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Groundwater‑induced advective heat 
transfer in U‑shaped closed‑loop geothermal 
system: application for a Red Sea rift 
sedimentary basin
Omar Alobaid1*, C. Justin Ezekiel2,3, Alexandros Daniilidis4, Thomas Finkbeiner1 and P. Martin Mai1 

Introduction
One of the central challenges of this century is providing energy in a sustainable and 
affordable way to a growing global population while mitigating greenhouse gas emis-
sions and reducing our dependence on fossil fuels. Despite global efforts to decarbonize 
the energy and with that the electricity sector, 60% of the electricity generation globally 

Abstract 

This study investigates the thermal performance of closed-loop advanced geothermal 
systems under the influence of groundwater flow in deep sedimentary formations. By 
integrating advective heat transport into a 3D numerical model, we evaluate the com-
bined effects of groundwater flow in deep sedimentary aquifers and geothermal heat 
transport and extraction using U-shaped closed-loop geothermal wells. The model 
is developed to simulate heat-transfer dynamics, incorporating well design with realis-
tic casing and cement layers, layered geology with associated petrophysical uncertain-
ties, and varying operational conditions. As study area, we selected the Midyan basin 
in Saudi Arabia, characterized by thick sedimentary formations and an elevated geo-
thermal gradient. The results show that the advective heat transfer, induced by ground-
water flow, significantly enhances system efficiency. Improvement in thermal power 
output increases by up to 27% over a 40-year operational period compared to con-
duction-only scenarios, particularly if groundwater flow is perpendicular to the lateral 
section of the wellbore. Sensitivity analysis reveals that geothermal gradient and res-
ervoir depth are the most impactful geological parameters. Operational parameters 
such as injection rates (10—100 kg/s) and injection temperatures (25—45 °C) can 
be adjusted to further optimize the system performance, with 30 kg/s identified 
as the optimal injection rate that balances energy extraction and parasitic pumping 
losses. Well-design parameters, including diameters (0.114–0.245 m) and lateral length 
(0.5–3 km), also play a critical role, with longer lateral sections and larger diameters 
increasing the overall power output. These findings show the potential of U-shaped 
closed-loop advanced geothermal systems in sedimentary basins with dynamic 
groundwater flow and provide insights for optimizing geothermal energy systems 
in similar geological settings.
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is coming from fossil fuels (IEA 2023). As concerns over the depletion of finite natural 
resources and greenhouse emissions continue to rise, the need to adopt renewable and 
sustainable energy alternatives becomes more apparent (J. Wang & Azam 2024). Geo-
thermal energy is a promising solution due to its continuous, low-carbon production of 
heat for direct-use applications such as space heating, cooling, and industrial processes. 
Importantly, because heating and cooling in many regions are provided through electric-
ity, direct-use geothermal systems reduce electricity demand and thereby lower overall 
fossil-fuel consumption (Lund & Toth 2021; Pratiwi & Trutnevyte 2021; Ouerghi et al. 
2024). Moreover, geothermal energy systems harvest the Earth’s natural heat while hav-
ing minimal environmental impact during production. Integrating geothermal systems 
into the energy mix enhances energy efficiency and reduces reliance on fossil fuels, mak-
ing it a crucial part of the transition to cleaner energy systems, especially in countries 
like Saudi Arabia, where over 40% of electricity is generated from burning oil (Chettri & 
Sankarananth 2022; IEA 2023).

According to the classification by Moeck (2014), geothermal resources are broadly 
categorized based on the geological control into convection-dominated systems, typi-
cally represented by naturally fractured systems, enhanced geothermal systems (EGS), 
and conduction-dominated systems, such as those found in deep sedimentary basins 
or basement formation. Hydrothermal systems that rely on extracting hot water from 
underground aquifers have been widely studied and implemented (Ezekiel et  al. 2022; 
Yu et al. 2023), including extensive uncertainty quantification studies (Wang et al. 2023). 
However, these systems often require treatment of produced water before re-injection, 
increasing operational costs and complexities (Kamila et al. 2021). Enhanced geothermal 
systems (EGS) have also gained attention, especially in geologic regions with low poros-
ity and permeability. However, EGS rely on the creation of artificial fractures to facilitate 
heat exchange, which may lead to injection-induced seismicity (Majer et al. 2007; Kraft 
et al., 2009; Rathnaweera et al. 2020; Zang et al. 2014). In recent years, there has been 
increasing interest in closed-loop geothermal systems (CLGS), also called Advanced 
Geothermal Systems (AGS) (Beckers et  al. 2022; Malek et  al. 2022). These systems 
are unique because they work without directly interacting with aquifer brines, which 
reduces scaling/corrosion issues and contamination risks. This makes them easier to use 
in a wider range of geological settings, although often with a lower power output when 
compared with conventional open-loop systems (Yuan et al. 2021; White et al. 2024).

The performance of geothermal systems is influenced by several factors, including 
geological conditions (Schill et  al. 2016), operational and design parameters, and eco-
nomics (Daniilidis 2024). The previous research on CLGS has often focused on hot dry 
rock, where heat transfer occurs only through heat conduction (Beckers et  al. 2022; 
Huang et  al. 2024; Song et  al. 2018; White et  al. 2024). In deep sedimentary aquifers, 
the groundwater flow governed by hydraulic head and conductivity introduces an advec-
tive component to the heat exchange process that must be accounted for (Yolcubal et al., 
2004; Liu et al., 2024). These sedimentary aquifers generally consist of either siliciclas-
tic (e.g., sandstone, conglomerate, or mud rocks) or carbonate rocks (e.g., calcite and 
dolomite). The lithological composition of these rock types as well as their hydraulic 
and thermal conductivities directly affect the heat transfer of such geothermal systems 
(Maliva, 2016).
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In this context, Diao et  al. (2004) established a conduction–advection equation to 
solve for the heat transfer in ground heat exchangers in the presence of groundwater 
flow. Hecht-Mendez et  al. (2013) optimized an array of shallow vertical borehole heat 
exchangers (BHEs) using numerical simulation, showing an improvement in heat trans-
fer when considering groundwater flow. A recent study by Brown & Falcone (2025) 
investigated the influence of groundwater flow direction on the thermal performance 
of single and multi-lateral U-shaped advanced geothermal systems. However, the com-
bined effects of geological, operational, and design parameters, such as formation prop-
erties, injection conditions, and wellbore configuration, in advective regimes remain 
underexplored.

This raises several key questions: (1) How does advective heat transport influence the 
efficiency and long-term performance of U-shaped CLGS in sedimentary basins? (2) 
What are the geological and operational parameters that govern the system performance 
under dynamic hydrological conditions? (3) How can wellbore design and material 
properties be optimized to maximize heat transfer efficiency and overall system perfor-
mance? Addressing these questions is critical for evaluating CLGS viability as a geother-
mal energy solution.

Our study integrates groundwater flow into the heat transfer model to provide a com-
prehensive understanding of the performance of U-shaped CLGS under dynamic hydro-
logical conditions. The 3D physics-based model presented in this paper accounts for 
conduction and advection by incorporating varying formation properties and ground-
water flow magnitude and direction to simulate real-world geological conditions. The 
U-shaped wellbore is represented by a verified 1D line source that incorporates multiple 
layers of casings and cement and accurately simulates heat transfer from the reservoir to 
the wellbore and from there to the working fluid. The system’s performance is quantita-
tively evaluated using key metrics such as net power (MW), cumulative thermal energy 
output (MJ), and temperature profiles. Furthermore, we conduct a local sensitivity anal-
ysis to determine the impact of geological and operational parameters on the perfor-
mance of the U-shaped CLGS.

Methodology
We model both conductive and advective heat transfer to assess the impact of ground-
water flow on CLGS performance. With a commercial finite element analysis software 
we simulate the heat transfer process between the formation and the working fluid flow-
ing through wellbore. The methodology section provides the governing equations for 
fluid flow and heat transfer. We also present an overview of the geological context of 
the study area (Midyan basin), a coastal area located in northwestern Saudi Arabia, fol-
lowed by a description of the study setup which includes key parameters, systems con-
figuration, and groundwater flow conditions. Lastly, we summarize the numerical model 
covering model geometry, performance metrics, mesh analysis, and sensitivity analysis 
to quantify the influence of key geological, operational, and design parameters on the 
system performance.
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Governing equations

The continuity and momentum equations for fluid flow in the pipe are expressed as 
(Barnard et al. 1966)

This equation ensures mass conservation within the wellbore. In Eq. 1, A is the cross-
sectional area of the pipe(m2), ρf  is the working fluid density(kg/m3), u  and is the velocity 
of the working fluid(m/s) . This equation ensures mass conservation within the wellbore. 
The momentum equation governs the forces acting on the fluid and can be expressed as:

where p is the pressure (Pa) , fD is the darcy friction factor, dh is the hydraulic diameter 
(m) , and F is the volume force term (N/m3). The hydraulic diameter, dh , can be defined 
as:

where Z is the wetted perimeter of the pipe (m).
For single-phase fluids, the Churchill equation can be used to determine the Darcy 

friction factor fD across the full range of Reynolds numbers (Re) (Churchill 1977)

where A and B are empirical constants, e is the absolute pipe roughness (m), and d is the 
hydraulic diameter (m).

In the laminar flow regime (Re < 2000), the Darcy friction factor fD is independent of 
surface roughness and can be approximated by the Stokes formula:

The energy equation for incompressible fluid flow in a pipe is expressed as follows 
(Lurie 2008):
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The terms on the left-hand side of the energy equation account for the change of ther-
mal energy in the fluid and the convective heat transport. On the right-hand side, the 
equation captures the conductive heat transfer, viscous dissipation, and heat exchange 
rate. In Eq. 8, ρf  represents the working fluid density 

(

kg/m3
)

 , A is the cross-sectional 
area of the pipe (m2) , Cp is the heat capacity J/

(

kg · K
)

 , T  is the temperature K, and u 
represents the velocity of the fluid. The term � is the thermal conductivity (W /(m · K )) . 
Qwall refers to the conductive heat transfer through the pipe wall.

Following Coulson et al., (1990), the radial heat transfer from the surrounding domain 
into the pipe is expressed as:

where (hZ)eff  is the effective heat transfer coefficient, Text is the external temperature of 
the formation, and T  is the temperature of the fluid. The temperature coupling between 
the fluid inside the pipe and the surrounding domain is modeled as a line heat source, 
where the source strength is proportional to the temperature difference between the 
pipe fluid and the surrounding material. In this formulation, the line heat source serves 
as a computationally efficient representation of the wellbore, while the impact of the 
multiple casing and cement layers are captured through the effective heat transfer coef-
ficient (hZ)eff  , given as

In Eq. 10, N  is the number of concentric layers, ri and ri+1 are the inner and outer radii 
of layer i , and �i is the thermal conductivity of layer i( W/(m⋅K)). The terms rint and hint 
represent the inner radius and internal convective heat transfer coefficient, respectively, 
while rext and hext are the radius and external heat transfer coefficient for the formation.

The heat transfer in a saturated reservoir is described by the advection–diffusion equa-
tion (Nield & Bejan 2017)

In this equation, ρf  is the fluid density in the reservoir (kg/m3), Cp,f  is the specific 
heat capacity of the fluid (J/(kg⋅K)), and uw is the Darcy velocity (m/s), representing the 
groundwater flow in the porous medium. The effective volumetric heat capacity 

(

ρCp

)

eff
 

is defined as:

where φ is the porosity of the rock, ρr and Cp,r are the density and heat capacity of the 
rock matrix, respectively. The effective thermal conductivity �eff is defined as

(9)Qwall = (hZ)eff (Text − T )

(10)(hZ)eff =
2π
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(
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�i

)

+ 1
rinthint

+ 1
rexthext
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with �r and �f  being the thermal conductivities of the rock matrix and fluid, respectively. 
The term QE balances the line-sink term in Eq. 8 and together they form a source–sink 
pair that conserves energy between the wellbore and the surrounding formation.

Study area

The Midyan basin, located along the northwestern margin of Saudi Arabia, forms part of 
the tectonically active Red Sea Rift system and represents a prime target for geothermal 
energy exploration due to its elevated heat flux (70–90 mW/m2) associated with tectonic 
activity (Limberger et  al. 2018; Lucazeau 2019) (Ezekiel et  al. 2022; Yalcin et  al 2024). 
Owing to its thick sedimentary formations, the Midyan basin offers favorable conditions 
to study the role of groundwater flow and advective heat transport in CLGS (Hughes & 
Johnson 2005). In particular the Oligocene Al Wajh formation is a primary focus of this 
study due to its significant depth (as deep as 5000 m) and a favorable geothermal gradi-
ent of 30—40 °C/km. Moreover, projected economic development and tourism growth 
in this area, driven by major projects such as NEOM1 will increase demands for electric-
ity, cooling, heating (Ürge-Vorsatz et  al. 2015), and desalination (Gössling et  al. 2012; 
Gude 2016).

Figure 1a depicts the generalized lithostratigraphy of the Midyan basin. The Al Wajh 
Formation is bounded by sequences of interbedded carbonates, evaporites, clastic sedi-
ments, and basement. This geologic structure creates a complex but favorable geological 
environment for heat transfer. Figure 1b depicts the study area’s location along the Red 
Sea including the seismic cross-section line (A–A’).

Study setup

Our simulations are designed to cover a range of geological and operational parameters 
to evaluate how their variabilities and uncertainties influence thermal output. The goal 
is to identify key factors that govern both conductive and advective heat transfer, which 
may provide insights for optimizing the system’s performance. These include variations 
in groundwater flow velocity, formation properties (e.g., thermal conductivity, geother-
mal gradient, porosity, and permeability), and operational/design parameters (e.g., injec-
tion rate and temperature, wellbore diameter, lateral length, and material selection). The 
“base-case” parameters, such as wellbore dimensions, the formation’s petrophysical and 
thermal properties, as well as operational parameters are summarized in Table 1.

The model assumes a single-phase flow of the working fluid within the wellbore, which 
is rate-controlled for both injection and production. Both the injection rate and tem-
perature are assumed to remain constant throughout the simulation. Heat transfer via 
radiation and phase transitions of the working fluid are considered negligible due to the 
operational conditions. In addition, the model incorporates groundwater flow within 
the target formation, driven by a regional pressure gradient across the sedimentary 
layer to account for advective heat transport effects. We consider multiple scenarios of 

1  NEOM is an acrology located in Saudi Arabia’s Tabuk province bordering the Red Sea and Gulf of Aqaba. It consists of 
several so-called giga projects including a floating industrial complex, a global trade hub, tourist resorts and a linear city. 
These projects rely on a sustainable, renewable energy concept including the development and exploitation of geother-
mal heat.



Page 7 of 26Alobaid et al. Geothermal Energy           (2025) 13:40 	

Fig. 1  a Generalized lithostratigraphy of the Midyan basin, highlighting the Al Wajh Formation as our target 
horizon. b Map showing the study area (upper right) as well as locations of exploration wells and water 
desalination plants along the Red Sea. The A–A’ in the upper right corner is a seismic line used to interpret 
subsurface geology. (Modified from Hughes & Johnson 2005; Tubbs et al. 2014; Ezekiel et al. 2022)

Table 1  Base case parameters and key parameters for CLGS evaluation

Parameter Value Range Unit

Lateral length ( Lh) 2000 500–3000 m

Reservoir depth ( z) 5000 3000–5000 m

Geothermal gradient (G) 32 25–40 °C/km

Wellbore inner diameter ( ID)* 0.178 0.114–0.245 m

Inlet fluid temperature ( Tin) 35 20–40 °C

Injection rate ( m) 20 10–100 kg/s

Formation thermal conductivity ( �r) 3.1 2.84–3.72 W/(m·K)

Porosity ( φ) 0.15 0.05–0.2 –

Permeability ( k) 50 – mD

Darcy velocity ( u) 20 0–20 m/yr

Specific heat capacity of formation ( Cp,r) 1000 – J/(kg·K)

Heat capacity of fluid ( Cp,f ) 4181 – J/(kg·K)

Fluid density ( ρf ​) 1000 – kg/m3

Rock density ( ρr) 2600 – kg/m3

Pump efficiency ( η) 0.75 – –



Page 8 of 26Alobaid et al. Geothermal Energy           (2025) 13:40 

groundwater flow in this study including variations in flow velocity and direction relative 
to the lateral section of the wellbore (e.g., perpendicular versus parallel alignments).

Figure  2 shows the setup of the U-shaped CLGS, which consists of two main com-
ponents: the formation and the wellbore. The target formation is a deep sedimentary 
aquifer within the Al Wajh formation sealed by interbedded low permeability evapo-
rites, shale, and salt layers at the top, and impermeable basement rock at the bottom. 
These layers restrict groundwater flow to the horizontal direction and drive advective 
heat transport within the target formation. The wellbore configuration consists of two 
main sections: an injection well with an extended lateral section, and a vertical produc-
tion well that intersects the end of the lateral section to form a U-shaped geometry. The 
lateral section of the injection well resides in the deep sedimentary aquifer and cap-
tures the advective heat transport. Our model also considers realistic well construction 
with multiple hole sections and associated casing sizes and cement sheaths (respective 
dimensions are listed in Table 2). Inclusion of accurate well design is necessary to accu-
rately capture heat transfer between the penetrated formations and working fluid (Song 

Fig. 2  Schematic of a U-shaped closed-loop geothermal system (CLGS). The wellbore configuration consists 
of two main sections: a horizontal injection well with an extended lateral Sect. (2000 m), and a vertical 
production well (5000 m) that intersects the end of the lateral section. The lateral section of the wellbore is 
located in a dynamic groundwater aquifer. The groundwater flow facilitates advective heat transfer which 
enhances the system. The schematic is not drawn to scale
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et al. 2018). The working fluid, water, is injected at constant temperature and circulated 
at constant rate.

Numerical model setup

Model geometry

A 3-D model with dimensions of 5000 m × 1000 m × 5600 m is constructed to capture 
the relevant geological formations and thermal properties needed to parameterize the 
heat transfer dynamics in a CLGS. The geological domain comprises a sequence of 
homogeneous layers to which layer-specific values for thermal conductivity, porosity, 
and permeability are assigned. We include overburden and basement strata to simulate 
subsurface conditions anticipated for the Midyan basin geology. These can be adapted to 
similar syn–rift sedimentary basin settings in future work.

The target sedimentary formation is located at a depth interval between 4 and 5 km. 
A regional differential pore pressure of 1.5 MPa is applied across this sedimentary layer 
to drive groundwater flow, allowing the model to capture the effects of advective heat 
transport. We assume no-flow boundary conditions at the top and bottom to force hori-
zontal groundwater flow, a constant Darcy velocity across the reservoir domain, and a 
fixed far-field temperature corresponding to the formation temperature from the geo-
thermal gradient.

The U-shaped wellbore is represented as a line source consisting of three connected 
sections: a vertical downhole injection segment, a horizontal lateral segment, and a ver-
tical uphole production segment. The lateral segment, extending 2000 m within the sedi-
mentary layer, is aligned normal to the groundwater flow to maximize advective heat 
transfer. Three different materials comprise the wellbore: casing, thermally conductive 
cement, and insulating layer. The insulation layer is applied to the upper part of the pro-
duction well, extending from the surface to a depth of 1 km, to minimize thermal losses 

Table 2  Wellbore dimensions and thicknesses of casing and cement layers of varying sections 
(conversion factor from SI to English units: 1 in = 0.0254 m)

*The total thickness of the wellbore is the difference between the inner diameter of the pipe and the outermost diameter

Drilling diameter (m) Casing diameter (m) Total thickness (m)* Depth (TVD) (m)

0.914 0.762 0.737 1000

0.610 0.508 0.432 2000

0.445 0.340 0.267 3000

0.311 0.245 0.133 4000

0.216 0.178 0.038 5000

Table 3  Thermal conductivity (W/m• K) values for wellbore materials

Material Thermal 
conductivity

Casing 40

Thermally conductive cement 0.8

Insulating material 0.05
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in the shallow region. The thermal conductivities of these materials are presented in 
Table 3.

Performance metrics

The performance of the closed-loop geothermal system (CLGS) is evaluated using the 
thermal energy extracted during operation and the cumulative thermal energy over the 
simulation period. The thermal energy at any given time, P(t) , is determined as

where ṁ is the mass flow rate of the working fluid (kg/s), cp is the specific heat capacity 
of the fluid, Tout is the fluid outlet temperature, and Tinj is the injection temperature. This 
metric reflects the gross power being extracted from the system. For the energy con-
sumed by the pumping process, the parasitic pump power, Ppump , is subtracted from the 
gross power to produce the net power output 

where �p is the pressure drop between the injector and producer, and ηpump is the pump 
efficiency with a value of 0.75. The cumulative thermal energy, Etotal , is calculated by 
integrating the net power output over the simulation period

where top  is the total operational duration. This metric measures the total energy pro-
duced by the system and provides a comprehensive view of its long-term performance 
under varying operational and geological conditions.

In addition to the energy output, the influence of advective heat transfer is character-
ized by the Peclet number (Pe), defined as (Bear 1972; Huysmans & Dassargues 2005)

where u is the effective groundwater velocity, L is the characteristic length (wellbore 
diameter), αT is the transverse dispersion, and D0 is the molecular diffusion. This dimen-
sionless parameter ( Pe ) quantifies the relative contribution of advective heat transfer 
over conductive heat transfer. By using this parameter, we simulate the transition from 
conduction-dominated to advection-dominated regimes.

Finally, to evaluate the influence of key parameters on system performance, a local 
sensitivity analysis is conducted. Selected parameters are varied by ± 15%  relative to 
their base-case values, and the resulting changes in the cumulative thermal energy are 
analyzed. The sensitivity coefficient (α) of each parameter is quantified using the follow-
ing equation

(14)P(t) = ṁ · cp ·
(

Tout(t)− Tinj

)

(15)Ppump(t) =
ṁ ·�p

ρw · ηpump

(16)Pnet(t) = P(t)− Ppump

(17)Etotal =
top

∫
0
Pnet(t)dt

(18)Pe =
u · L

αT · u+ D0
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in which Ehigh and Elow represent the cumulative thermal energy at + 15% and − 15% var-
iations of the parameter, and  Ebase  is the cumulative thermal energy under base-case 
conditions. A higher sensitivity coefficient indicates that small changes in the parameter 
results in larger variation in the energy output.

Validation

To validate the accuracy of our physics-based model, we reproduced the conduction-
only scenario of Ghassemi & Zhang (2004). Their study provides a benchmark for heat 
transfer in closed-loop borehole systems, including wellbore geometry, thermal conduc-
tivity of the wellbore, formation properties, and injection rate. Using their input param-
eters, we simulated the temperature profiles in COMSOL and compared the results with 
the published analytical solutions.

Figure 3 shows the radial temperature distribution at different times, expressed as a 
function of normalized distance r/R from the wellbore, where r is the radial distance and 
R is the wellbore radius. The simulation results confirm that the model accurately cap-
tures the heat transfer between the wellbore and formation.

Mesh sensitivity

Mesh refinement around the wellbore is essential to accurately capture heat transfer 
from the formation to the working fluid inside the wellbore. The model is meshed using 
tetrahedral elements to resolve the geometry (Fig.  4). Different meshing schemes are 
tested to balance accuracy and computational time. The baseline mesh resolution is set 
to one element per meter along the wellbore (e.g., mesh refinement × 1). The mesh den-
sity is varied from 0.5 to 20 element per meter.

(19)α = 100×
Ehigh − Elow

30 · Ebase

Fig. 3  Comparison of simulated temperature distribution (lines) with the benchmark results of Ghassemi & 
Zhang (2004) (symbols) for different times (102–106 s). the radial temperature profiles are plotted as a function 
of normalized distance (r/R) from the wellbore. The close agreement confirms the accuracy of our model
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Figure 5a shows the temperature output for the different stages of mesh refinement, 
starting from courser to finer mesh distribution around the wellbore. The coarser mesh 
overestimates the amount of heat extracted, with a difference of more than 13 °C as com-
pared to finer mesh. The temperature output drops significantly for initial refinements 
and starts to converge for a mesh multiplier of 10, whereby the difference between mesh 
multiplier of 10 and 20 is less than 1 °C.

Fig. 4  Finite-element mesh representing the simulation domain of the U-shaped closed-loop geothermal 
system. a A 3-D view of the reservoir model, where the mesh is refined toward the wellbore. b A cross section 
showing the localized refinement around the wellbore, ensuring higher resolution for greater numerical 
accuracy in region with higher thermal gradient. The reservoir temperature at the lateral depth (5 km) is 
195 °C

Fig. 5  a Temperature profiles with varying mesh densities over a 40-year simulation period. The baseline 
mesh resolution ( × 1) corresponds to one element/meter along the wellbore. Subsequent refinements 
increase the number of elements/meter, with ×0.5 representing a coarser mesh and × 20 a finer mesh. b 
Comparison between computational run time (blue curve) and relative error (orange curve) for different 
mesh refinements. The mesh refinement ranges from 0.5 to 20 elements/meter along the wellbore, with × 20 
taken as the reference solution that others are compared to. The dashed red line represents a 5% error 
threshold, used as a benchmark for acceptable accuracy
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Figure 5b shows the error analysis and computational time for the different meshing 
schemes relative to the finest mesh used. A threshold of 5% maximum relative error, cal-
culated relative to the reference solution of 20 elements/meter, is used to identify a suit-
able mesh resolution, which combines low relative error and reasonable run time. The 
resulting mesh configuration used for the study is × 2.5 which leads to a total of 279,476 
domain elements.

Results
Base case

The base-case scenario, defined in Table 1, serves as a reference solution for evaluating 
the thermal performance of U-shaped CLGS under variable conditions. Corresponding 
results reveal a stable and sustained power output over an assumed 40-year operational 
period (Fig. 6). The net power output starts at 6.3 MW and experiences a rapid decline 
during the initial transient phase, primarily due to the large thermal gradient between 
the working fluid in the wellbore and the surrounding formation. This transient phase 
lasts for less than a year, after which the system stabilizes at a steady average power 
output of 3.6 MW. The cumulative energy output increases throughout the operational 
period to reach 4.5 × 109  MJ by year 40. Furthermore,  Fig.  6b  shows the  temperature 
distribution along the wellbore. The temperature of the working fluid rises progres-
sively as it travels through the U-shaped wellbore. The descending section (red line in 
Fig. 6b) experiences the most significant temperature increase due to the initial thermal 
gradient, followed by the horizontal section (blue line in Fig. 6b), where advection and 
conduction enhance heat uptake from the surrounding formation. In the ascending sec-
tion (green line in Fig. 6b), the temperature stabilizes as heat exchange slows, reaching a 
near-constant value before exiting the system.

Moreover, the well design with its different sections and multiple layers of casing and 
cement introduces thermal resistance along the wellbore depth. Each layer (with its 
respective properties as listed in Tables 1 and 2) acts as a thermal barrier, influencing the 
rate at which heat moves from the surrounding formation to the circulating fluid.

Impact of groundwater flow

The influence of groundwater flow on the thermal performance of the U-loop CLGS 
is analyzed under varying  Péclet numbers  (Pe) and flow velocities, capturing the shift 
from conduction-dominated to advection-assisted heat transfer mechanisms, where 
advective flow enhances conductive heat transfer. Figure 7 shows the temperature dis-
tribution around the lateral section of the wellbore at different groundwater velocities, 
ranging from 0 to 20 m/yr. At 0 m/yr (Pe = 0), the system is conduction-dominated, pro-
ducing a symmetric thermal plume around the lateral section of the borehole with lim-
ited heat transfer enhancement. However, as groundwater velocity increases, the plume 
extends downstream due to  advective heat transport, demonstrating the transition to 
an  advection-assisted regime. The  temperature distribution  along a  1D line in a hori-
zontal cross-section perpendicular to the wellbore (Fig. 8) further supports this obser-
vation. As groundwater velocities increase from 0 m/yr to 20 m/yr, the thermal plume 
around the lateral wellbore becomes more pronounced and asymmetric with elevated 
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Fig. 6  a Power output (solid line) and cumulative energy (dashed lines) over time for the base case scenario, 
showing transient and steady-state behavior. b Temperature distribution along the wellbore after 40 years, 
highlighting thermal profiles in the descending, horizontal, and ascending sections



Page 15 of 26Alobaid et al. Geothermal Energy           (2025) 13:40 	

Fig. 7  Temperature distribution along a horizontal cross-section across the lateral section of a U-shaped 
closed-loop geothermal system (CLGS) under varying groundwater velocities. The three scenarios show the 
effect of groundwater flow rates on heat dispersion, with velocities of 0, 5, and 10 m/yr (from bottom to 
top). At lower velocities, the temperature distribution is symmetrical around the lateral section, while higher 
groundwater flow results in increased advective heat transport that extends the thermal plume

Fig. 8  Temperature distribution along a 1D line perpendicular to the lateral section of the U-shaped 
wellbore, showing the temperature profiles corresponding to varying groundwater velocities (0, 5, 10, and 
20 m/yr). At zero groundwater flow, the temperature field exhibits a symmetric distribution around the 
wellbore
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temperatures downstream due to advective heat transport. This reduces the extent of the 
thermal depletion zone, leading to better-sustained heat extraction.

Figure 9 evaluates the impact of groundwater flow velocity on the power output over 
a 40-year period. With higher groundwater flow velocities (and consequently higher 
Péclet numbers), power output stabilizes at elevated levels due to the enhanced advec-
tive heat recharge  surrounding the lateral wellbore, while the cumulative energy pro-
duction increases proportionally with the groundwater flow, highlighting the long-term 
benefit of advective heat transport on the system. Relative to the conduction-only sce-
nario, the perpendicular groundwater flow case (20 m/yr) increased cumulative thermal 
energy output by 27% after 40 years of operation (Fig. 9a).

The alignment of the horizontal (lateral) section of the wellbore relative to the ground-
water flow direction further influences the heat transfer efficiency. Figure 10a illustrates 
the different scenarios for groundwater flow, including flow from producer to injector 
(parallel alignment), injector to producer (reverse parallel alignment), and perpendicular 
to the lateral section (normal to lateral). The results in Fig. 10b show that perpendicular 

Fig. 9  a Effect of groundwater velocity flow (0, 5, 10, and 20 m/yr) on net power (solid line) and cumulative 
energy (dashed lines), b Influence of Peclet numbers (Pe = 0–1) illustrating the role of advective heat 
transport in system efficiency. Note: zero groundwater velocity corresponds to Pe = 0, while the base-case 
velocity of 20 m/yr is calculated to have Pe = 0.18

Fig. 10  Scenario modeling of groundwater flow direction. a Schematic representation of the groundwater 
flow direction relative to the lateral section of the U-shaped well, showing the position of the injector 
and producer. b Power output (solid line) and cumulative energy (dashed lines) over time for different 
groundwater flow directions
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alignment produces the most favorable results. This configuration maximized the heat 
recharge around the lateral section. In comparison, parallel alignments are less effective 
due to the reduction in the rate of thermal recharge.

Impact of operational parameters

We vary operational parameters to analyze their influence on thermal and energy per-
formance of the U-loop CLGS. Injection rate and injection temperature variations reveal 
how they affect system efficiency and thermal output over a 40-year operational period 
(Fig. 11). Increasing the injection rate initially improves the net power output, with the 
best performance observed at 30 kg/s (Fig. 11a, b), where the system achieves a steady-
state net power output of 3.6 MW. At this flow rate, the combination of increased fluid 
circulation and adequate residence time maximizes heat absorption from the surround-
ing rock formation. However, further increasing the injection rate beyond 30 kg/s causes 
a decline in net power output. At 100 kg/s the net power output drops to 2.3 MW. Two 
factors contribute to this decline (Fig. 11b). First, higher flow rates reduce the residence 
time of the working fluid, leading to a smaller temperature difference (ΔT) between 
the injector and producer, which is evident in the gross power curve (excluding pump 
losses). Second, the pump energy requirement grows rapidly at high flow rates due to 

Fig. 11  Impact of injection rate and injection temperature on power output (solid line) and cumulative 
energy (dashed lines) over a 40-year period. a, b Effect of varying injection rates (10–100 kg/s). An optimal 
injection rate of 30 kg/s yields the highest power output, increasing rates beyond that lead to diminishing 
returns due to increased parasitic pumping losses. c Injection temperatures (20–40 °C). Lower injection 
temperatures enhance heat transfer efficiency by increasing the thermal gradient



Page 18 of 26Alobaid et al. Geothermal Energy           (2025) 13:40 

higher pressure difference (ΔP), and these parasitic losses offset any benefits from 
increased circulation. Accounting for both is therefore crucial to ensure that the gains in 
energy extraction are not offset by excessive operational costs.

Injection temperature can significantly impact system performance by controlling the 
thermal gradient between the working fluid and the surrounding rock formation. As 
shown in Fig. 11c, lower injection temperatures result in greater net power output due 
to a larger thermal gradient that enhances heat transfer efficiency. For example, at injec-
tion temperature of 20 °C, the system achieves the highest steady-state net power output 
of ~ 4.2 MW. In contrast, increasing the injection temperature to 40 °C reduces the ther-
mal gradient, limiting the heat transfer rate. As a result, the net power output decreases 
to 3.6 MW, and cumulative energy production declines correspondingly.

Impact of geological parameters

Geological parameters, including reservoir depth, geothermal gradient, porosity, and 
thermal conductivity of the formation play a critical role in the CLGS’s overall thermal 
performance. Reservoir depth and geothermal gradient are interrelated parameters that 
collectively define the thermal energy available in the subsurface. Greater depths are 
typically associated with higher temperatures due to the  natural geothermal gradient, 
which represents the rate of temperature increase per unit depth. As shown in Fig. 12a, 
b, deeper reservoirs  (from  3  to  5  km) and higher  geothermal gradient  (from  25  °C/

Fig. 12  Influence of key geological parameters on power output (solid line) and cumulative energy (dashed 
lines) over 40 years. Each subplot focuses on a single parameter including a reservoir depth, b geothermal 
gradient, c reservoir thermal conductivity, and d porosity



Page 19 of 26Alobaid et al. Geothermal Energy           (2025) 13:40 	

km to 40 °C/km) lead to substantial improvement in net power output and cumulative 
energy production. The thermal energy available in the reservoir increases proportion-
ally with higher depths and geothermal gradients, creating a larger temperature differ-
ence between the formation and the working fluid. This elevated gradient increases the 
rate of heat transfer into the circulating fluid, resulting in improved energy extraction.

For instance, at  5  km depth  and a geothermal gradient of  32  °C/km, the net power 
output reaches 3.5  MW  by year 40, significantly higher than found for shallower res-
ervoirs or lower geothermal gradients (Fig.  12b). These results highlight that target-
ing deeper reservoirs in regions with higher geothermal gradients, assuming negligible 
change in permeability and porosity, may maximize system performance and long-term 
energy recovery. However, it is important to balance these benefits against the economic 
trade-offs of drilling deeper wells, which increases capital costs. Regions with naturally 
elevated geothermal gradients and advective/convective heat flow, induced by ground-
water flow, offer an advantage by providing higher formation temperatures at shallower 
depths, thereby reducing drilling requirements and costs.

The reservoir’s thermal conductivity determines the rate at which heat is transferred 
from the surrounding rock to the working fluid circulating in the wellbore. As shown 
in  Fig.  12c, increasing this value from  2.5 to  3.7 W/(m·K) markedly enhances system 
performance. Higher thermal conductivity increases heat transfer, leading to higher net 
power output and cumulative energy production. For example, at 3.72 W/(m·K), the net 
power output is 3.7 MW by year 40, compared to 3.2 MW at thermal conductivity of 2.5 
W/(m·K). This result underscores the importance of evaluating the reservoir’s thermal 
properties to determine the feasibility and long-term potential of geothermal systems.

Porosity influences effective thermal conductivity and heat capacity of the forma-
tion, which in turn affects the heat transfer to the working fluid. Figure 12d shows that 
increased porosity (from 0.05 to 0.2) leads to a slight reduction in net power output and 
cumulative energy production. This decrease is attributed to the lower effective thermal 
conductivity of higher-porosity formations, which reduces the rate of heat transfer to the 
working fluid.

Impact of well‑design parameters

To investigate the effect of well-design parameters on heat and energy output, variations 
in wellbore size, thermal conductivity of cement, and lateral length are evaluated. The 
diameter of the horizontal hole section, for instance, directly influences the heat extrac-
tion process by increasing the contact area between the working fluid (water) and the 
wellbore-formation interface. As shown in Fig. 13a, increasing the diameter from 0.114 
to 0.245 m results in a steady rise in power output from 3.1 MW to 3.7 MW, respectively, 
because larger diameters increase the heat transfer surface area, allowing more thermal 
energy to be absorbed by the working fluid.

Thermal conductivity of the cement, which is  situated in wellbore annulus, sig-
nificantly impacts heat transfer efficiency. Figure  13b shows that increasing its value 
from 0.2 to 0.8 W/(m·K) raises the net power output by approximately 90%. The cement 
and casing layers in the wellbore act as a thermal bridge controlling the heat transfer rate 
from the formation to the working fluid. Therefore, material selection and optimization 
of the cement is critical in maximizing the heat transfer efficiency in CLGS. Conductive 
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cement can significantly improve energy extraction by ensuring minimal thermal resist-
ance along the wellbore in the deeper, horizontal parts and maximal thermal resistance 
in the shallower, vertical parts.

Lateral length is another design parameter that affects heat extraction efficiency. 
Extending the horizontal well section expands the heat exchange area, allowing for 
greater fluid residence time and more efficient heat extraction. As shown in Fig.  13c, 
increasing lateral length from 0.5 to 3 km substantially improves system performance. 
The net power output increases from approximately 2.5 MW at 0.5 km to 4 MW at 3 km. 
A longer lateral allows the working fluid to absorb heat over a greater distance, maximiz-
ing thermal recovery (Fig. 13d).

Sensitivity analysis

To assess the influence of the key parameters on the performance of the U-shaped CLGS, 
we conduct a local sensitivity analysis, meaning each parameter is varied individually 
by ± 15% relative to its base-case value, while all other parameters are held constant. The 
effect of these variations on the energy output is then evaluated. The outcome of this 
sensitivity analysis is depicted in Fig. 14, which shows that geological parameters such 
as geothermal gradient and reservoir depth exhibit the highest sensitivity, highlighting 
the importance of careful evaluation of the reservoir properties. Regions with higher 

Fig. 13   Influence of key design parameters on power output (solid line) and cumulative energy (dashed 
lines) over 40 years. Each subplot focuses on a single parameter including, a Wellbore diameter, b cement 
thermal conductivity, c lateral lengths, and d temperature profiles along the descending, horizontal, and 
ascending wellbore segments for each lateral length
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geothermal gradients and favorable reservoir conditions offer substantial thermal energy 
potential, which directly increases net power output and cumulative energy production. 
Operational parameters, particularly flow rate, demonstrate the ability to optimize sys-
tem performance in real time. Adjusting flow rates can enhance power output, but this 
must be balanced against parasitic pumping power requirements to ensure operational 
efficiency.

Discussion
Our study highlights the role of groundwater flow in enhancing the thermal performance 
of U-shaped closed-loop geothermal systems (CLGS). Specifically, introducing advective 
heat transport driven by groundwater flow increases heat recharge rates near the well-
bore, particularly if the lateral section is perpendicular to the flow (Fig. 10). This align-
ment maximizes advective heat transfer by ensuring continuous replacement of cooler 
fluid around the lateral part of the wellbore with warmer fluid from surrounding areas, a 
mechanism consistent with previous work on subsurface heat-exchange under the influ-
ence of groundwater flow (Diao et  al. 2004; Hecht-Méndez et  al. 2013). Our findings 
show that up to 27% more energy can be extracted if groundwater flow is present. This 
result is consistent with the recent work by Brown & Falcone (2025) who demonstrated 
similar improvements in thermal output for single and multilateral U-shaped systems 
under perpendicular groundwater flow. Our study extends their work by implementing 
a fully coupled 3D finite-element model that captures detailed well construction (e.g., 
casing, cement, and insulation layers) and varied geological parameters. In addition, 
we account for parasitic pumping losses and sensitivity analyses across operational and 
design parameters, allowing for a more comprehensive evaluation of net power perfor-
mance. This suggests that sedimentary basins with active groundwater flow are particu-
larly well-suited for the deployment of CLGS in terms of performance and likely cost.

Geological parameters, such as geothermal gradient and reservoir depth determine 
the thermal energy available for extraction. These parameters are critical for assessing 

Fig. 14  Sensitivity analysis of key parameters affecting the system’s performance. The sensitivity coefficients 
(α) indicate the relative impact of each parameter, with positive values enhancing and negative values 
reducing performance
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site feasibility and guiding the initial evaluation for CLGS deployment. These parameters 
form the foundation for determining whether a given location is suitable for geother-
mal energy harvesting. Although advective flow in porous media is inherently porosity 
dependent, the impact of porosity in our simulations appears minor. This is because the 
groundwater flow is applied as a Darcy velocity boundary condition, meaning ground-
water velocity is held constant regardless of porosity variations. By exploring a range 
of groundwater velocities, our results capture the variability in advective heat transfer 
that could arise from different porosity values. Moreover, the rock matrix dominates the 
effective thermal properties, as geological materials typically exhibit higher thermal con-
ductivity and lower volumetric heat capacity than water (Dehkordi & Schincariol 2014; 
Nield & Bejan 2017b). As a result, porosity primarily affects the conductive component 
of heat transfer, which is less significant under advective conditions. This explains the 
limited sensitivity of the system’s performance to porosity in our results (Figs. 12d, 14).

Operational parameters such as injection rates and injection temperature play a crit-
ical role in optimizing the system’s performance. In general, lower injection tempera-
tures improve heat transfer efficiency. However, the minimum injection temperature is 
typically constrained by the surface application, as it must remain consistent with real-
istic operational conditions. Injection rates, on the other hand, require careful manage-
ment to avoid excessive parasitic pumping power while maximizing energy output. For 
instance, the optimal injection rate for the base case scenario was identified as 30 kg/s 
(Fig. 11) to balance heat extraction efficiency with manageable parasitic pumping power. 
Our results are thus consistent with the findings of Ma et  al. (2023) and Liu & Dahi 
Taleghani (2023) who demonstrated how injection rates and temperature can be used to 
enhance the overall heat extraction performance of U-shaped geothermal systems. Simi-
larly, design parameters like lateral length and wellbore diameter significantly affect heat 
extraction efficiency by increasing fluid residence time and expanding heat exchange 
areas. However, factors such as the capital costs associated with drilling deeper wells, 
increasing wellbore diameters, and extending laterals must be carefully evaluated dur-
ing the design and operational planning stages to balance maximizing performance and 
maintaining economic viability (Beckers et al. 2022).

The sensitivity analysis (Fig. 14) reveals that geological parameters, such as geother-
mal gradient and reservoir depth, have the most significant influence on system perfor-
mance. These parameters directly impact the thermal energy available for extraction, 
making regions with high geothermal gradients or greater depths particularly favorable 
for CLGS deployment. Among operational parameters, the injection rate proved criti-
cal; while higher rates improve net power output, they necessitate careful management 
to avoid excessive parasitic pumping power. Design parameters, including lateral well 
length and wellbore diameter, are also identified as key contributors to enhanced heat 
extraction, demonstrating the importance of optimizing these features during the plan-
ning phase.

From a deployment standpoint, the results suggest sedimentary basins with measur-
able hydraulic gradients are promising for U-loop CLGS. Performance is maximized if 
the lateral well is oriented perpendicular to the dominant groundwater flow direction. 
In practice, this implies a simple workflow: (1) screen gradient-depth windows (e.g. 
Figures  12, 14) to assess thermal potential; (2) measure pressure gradients/hydraulic 
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conductivity to estimate Pe; (3) design lateral orientation and length to capture advective 
recharge while respecting drilling and completion constraints; and (4) optimize injection 
temperature/rate to maximize net power output.

Our study offers important insights for developing a closed-loop geothermal system 
in a sedimentary based, but certain limitations apply. For instance, the presence and 
velocity of groundwater flow in the Midyan basin remain uncertain due to the lack of 
direct measurements. The assumed base-case porosity and permeability values repre-
sent a moderately porous sedimentary formation but may be optimistic at 5 km depth. 
At such depths, porosity and permeability  may be lower. Because compaction behav-
ior under high mean stress varies appreciably for siliclastic sedimentary rocks (Lee et al. 
2020),  only laboratory measurements conducted on site-specific core plugs can bet-
ter constrain these values. Although the sensitivity analysis covers a reasonable range, 
future studies should incorporate depth- and stress-corrected data where available. 
Furthermore, the model assumes homogenous matrix flow and does not account for 
natural fractures or faults that may channelize groundwater flow and influence thermal 
recharge.

From a well-construction perspective, completing U-shaped wells to depths of ~ 5 km 
remains technically challenging. However, the recent modeling studies have demon-
strated their feasibility (White et al. 2024), and advances in directional drilling technol-
ogies, such as push-the-bit rotary steerable systems, allow precise wellbore placement 
with minimal vertical and lateral deviations (Garda 2024). To support the practical 
deployment of CLGS in sedimentary formations, we recommend the acquisition of 
detailed geological and hydrological data, including pressure gradients and hydraulic 
conductivity from core plugs, and possibly tracer tests to detect flow pathways. Such 
data are critical for confirming the presence, magnitude, and direction of groundwater 
flow.

Conclusions
Integrating groundwater flow into the U-loop closed-loop geothermal systems (CLGS) 
numerical model revealed a transition from conduction-dominated to advection-
assisted heat transfer regimes, significantly impacting system efficiency and long-term 
energy production. Key findings of our study include:

•	 The presence of groundwater flow replenishes heat around the wellbore, effectively 
increasing the in  situ thermal recharge. This continuous influx of warmer fluid 
enhances the heat transfer process and energy output compared to conduction-only 
scenarios, indicating that such geological settings are particularly well-suited for the 
application of CLGS.

•	 Orienting the lateral section of the U-shaped wellbore perpendicular to the direc-
tion of groundwater flow maximizes advective heat transfer. This alignment ensures 
a continuous influx of warmer fluid that effectively replaces cooler fluid along the 
entire lateral section, thereby optimizing thermal recharge and power output.

•	 Geothermal gradient and reservoir depth exert the strongest influence on system 
performance. Higher gradients and deeper reservoirs increase the available thermal 
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energy, emphasizing the need for thorough reservoir evaluation during site selection 
phase.

•	 Our study identifies an optimal injection rate (e.g., 30 kg/s in the base-case scenario) 
that maximizes net power output while maintaining efficient operation. Increasing 
the injection rate beyond 30 kg/s decreases the net power output due to higher para-
sitic pumping requirements.

•	 Increasing the lateral wellbore length and diameter improves heat transfer efficiency 
and higher power output. However, capital costs associated with design parameters 
must be considered to ensure economic feasibility.

In summary, our research provides a framework for evaluating CLGS performance 
under dynamic hydrological conditions, contributing valuable insights for geothermal 
energy development in deep sedimentary basins.
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