, without
insulation, the downflow may be heated by upward conduction
and axial interactions, producing the counter-intuitive cross-
effect where the descending leg gains temperature while the
ascending leg loses it. This phenomenon arises from the
coupling of axial conduction in the grout and convective



transport in the fluid mechanisms documented in recent
parametric and experimental studies on DBHE [47, 48].

As shown in Figure 16(a), at high fluid velocity (2.5 m/s)
the residence time is short, and the opportunity for convective
heat transfer per unit length is limited; consequently,
uninsulated riser sections produce smaller absolute losses than
in low-velocity cases. In addition, the absence of insulation
reduces the temperature difference between the ground and the
circulating fluid, thus reducing local heat fluxes compared to
insulated cases. Consequently, the high outlet velocity
combined with short residence time reduces heat loss from the
ascending fluid and results in only a slight temperature drop.

The fluid velocity shown in Figure 16(b) is much lower (0.5
m/s) than in the previous case. In this low-velocity regime, the
residence time increases and the ascending fluid exchanges
heat with the grout over a longer period; therefore, the absence
of insulation produces a significant drop in the upflow
temperature. As a result, the optimum insulation height
computed here as <1850 m effectively balances insulation
material use and thermal preservation across the expected
range of operating velocities and inlet temperatures. This
optimum will be used for the remainder of the study.

3.5 Effect of the pipe radius

This section aims to analyze the effect of the radius of the
BHE tube. Indeed, reducing the radius results in a lower mass
flow rate and higher convective heat transfer coefficient at the
wall, while increasing the temperature of the outlet fluid due
to enhanced fluid-wall interaction and higher local AT
conditions. Conversely, increasing the pipe radius lowers the
working fluid temperature but can increase the overall amount
of heat extracted, as a larger cross-section reduces flow
resistance and enhances total energy extraction capacity.

In other words, increasing the pipe radius lowers the
working fluid temperature but increases the amount of heat
extracted from the abandoned oil well, as shown in Figure 17.
The inverse relationship between outlet temperature and tube
diameter in Figure 18 emerges because smaller radii promote
stronger velocity gradients near the walls, increasing local
convective coefficients at the expense of higher frictional
losses. This explains why a smaller diameter may show a
higher local Tout but a reduced net mass transport.
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In addition, a slightly slower evolution of the temperature
profile is observed in the inlet section for the inlet temperature
of 303.15 K (Figure 18(b)), compared to the case at 288.15 K
(Figure 18(a)). This behavior is consistent with the
fundamental physics of convective heat transfer: when Ti, is
closer to the adjacent formation temperature, the local driving
AT for conduction is reduced, causing slower changes in fluid
temperature along the tube length. This trend has also been
observed in other geometrical variation studies on U-tube and
coaxial heat exchangers, where inlet conditions modulate
longitudinal thermal gradients [9, 50].

When the soil temperature becomes higher than the working
fluid temperature at a given depth, the direction of the net heat
flux reverses (from fluid to formation), which affects the
magnitude of outlet temperature change. For these reasons, the
decrease and increase in fluid temperature are more
pronounced in the smaller diameter pipe (e.g., 0.01 m) than in
the larger diameter pipes, highlighting the interplay between
tube radius, local Reynolds number, and convective heat
transfer coefficients.
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Figure 19. Water outlet temperature trend for different pipe
radius

An even more remarkable fact, as shown in Figure 19, is
that the fluid outlet temperature does not vary significantly
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over the five years of operation. This plateau in outlet
temperature suggests that the system reaches a quasi-steady-
state over long operational times, where the formation’s
thermal properties and the borehole’s effective thermal
resistance dominate the energy balance.

Such long-term plateauing behavior has been noted in
DBHE simulations where diameter and geometry changes tend
to affect initial transients more strongly than long-term
equilibrium profiles [9, 39].

This indicates that the abandoned oil well studied in this
paper can be used as a long-term geothermal resource, either
for power generation or for direct applications using the U-
tube heat exchanger, as the outlet temperature becomes
relatively insensitive to small changes in tube radius once the
system’s thermal field stabilizes over prolonged operation.

4. CONCLUSIONS

The objective of this paper was to develop a reliable
simulation model to assess the feasibility of geothermal energy
production from abandoned oil wells in the sedimentary basin
of southeastern Algeria. A three-dimensional U-tube BHE
model was constructed and simulated under transient
conditions using ANSYS CFX to investigate heat transfer
behavior within the well and predict the long-term thermal
performance of the system. Real field data, including well
geometry, geological layer properties, and the geothermal
gradient, were integrated to ensure a realistic evaluation.

The results showed that the system stabilizes after
approximately five years of continuous operation, as the
decline in the surrounding soil temperature becomes
negligible. For a depth of 3030 m, a diameter of 0.045 m, an
inlet velocity of 0.5 m/s, and an inlet temperature of 30 °C,
simulations predicted an outlet temperature of about 43 °C
after five years. The analysis also revealed that inlet velocity
has a significant impact: higher velocities increase the gross
heat output but reduce outlet temperature, while lower
velocities have the opposite effect. In contrast, higher inlet
temperature increases outlet temperature but slightly reduces
heat extraction rate. Partial insulation of the upper ascending
section where the fluid is warmer than the surrounding rock
proved beneficial, improving outlet temperature and showing
an optimal insulation length that remains nearly constant
regardless of the flow rate or inlet temperature. The impact of
BHE diameter was also assessed, indicating that smaller
diameters raise outlet temperature but reduce the total heat
extraction. Overall, the model suggests a maximum gross
thermal output of 3945 kW for the studied well,
corresponding to a geothermal gradient of 31.1 °C/km.

Beyond these numerical results, the study demonstrates that
repurposed deep wells can provide stable thermal output over
several years and that operational parameters such as inlet
velocity, inlet temperature, diameter, and insulation
configuration critically affect system performance. The
predicted outlet temperatures also indicate that such systems
can potentially supply low-temperature power generation
technologies, particularly ORC systems, enabling small-scale
electricity production in remote oilfield regions.

Despite its strengths, the model presents several limitations
linked primarily to operational simplifications. The
simulations neglect variable mass-flow control, long-term
fouling and operational cycling, all of which may influence
real-world behavior. These aspects should be considered in
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future refinements.
Further research could expand the model by examining
alternative borehole geometries, especially coaxial heat

exchangers,

which may enhance system performance

depending on geological conditions. Future work should also

incorporate

thermo-hydro-mechanical coupling, quantify

parameter uncertainty, and evaluate operational variability

over
interactions,

on multi-well
and economic

long periods. Additional studies
working-fluid optimization,

assessment would help establish the feasibility of deploying
geothermal repurposing strategies across North African
sedimentary basins.
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NOMENCLATURE

A Cross sectional surface (m?)

a Geothermal gradient (C/m)
DBHE Deep Borehole Heat Exchanger
BHE Borehole Heat Exchanger

b Surface temperature (C)

C Specific heat (J/kg-K)

924

COP

Greek symbols

a
At
Az

Coefficient of Performance

Constant used in the standard k-e model
Constant used in the standard k-e model
Constant used in the standard k-e model
Turbulent kinetic energy (m?/s?)

Mass flow rate (kg/s)

Production term for k

Heat power (W)

Organic Rankine Cycle

Pipe radius (m)

Temperature (K)

Inlet temperature of the fluid (K)

Outlet temperature of the fluid (K).
Fluid velocity vector (m/s)

Fluid velocity (m/s)

The formation depth (m)

Thermal diffusivity (m?/s)

Time step (second)

Grid step (m)

Dissipation rate of turbulent kinetic energy
(m?¥s)

Thermal conductivity (W/m K)
Molecular dynamic viscosity (Pa s)
Turbulent viscosity (Pa s)

Density (kg /m?)

Diffusion coefficient for k
Diffusion coefficient for €
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