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ARTICLE INFO ABSTRACT
Keywords: This study investigates the often-overlooked impact of wellbore lateral heat transfer on high-temperature aquifer
Aquifer thermal energy storage thermal energy storage (HT-ATES) systems, focusing on the Swiss Bern project. We coupled our in-house well-

Energy recovery efficiency
Extracted energy

Wellbore lateral heat loss
Reservoir heat loss
Wellbore-reservoir coupling

bore simulator (Moskito) with the reservoir simulator (PorousFlow) under the MOOSE framework to analyze
wellbore heat loss. Utilizing both numerical and analytical approaches, we reveal how wellbore heat loss affects
HT-ATES performance compared to previous studies that ignored it. Our sensitivity analysis examines various
wellbore configurations and operational parameters, evaluating performance indicators including extracted
energy, wellbore lateral heat loss fraction, and reservoir heat loss fraction. Key findings include: a more than 10
% difference between the analytical and numerical calculations of wellbore lateral heat loss. Smaller wellbore
diameters, such as 6.75 inches, enhance energy recovery efficiency by enabling larger fluid extraction volumes.
Low thermal conductivity wellbore casing materials (e.g., 0.045 W m oK) could reduce wellbore lateral heat
loss by 51.4 %. Although energy recovery efficiency declines with more supporting wells during the initial
storage cycle, three supporting wells yield the best performance in later cycles due to larger extracted fluid
volumes. High flow rates (e.g., 25 L s~1) enhance energy recovery efficiency by decreasing heat losses through
faster fluid movement, which reduces residence time and thermal diffusion. While high fluid injection temper-
atures (e.g., 210 °C) increase heat losses, overall heat loss fractions decrease due to significant injected energy.
This study highlights the critical role of wellbore lateral heat loss in evaluating the performance of the HT-ATES
system, providing insights on how to design and optimize these systems.

Nomenclature (continued)
L length, m
A wellbore cross-sectional area, m? M mass or energy density term, kg-m > or J-m 3
Cc conversion factor n time step, -
c specific heat capacity, J-m 3K ™! P pressure, Pa
d wellbore diameter, m q mass or heat source term, kg-m’3 s torWm™3
E Energy, J Q volumetric flow rate, kg-m~>
f friction factor, - r wellbore radius, m
F mass or energy flux vector, kg-m*s~! or W-m 2 t time, s
g gravitational acceleration, m-s~2 T temperature, K
h specific enthalpy, J.kg ™! u Darcy velocity, m-s~!
k rock permeability, m? u velocity, m-s~!
K bulk modulus, m
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(continued)
U heat transfer coefficient, W-m 1K !
14 volume, m®
wI well index, m®
x x-coordinate, m
y y-coordinate, m
b4 z-coordinate (positive upward), m
Greek symbol
a fraction, -
p convective heat transfer coefficient, -
n energy recovery efficiency, -
0 dip angle between the wellbore direction and the vertical direction, o
A thermal conductivity, Wm LK !
H dynamic viscosity, Pa-s
p density, kg-m >
@ porosity, -
A grid size, m
Subscripts and superscripts
0 initial
ana analytical
bh borehole
cas casing wall
cem cement
cf cement/formation interface
ci inside casing
co outside casing
con convective
cond conduction
cp coupling
e effective
ele element
ext extraction
EG energy
f formation
fa far-field
fft fluid film in tubing and the tubing wall
flow fluid flow
i equation type, -
inj injection
ins tubing insulation
l liquid
los loss
MSs mass
ne nearest
nhl no heat loss
num numerical
r reservoir
rad radial
s solid
ti inside tubing
to outside tubing
w wellbore
xx length direction
Yy width direction

1. Introduction

The intensive use of fossil energy sources over the past few decades
has significantly increased atmospheric carbon dioxide concentrations,
contributing to various climate change challenges (EIA, 2009; Urge--
Vorsatz et al., 2015; EU, 2010). To achieve the Paris climate agreement
(UN, 2015), many countries are actively adopting strategies that include
sustainable energy sources based on their strengths and needs
(Jager-Waldau, 2007; Kim et al., 2010; IEA, 2019; Usman et al., 2020;
Muhammed and Tekbiyik-Ersoy, 2020). In these strategies, the effective
and rational development, and use of geothermal energy sources are key
concerns (Barbier, 2002; Sharmin et al., 2023). As energy supply does
not usually align with demand on a seasonal basis, thermal energy
storage methods, such as Aquifer Thermal Energy Storage (ATES),
Borehole Thermal Energy Storage (BTES) and Fractured Thermal Energy
Storage (FTES) that utilize the subsurface pore space and its geothermal
energy are gaining attention (Dincer, 2002; Henry et al., 2020; van der
Roest et al., 2021). In particular, as aquifers are large-scale energy
storage formations, ATES have a significant capacity to provide large
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amounts of heating and cooling to reduce total energy imbalance. Spe-
cifically, ATES operates on a seasonal basis (Kallesge et al., 2020; Huang
et al., 2021). During the heat storage phase, excess heat generated from
coal- or gas-fired power plants, solar power plants and cogeneration
plants is transferred to cold fluid through heat exchangers. The resulting
warm fluid transports the heat to the aquifer where it is stored. During
the heat extraction phase, the ATES operates oppositely by reversing the
direction of fluid flow between the injection and production wells. The
stored heat is then recovered from the warm fluid through a heat
exchanger and it is used for heating. At the same time, the resulting cold
fluid is reinjected into the aquifer (Dickinson et al., 2009).

System performance is the most significant concern for an ATES
system (Tsang, 1978; Lee and Lee, 2013; Bloemendal and Hartog, 2018).
Previous research on the performance in ATES systems has been
analyzing standalone reservoir models under various conditions,
including the wellbore design and operation parameters, etc. (Doughty
et al., 1982; Kangas and Lund, 1994; Paksoy et al., 2004; Schiippler
et al.,, 2019; Stemmle et al., 2021; Duijff et al., 2023). Among them,
Doughty et al. (1982) first introduced a dimensionless factor — energy
recovery efficiency — to quantify the thermal performance of a 2D ATES
reservoir, defined as the ratio of extracted energy to the injected energy.
Using numerical simulation, Sheldon et al. (2021) found that the aquifer
thickness and permeability, injection fluid temperature as well as ther-
mal dispersion length dominate the energy recovery efficiency in a
single-well 2D ATES system. Sommer et al. (2013) demonstrated that
short preferential pathways, short-circuiting and well interference in a
heterogeneous 3D doublet ATES system result in the non-full utilization
of the aquifer storage capacity and can cause 6 %~15 % lower energy
recovery efficiency compared to the homogeneous case, which high-
lighted the importance of aquifer heterogeneity in the design and opti-
mization of ATES system. Beernink et al. (2024) examined the impact of
heat conduction, heat dispersion and buoyancy-driven convection on
the energy loss of the stored heat to the aquifer in a 2D ATES system.
Their study considered a broad spectrum of realistic operational storage
conditions, including injection fluid temperature and flow rate as well as
various hydrogeological factors such as aquifer thickness, hydraulic
conductivity and anisotropy. Vidal et al. (2022) proposed a dimensional
analysis and 3D finite element reservoir numerical model of the ground
surface uplift, heat transport and energy efficiency for the Swiss Bern
project (high-temperature ATES (HT-ATES)) with wellbore pattern and
investigated the energy recovery efficiency and system safety risk. To
avoid the negative effect of buoyancy-driven convection on the energy
recovery efficiency of the ATES system, van Lopik et al. (2022) con-
ducted a numerical study to examine how multiple partially penetrated
wells (i.e., only wellbore screen section, not overall wellbore) can
improve the energy recovery efficiency, under different conditions of
wellbore operation and reservoir conditions. Brown and Falcone, 2024
built a simplified 3D ATES reservoir model with only one production
well and reservoir to investigate the effects of related factors on the
wellbore lateral heat transfer to/from the formation and energy recov-
ery efficiency of the ATES system. In this study, we specifically refer to
‘lateral heat transfer’ as heat transfer occurring between the wellbore
and the surrounding formation in the radial direction (i.e., perpendic-
ular to the wellbore axis) only for the non-open-hole section. The term
"lateral" was chosen to distinguish this process from axial heat transfer
along the wellbore, which also occurs due to fluid movement. A small
initial geothermal gradient, low reservoir temperature and high thermal
conductivity significantly enhance heat transfer from the wellbore to the
surrounding formation. However, the production well was entirely
modeled as porous media with a fixed flow rate within the reservoir. The
injection wellbore and cooling effect in the reservoir caused by cold fluid
re-injection were ignored.

Overall, these works mainly focused on the performance of the ATES
system without a detailed study of the ‘realistic’ wellbore dynamics. The
wellbore sections were either simplified as highly permeable porous
media or line/point source/sink in the reservoir model. While their



G. Yan et al.

approaches greatly simplify the numerical model and speed up the
simulation process, the dynamic fluid flow and heat transfer processes
within the wellbore part and more importantly the heat transfer be-
tween the wellbore and formation are either overlooked or not suffi-
ciently emphasized to quantitatively evaluate the impact of wellbore
lateral heat transfer on system performance. Wellbore lateral heat
transfer occurs when the fluid temperature in the wellbore differs from
that of the surrounding geological formations. The frequent cycling and
temperature changes inherent in ATES systems can amplify wellbore
lateral heat transfer compared to more stable geothermal systems with
more constant thermal conditions. This can lead to significant energy
loss during storage and extraction, impacting system performance.
Therefore, it is crucial to quantitatively assess wellbore lateral heat
transfer to accurately evaluate and optimize ATES systems, requiring a
full coupling model between the wellbore and reservoir.

With analytical, semi-analytical or numerical approaches, many re-
searchers have devoted efforts to investigate the dynamic fluid flow and
heat transfer (including the wellbore lateral heat transfer) based on the
complete wellbore-reservoir system for the general geothermal devel-
opment, CO, storage, non-typical (i.e., using air or CO5 as working fluid)
energy storage in aquifer (Ramey Jr, 1962; Satter, 1965; Pan and Old-
enburg, 2014). Ramey Jr (1962) first presented an analytical approach
to quantify the temperature distribution around a 1D injection well by
assuming steady fluid flow in the wellbore and steady heat transfer in
the 2D surrounding formation. Built on Ramey’s work, the wellbore
lateral heat transfer was further developed (Satter, 1965; Willhite, 1967;
Horne and Shinohara, 1979; Wu and Pruess, 1990) for different injection
and production conditions. Specifically, to release the assumptions used
in Ramey’s solution, Wu and Pruess (1990) provided an analytical
approach in a 1D wellbore model for heat exchange between the well-
bore and the uniform/layered 2D formation, using the dimensionless
time and depth on transient lateral heat transfer coefficient. Hasan and
Kabir (1991) developed a 1D wellbore lateral heat transfer model at the
formation-wellbore interface using Fourier’s law and proposed a new
time function to predict the ‘transient’ temperature distribution in the
system. Cheng et al. (2011) presented a new analytical model for tran-
sient lateral heat conduction in the 1D steam injection wells, incorpo-
rating the wellbore’s heat capacity to improve the temperature and heat
transfer predictions in the wellbore and surrounding formation. As for
the semi-analytical approach, Zhang et al. (2011) proposed a
time-convolution approach where only the wellbore (i.e., not formation)
is fully discretized and semi-analytical solutions of wellbore lateral heat
transfer by neglecting vertical conductive heat flow within the forma-
tion and thermal resistance between the cased wellbore and the for-
mation. This approach has been implemented and validated in a highly
transient and strongly non-isothermal multi-phase wellbore-reservoir
system (Pan and Oldenburg, 2014; Ezekiel et al., 2020). Regarding the
numerical study, Xiong et al. (2016) developed a 1D thermal wellbore
simulator using a finite difference approach and calculated the heat
transfer and temperature variation in the steam-assisted gravity
drainage system. They employed the overall heat transfer coefficient
from Willhite (1967) and temperature at the cement-formation interface
from a 2D formation heat transfer equation including Ramey Jr (1962)
approximation approach. Livescu et al. (2008, 2010) developed a series
of fully coupled multiphase wellbore-reservoir simulators using the
finite volume method. They used the constant overall heat transfer co-
efficients and transient temperature profiles of the wellbore and reser-
voir to calculate the wellbore lateral heat transfer based on the formula
proposed by Ramey Jr (1962) but the heat conduction term in the
open-hole section was not considered between the reservoir and well-
bore. Pan and Oldenburg (2014) developed an integrated simulator
T2Well using the finite-difference scheme to solve non-isothermal,
multiphase and multi-component fluid flow and heat transfer in the
fully coupled 1D wellbore and 3D reservoir system. The T2Well has been
widely used to calculate the energy recovery efficiency for compressed
air or CO; energy storage in aquifers (Li et al., 2023a; Oldenburg and
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Pan, 2013; Li et al., 2023b; Li et al., 2024) and joint compressed air
energy storage and ATES (Guo et al., 2017).

While analytical and semi-analytical solutions provide computa-
tional efficiency and good approximations of wellbore fluid flow and
heat transfer, they rely on assumptions such as steady-state conditions,
uniform thermal properties and negligible vertical heat conduction
within the formation (Horne and Shinohara, 1979; Hasan and Kabir,
1991; Cheng et al., 2011; Ezekiel et al., 2020), which cannot fully cap-
ture transient heat transfer dynamics, complex wellbore geometries and
reservoir heterogeneity. In contrast, numerical solutions offer flexibility
to incorporate the dynamic variations of temperature in space and time,
especially important for the formation of temperature changes due to
alternating circulation flows of warm and cold fluids in wellbores. To
address the limitations of analytical and semi-analytical approaches due
to their assumptions, You et al. (2016) developed a fully implicit model
that couples a 1D wellbore with a 3D surrounding formation using the
finite difference method. This model incorporates radial Fourier heat
conduction flux to calculate wellbore lateral heat transfer. The above
reviews show that the wellbore lateral heat transfer has been considered
in several specific topics, including general geothermal development,
CO, storage and compressed air or COy energy storage in aquifers.
However, these approaches have not been applied to typical ATES (i.e.,
using water as a working fluid for thermal energy storage) and also do
not reveal the impacts of related parameters on the wellbore lateral heat
transfer.

In this study, our focus is on an HT-ATES system in a shallow
reservoir (the Swiss Bern project (Vidal et al., 2022)). The motivation of
this work is to reveal the impact of wellbore lateral heat transfer on the
HT-ATES performance. We have fully coupled the wellbore fluid flow
and heat transfer processes, including lateral heat transfer, simulated by
our in-house developed wellbore simulator Moskito (Korzani et al.,
2019) together with an existing reservoir simulator PorousFlow (Wilkins
et al., 2021) under the MOOSE framework (Permann et al., 2020). The
coupled model is then used to compute the wellbore lateral heat transfer
along the full well trajectory to the surface for quantitative evaluation of
the impact of wellbore lateral heat transfer on the HT-ATES perfor-
mance, specifically for the Bern project. This is done through varying
different key wellbore configurations (wellbore diameter, casing ther-
mal conductivity and number of supporting wells) and operational pa-
rameters (injection flow rate and injection temperature at the main
well). Such investigations can be helpful to design and optimize the
HT-ATES system, regarding the choices of the above parameters. In
addition, to achieve a complete assessment of HT-ATES systems, it is
crucial to consider a range of performance indicators. While energy
recovery efficiency can tell how effectively the system retrieves the
stored energy, it is not enough to reflect either the system’s operational
capacity or energy loss due to the wellbore lateral heat transfer to the
formation (wellbore lateral heat loss) and heating reservoir (reservoir heat
loss). Therefore, it can be worth considering the extracted energy,
wellbore lateral heat loss (fraction) and reservoir heat loss (fraction) as
additional performance indicators together with the energy recovery
efficiency which was generally treated as the only indicator to evaluate
the HT-ATES system performance. It is important to note that the find-
ings in this study are based on the initial phase (1st five years) of
HT-ATES system operation. In practice, HT-ATES systems typically
require several cycles (<10 years) to reach steady-state conditions,
where cycles become nearly identical. The long-term behavior,
including trends over 30+ years, may differ from the initial phase and
warrants further investigation.

The paper is organized as follows. In Section 1, we present the
methodology for fully coupling our in-house developed wellbore simu-
lator and the reservoir simulator under the MOOSE framework. In Sec-
tion 2, the developed coupled simulation tool is used to model a specific
HT-ATES case with different scenarios including varying the wellbore
configurations and operational parameters. The obtained results are
discussed in Section 3 for the impact of the wellbore lateral heat transfer
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Table 1
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The mass, energy and momentum equations solved in the coupled wellbore-reservoir simulator.

Equation and term 1D Wellbore 3D Reservoir
Mass (MS) conservation oM; . oM; .

V-F; — ¢ =0 (i = MS or EG ——+ V-Fi+¢® =0 (i=MSor EG
Energy (EG) conservation ot tVhi—a @ or EG) ot tVhita a or EG)
Mass density: Muys PA oy
Mass flux: Fys PiAY i

Energy density: Mgg u?
A T+ —
Al cpiT + )

Energy flux: Fgg pAuc, T — 4V(AT)

[q)cp.l/}l +(1 - ‘P)Cp,sps} T

picpauT — [l + (1 — @)4]VT

u2
+p1Au1<§+%+gzcoso)
1

Momentum

V(pA) = pAgcos 6 +

ot

frAw?
2d

+ {2 (PAyy) + V(/)lAulz)]

k
uy =—(-Vp+pg
H

*M is mass or energy density term; F represents mass or energy flux vector; g is mass or heat source term; A means wellbore cross-sectional area; u is velocity; u
represents Darcy velocity; z means z-coordinate (positive upward); fis friction factor; d means wellbore diameter; 0 represents the angle between the wellbore direction

and the vertical direction.

on the HT-ATES performance. Finally, in Section 4, key findings of the
design and operation of the HT-ATES system and recommendations for
future research are summarized in the conclusion part.

2. Materials and methods
2.1. Equations and coupling methods in a wellbore-reservoir system

The governing equations (Pan and Oldenburg, 2014; Korzani et al.,
2019; Wilkins et al., 2021) for fluid flow and heat transfer-transport in
the wellbore and reservoir are presented in Table 1. Note that the con-
servation law for both mass and energy holds the same format. The
differences in equations between the wellbore and the reservoir lie in the
definitions of energy flux terms and fluid velocity. For the momentum
equation, fluid flow in the reservoir takes Darcy’s law and Navier-Stokes
type of equation for the wellbore flow where the inertial forces are
considered. Furthermore, kinetic energy and gravitational potential
energy are included in the wellbore heat equation. In contrast, the heat
equation for the reservoir does not account for these terms due to the
creeping flow in the porous medium.

Regarding the mass and energy coupling between the reservoir and
wellbore, two regions are considered: the open-hole and the non-open-
hole sections. In the open-hole section, there is mass transfer and en-
ergy transfer due to fluid flow (convection) and heat conduction driven
by the local temperature gradient. A Peaceman-type equation
(Peaceman, 1983) is employed for calculating the source terms in the
mass equations for the open-hole section, which is a function of the
pressure difference between the reservoir and the wellbore (see Table 2).
To ensure accurate and consistent coupling of physical processes, a
conversion factor (C) is used to align the differences in scale and reso-
lution between the 1D wellbore and 3D reservoir systems. In this study,

{ (Az) !, wellbore;
C =

(Vi) ", reservoir.

, where Az is grid block size [m] in the depth

Table 2

direction, V refers to volume; r means reservoir, ele represents element.
The f(t) is dimensionless time function. When time is greater than one

week, it can be calculated by f(t) = In (2 //j—fc,t /rcf> — 0.29. The well
P

index (WF") for fluid flow in the Peaceman-type formula (Peaceman,
1983) accounts for the impact of the reservoir grid size, reservoir
permeability and wellbore radius, etc. It reflects the well’s ability to
inject or produce fluid.

WI 21, [keakyy Az [ In( / 1in) o))

where kyy, kyy, 1y, and rg " are respectively reservoir permeability [m?]
in the length direction, reservoir permeability [mz] in the width direc-
tion, wellbore radius [m] and effective wellbore radius for fluid flow [m]

which can be calculated by (Peaceman, 1983):

Sow _ 0 98 \/\/ ke Ky (8)° + \/ Ky /K (AY)*

‘ (e /Ry) " 4 (Fyy )

(2)

where A x is the length [m] and A y is the width [m] of a grid block.

Similarly, the well index (Wrendy for heat conduction in the
Peaceman-type formula (Shi et al., 2024) accounts for the impact of the
reservoir grid size, reservoir thermal conductivity and wellbore radius,
etc. It reflects the well’s ability to conduct heat.

WI™™ =270\ /e doyy Az [ In (1™ [ 1) 3)

where lyy, Ay, and r" are respectively reservoir thermal conductivity
[W-m 1.K™!] in the length direction, reservoir thermal conductivity
[W-m LK 1] in the width direction and effective wellbore radius for
heat conduction [m] which can be calculated by (Shi et al., 2024):

Comparison of coupling terms at the wellbore-reservoir interface. The heat exchange calculations at the non-open-hole section interface are compared using the
numerical and analytical approaches, and the approach without considering wellbore lateral heat transfer.

Region Coupling term  Numerical approach Analytical approach An approach without considering wellbore lateral heat
transfer
Non-open- Energy: g% 277U (T —TY) C (Willhite, o (TW 7721) C/f(t) (Ramey Jr, 1962) 0
hole 1967)
Open-hole Mass: q;&;s

&Wlﬂ"“’(pw —p")C (Peaceman, 1983)
U

. AP
Energy: qpg %mﬂvw@w — p")hy + WIomd(Tv — 7')] c

*U means heat transfer coefficient, C is conversion factor and WI represents well index.
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\/ A [y (AX)* 4 1/ Ay [ e (DY)
(e /Aoy ) " + (B )

As for the fluid flow and heat transfer in the radial direction for the
non-open-hole section, mass transfer is not considered and only heat
exchange exists between the wellbore and surrounding formation. For
the non-open-hole section, three calculation approaches for the heat
exchange are shown with numerical, analytical and without considering

reond — (.28 &)

Tio In(res /7o)
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nearest formation (i.e., TY where superscript cf is cement/formation
interface) and an outside tubing heat transfer coefficient (U,). Both
formation temperature and temperature at the interface of cement and
formation are dynamic. As shown in Equation (5), the outside tubing
heat transfer coefficient is a combination of several thermal resistances
including those of the tubing, annulus fluid, casing and cement, which
can be referred to in more detail in Willhite (1967) and Xiong et al.
(2016).

Tto T In (rto / rn') T T In (rins / rto) Tto

U, =
7 | raBy Ae Ains

Tins (ﬂcon + ﬂrad) Acas

wellbore lateral heat transfer, see Table 2. In the numerical approach,
the heat exchange is characterized by the temperature difference be-
tween the wellbore (i.e., T" where subscript w means wellbore) and the

Z[m]

Caprock  Aquifer Basement SU;mT;:ing Main well
S I R S E—
Geological units
(c) Diameter [inch]
<+ > 244
0 -
24
25 F
16.5
T 16
=185
E =
o
@
S 1.3
10.75
aoo | . . I casing
.7 . e I cement
440 - - {7} open hole
y

Tt hl(rco/rci) +

)

/1£em

where 1y, T, Tins, Tei» Teo and s represent the radii of inside tubing,
outside tubing, tubing insulation, inside casing, outside casing and
cement/formation interface, respectively. A;, Ains, Acas @and Ay are the

90
i il
60 | supportingwells [If il
. penetrating I “:\
30 l\
=EN
T
h= =
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Atc:
F==S== 1\t e
TeE=E , main well
30 penetrating
=
===
o HH i1 supporting wells
;ﬁ E:-' penetrating
N
I=====
-90
-90 -60 -30 0 30 60 90

Fig. 1. Schematic representation of (a) a five-spot system for HT-ATES; (b) the top view of the wellbore placement; (c) the geometrical configuration of the wellbore.

Note that the main well and supporting wells have the same configuration.
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thermal conductivities of the tubing wall, tubing insulation, casing wall
and cement. fi, B, and f,,4 are the convective heat transfer coefficient
between the fluid film in tubing and the tubing wall, and the convective
and radial heat transfer coefficients of fluid inside the annulus. The
numerical algorithm for solving the coupled wellbore-reservoir model is
detailed in Appendix I. Assuming that the far-field formation tempera-

ture (Tfa in Table 2) is constant, the analytical approach only considers

the heat transfer between the wellbore and formation but ignores the
heat transfer processes between the tubing-casing-cement-formation
regions. The comparison of the implemented method and Ramey Jr
(1962) analytical solution for the wellbore outlet temperature evolution
is shown in Appendix II. The third approach (Table 2) for calculating the
heat exchange in the non-open-hole section neglects the wellbore lateral
heat transfer.

2.2. Numerical model settings

Inspired by the GeoSwiss Bern Project (Vidal et al., 2022), a five-spot
system containing a 3D multi-layer (i.e., caprock, aquifer and basement)
HT-ATES system for reservoir and five 1D wellbores, is employed in this
study (see Fig. 1 (a)). A 40 m thick aquifer, sandwiched between
low-permeable caprock and basement layers, serves as the target zone
for thermal energy storage. The whole model, including the formation
and wellbore system, spans depths from 0 m to 440 m and the formation
extends horizontally from —250 m to 250 m. The aquifer is located at a
depth of 400 m—440 m. An unstructured mesh consisting of hexahedral
elements was created using GMSH software (Geuzaine and Remacle,
2009). The element size of reservoir grids varies from 1 m near the
wellbores to 25 m at boundaries (Fig. 1(a-b)) to balance computational
efficiency and numerical accuracy. A finer grid resolution (i.e., Ax = A
y = 1 m) is applied near the wellbores to accurately capture steep
thermal and pressure gradients resulting from injection and production
processes. This ensures precise wellbore-reservoir heat transfer calcu-
lations and reduces numerical dispersion. In contrast, a coarser grid (up
to 25 m) is used at the boundaries, where thermal and pressure varia-
tions are more gradual, reducing computational cost without compro-
mising solution accuracy. This adaptive meshing strategy optimizes
simulation performance while maintaining numerical stability and
convergence. The wellbore system comprises one centrally located main
well (red color in Fig. 1 (a)) and four supporting wells (green color in
Fig. 1 (a)), each symmetrically positioned around the main well at an
equal distance of 40 m. For heat storage and extraction in the aquifer,
the open-hole section of the wellbore system (located at a depth of 400
m-440 m) allows fluid flow and heat transfer (including both convection
and conduction) with the aquifer. In contrast, the non-open-hole section
exchanges heat solely through conduction with the surrounding for-
mations. The geometrical configuration of a typical borehole completion
within this wellbore system is illustrated in Fig. 1 (c). The wellbore
above the open-hole section is cased to ensure stability, with diameters
ranging from 10.75 inches (~0.27 m, i.e., rpy) to 24.4 inches (~0.62 m).
0.05 m (i.e., Az) is used as the mesh size of the wellbore to capture the
important dynamics in the flow process. Referring to the realistic and
representative data in the GeoSwiss Bern Project, the physical properties
of solids (i.e., rock, wellbore cement layer and casing) and fluid are

Table 3
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Table 4
Fluid properties in the reservoir and wellbore systems (L. Smith and Chapman,
1983).

Properties Symbols Units Value
Bulk modulus K; Pa 2.10%°

. -3 P
Density P kg m p1 = 1000-¢k
Viscosity u Pas <248 3775>

T-140
4 =2.410

Specific heat capacity Cpa Jkg k! 4000
Thermal conductivity X WmK! 0.6

summarized in Tables 3 and 4, respectively. The input data for calcu-
lating Equations (1)-(4) in reference case are summarized as follows:
10718 m? (reservoir permeabilities in the length direction (ky.) and
width direction (kyy), Table 3), 2 W m~! K ! (reservoir thermal con-
ductivities in the length direction (ix) and width direction (4,,),
Table 3), 1 m (length and width of a grid block), 0.05 m (depth of a grid
block) and 0.27 m (wellbore radius (rph)).

For the initial temperature condition, the ground surface tempera-
ture is assumed to be 20 °C, and the subsurface temperature follows the
general geothermal gradient of 0.03 °Cem ™. The initial pressure dis-
tribution takes the hydrostatic gradient 9.81e10° Pam ™. Regarding the
reservoir boundary conditions, a constrained temperature distribution
(same as initial) and no fluid flow boundaries are applied at the four
vertical sides (including the front, back, left and right sides), while the
top (i.e., ground surface) and the bottom of the model are set with closed
boundaries for both heat energy and fluid flow. One complete heat
storage and extraction cycle takes one year. During the heat storage
phase (nine months), 90 °C hot fluid is pumped into the reservoir with an
injection rate of 25 L s! through the main well while four supporting
wells produce fluid with the constrained wellhead pressure of 1 bar. In
the following three months, the injection and production schemes are
reversed for the heat extraction phase. During this period, 50 °C liquid
(water) is injected with 6.25 L s~ through each supporting well and
fluid can be freely produced from the main well (wellhead pressure 1
bar). Note that there is a considerable compression effect on the fluid
density due to pressure variation in the system, such as pressure build-up
between the main wellbore and supporting wellbores. We perform five
cycles in this study, taking a total time of five years. The operational
time for injecting and producing hot fluid can be influenced by factors
such as local climate conditions, heating demand, etc. (Sheldon et al.,
2021; Beernink et al., 2024). The nine months for heat storage and three
months for heat extraction are chosen just for demonstration purposes.
The operational schedule is summarized in Table 5. Furthermore, the
preliminary grid resolution, numerical scheme, and convergence tests
confirm minimal numerical diffusion, the numerical solution remains
reliable for capturing transient wellbore-reservoir heat transfer.

2.3. Performance indicators of the HT-ATES system

The performance of the HT-ATES system is evaluated based on four
annual performance indicators: energy recovery efficiency, extracted
energy, wellbore lateral heat transfer fraction and reservoir heat loss

Rock properties of the reservoir and wellbore systems (Wilkins et al., 2021; Vidal et al., 2022; Brown and Falcone, 2024).

Properties Symbols Units Reservoir system Wellbore system
Caprock Aquifer Basement Cement Casing
Porosity ) - 0.01 0.25 0.01 -
Permeability k m? 10716 10713 10716 -
Density A kgm™> 2600 2600 2600 -
Specific heat capacity [ Jkg l°K™! 850 850 850 -
Thermal conductivity 2 Wm ! eK™! 2 2 2 1.1 45
Roughness f m - - - - 1074




G. Yan et al.

Table 5
Summary of the operational schedule.
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Cycle Phase Duration Main Well Injection temperature Injection flow rate (L/  Supporting Injection temperature Injection flow rate (L/
(months) ({9} s) Wells “Q s)

Heat storage 9 Injection 90 25 Production / /

Heat 3 Production  / / Injection 50 6.25 (each)

extraction

fraction. Furthermore, wellbore lateral heat transfer is defined in two
ways: (1) wellbore lateral heat loss, which occurs when heat transfers
from the wellbore to the surrounding formation; (2) wellbore lateral heat
gain, which occurs when heat transfers from the formation to the well-
bore. In our case, the wellbore lateral heat loss to the formation is
greater than the lateral heat gain from the formation due to the higher
temperature difference during the heat storage phase compared to the
extraction phase. Specifically, during storage, the injection fluid (90 °C)
has a much higher temperature than the surrounding formation
(~33.2 °C at 400 m depth), resulting in significant conductive heat loss.
In contrast, during extraction, the injection temperature (50 °C) is much
closer to the formation temperature, leading to the wellbore’s relatively
lower heat gain. Therefore, for simplicity, we use the net wellbore heat
loss (defined as the amount of ‘wellbore heat loss’ minus ‘wellbore heat
gain’) to represent the annual lateral heat transfer of the wellbore. The
classification of the main and supporting wells depends on the opera-
tional phase: the main well is an injection well and supporting wells are
production wells in the heat storage stage; for the heat extraction stage,
the main well becomes a production well and supporting wells are in-
jection wells. The definitions of relevant parameters are summarized as
follows.

The energy recovery efficiency (1) (Doughty et al., 1982) equals to:

_Ew

=g, ©

where E,; and Ej; are the extracted energy and the injected energy,
respectively.
The extracted energy (E..) can be calculated by:

t
Eext = / CI‘Q9X1|(pextT€Xf7pOT0)dt ™
0

where t, ¢;, Poy> Qexts Texts po and To are time [s], specific heat capacity
[Jekg 'K '] of liquid, liquid density [kgem™>], total extraction flow
rate [m>es 1] and temperature [K] at extraction wellhead, initial liquid
density [kgom’3] and initial liquid temperature [K] in the reservoir,
respectively.

Meanwhile, the injected energy (Ei) is:

t
Eipj = / 1| Qu| (PinTinj — po To ) dt ®
0

where Pinj> Qinj and Ty are injection liquid density [kgom’g‘], total in-
jection flow rate [mSosfl] and injection liquid temperature [K] at the
wellhead, respectively.

Furthermore, according to the energy consumption types of the
injected energy (Ei), it can be divided into the extracted energy (Eex),
wellbore lateral heat loss (Ej ) and reservoir heat loss (Ejs ).

Einj = Eext + Elos_w + Elos_r (9)

The four terms in Equation (9) are interrelated, meaning that one of
these terms can be obtained if the other three are known. According to
the heat transfer flux between the wellbore and formation in the non-
open-hole section (as shown in Table 2), the wellbore lateral heat loss

(Epim ) from numerical approach can be obtained from:

¢ (L
Epw = / / 277Uy (T — T, ) dzdt (10)
o Jo

where L, is the wellbore length, superscript f and subscript ne are the
formation and nearest node of the corresponding reservoir grid,
respectively.

Similarly, the wellbore lateral heat loss (Ej.",) from the analytical
approach is:

t Ly
Em™ = / / 2n/ (T - T, ) dedt an
0 0

where subscript fa represents far-field.
The wellbore lateral heat loss fraction a;,;_,, can be obtained from:

Elos,w
Epj

12)

Qos_w =

o num s . ana ; .
where Ej,_,, is Ej", in the numerical approach or Ef*  in the analytical

approach.
Thus, the reservoir heat loss fraction a;,s_, equals to:
Qlos_r = 1- N — Qos_w (13)

Ejs_r represents energy lost from the injected fluid into the surrounding
rock formations (such as caprock and basement layers) via conductive
heat transfer. This loss is because when hot fluid is injected into the
reservoir, part of the heat is conducted from the reservoir to adjacent
formations that are not directly involved in heat recovery. Heat loss
through the boundaries of the model (e.g., caprock or basement layers)
is assumed to occur via vertical conductive transfer, since the model
boundaries are considered adiabatic (no heat flow) in the lateral
direction.

3. Results and discussions

In this part, we first present the behavior of a reference case for the
HT-ATES, including the temperature distributions and performance
evaluation of the HT-ATES system. Following this, to reveal the impact
of wellbore lateral heat loss on HT-ATES performance, we perform a
parameter sensitivity analysis of key factors, including wellbore con-
figurations (wellbore diameter, casing thermal conductivity and number
of supporting wells) and operational parameters (injection flow rate and
injection temperature at the main well).

3.1. Reference case

3.1.1. Temperature distributions

Temperature distributions within the aquifer, its surrounding for-
mations and the formations around the wellbore are depicted in Fig. 2
(a) at four key times: at the end of the first storage (0.75 years, subplot
al), at the end of the first extraction (1 year, marking the completion of
the first full cycle, subplot a2), at the end of the fifth storage (4.75 years,
subplot a3) and at the end of the fifth extraction (5 years, marking the
completion of the fifth full cycle, subplot a4). Each storage period in-
volves injecting 90 °C hot fluid, leading to continuous heating of the
aquifer and its overlying and underlying formations (Fig. 2 (al) and
(a3)). During the extraction phase, hot fluid is withdrawn from the main
well at the center of the model, resulting in an I-shaped temperature
distribution in the aquifer and its adjacent overlying and underlying
formations. This pattern becomes more pronounced with an increasing
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(a3) 4.75 yr. (a4) 5 yr.
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Fig. 2. Numerical results of the reference case, including the temperature distributions in the aquifers and formations at (al) 0.75 years; (a2) 1 year; (a3) 4.75 years;
(a4) 5 years; (b) vertical temperature profile along lines A-B and C-D across the entire model; and (c) horizontal temperature profile along line E-F at a depth of 300 m

across the entire model.

number of complete heat storage and extraction cycles (Fig. 2 (a2) and
(a4)). The observed phenomenon occurs because the overlying and
underlying formations are heated by conduction from the hot fluid
injected into the aquifer. While the hot fluid is produced from the main
well during the extraction time, the temperatures in the high-
temperature zones of both the aquifer and its surrounding formations
decrease. However, the overlying and underlying formations lose heat
through conduction, which is slower compared to the convective heat
transfer in the aquifer. Consequently, there is a delayed temperature
response in the overlying and underlying formations compared to the
aquifer.

Around the non-open-hole section of the wellbores, wellbore lateral
heat loss to the surrounding formations causes their temperatures to rise,
with the increase becoming more pronounced with depth (Fig. 2 (b)).
This intensified temperature rise with depth is due to the weak insu-
lation of the wellbore as the number of insulation layers decreases.

Specifically, there are three insulation layers from 0 to 25 m depth, two
insulation layers from 25 m to 185 m depth and one insulation layer
from 185 m to 400 m depth (Fig. 1 (c)) in the non-open-hole section of
the wellbores. By comparison, in the open-hole sections (i.e., from 400
m to 440 m depth), the aquifer experiences a greater temperature in-
crease compared to the formations around the non-open-hole sections of
the wellbores. This occurs because the convective heat transfers due to
fluid flow in the open-hole section, combined with heat conduction,
results in more effective heat transfer compared to the pure heat con-
duction occurring around the non-open-hole sections of the wellbores.
The abnormal temperature peak near ~400 m (see curves AB at 1 yr and
CD at 0.75 yr in Fig. 2(b)) occurs in the water production well due to
differing heat transfer mechanisms: convection and conduction in the
open-hole section versus conduction alone in the non-open-hole section.
As hot fluid is extracted, heat from the aquifer transfers to the wellbore.
However, due to heat loss at the boundaries, the central temperature is
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Fig. 3. Comparison of numerical (num) and analytical (ana) results for cases with and without considering wellbore lateral heat loss (nhl: no heat loss) on the
performance indicators of the HT-ATES system: (a) temperature at the main wellhead; (b) temperature at the supporting wellhead; (c) annual energy recovery
efficiency; (d) annual wellbore lateral heat loss fraction (left y-axis) and reservoir loss fraction (right y-axis). Green symbols represent results from the numerical
approach; orange symbols indicate the analytical solution; blue symbols show results where wellbore lateral heat transfer is ignored. The ajos w and a5 » mean
wellbore lateral heat loss fraction [-] and reservoir heat loss fraction [-], respectively. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)

expected to be higher, resulting in a peak temperature at the center.
Meanwhile, the varying injection temperatures (90 °C compared to
50 °C) and durations (9 months compared to 3 months) of the fluid
during the heat storage and heat extraction phases alter the temperature
distribution in the wellbore and surrounding formation. The combina-
tion of these factors results in a localized temperature peak at the
interface between the open-hole and non-open-hole sections of the
water production well. Additionally, the horizontal extent of lateral heat
propagation (Fig. 2 (c)) around the non-open-hole sections of the well-
bores expands due to the continuous heating from the wellbore to the
surrounding formations. This effect becomes more pronounced as the
number of complete heat storage and extraction cycles accumulates over
time (Equation (10)).

3.1.2. Performance indicators

The fluid temperatures at the wellheads of the main and supporting
wells are shown in Fig. 3(a-b). The temperatures calculated using the
analytical approach and the approach that ignores wellbore are higher
than those obtained from the numerical approach. For instance, at 0.75
years, the temperature at the supporting wellhead (Tsy) is 0.8 °C higher
using the analytical approach and 4.2 °C higher using the approach
without considering wellbore lateral heat transfer compared to the
temperature obtained using the numerical approach (68.7 °C see Fig. 3
(b)). These discrepancies respectively arise from the steady-state heat

transfer between the wellbore and formation in the analytical approach
and the neglect of heat exchange between the wellbores and their sur-
rounding formations in the third approach.

To assess the HT-ATES performance of the reference case, we use
energy recovery efficiency (Fig. 3 (c)), wellbore lateral heat loss fraction
(Fig. 3 (d)) and reservoir heat loss fraction (Fig. 3 (d)) as performance
indicators. Since the amount of injected energy remains constant and the
extracted energy is directly proportional to energy recovery efficiency
(as shown in Equation (6)), variations in extracted energy can be
inferred directly from changes in energy recovery efficiency. Therefore,
the extracted energy is not discussed respectively here. The annual en-
ergy recovery efficiency (Fig. 3 (c)) in the first year, calculated by the
numerical approach (53.6 %), is lower than that obtained using the
analytical approach (55 %) and the approach that disregards wellbore
lateral heat loss (59.2 %). The low energy recovery efficiencies in the
first year are primarily due to the high reservoir heat loss (Fig. 3 (d)),
which is driven by the large temperature difference between the injected
hot fluid and the initial reservoir temperature. Specifically, the reservoir
heat loss fractions calculated by the numerical and analytical ap-
proaches, and the approach without considering wellbore lateral heat
transfer are 39.59 %, 39.57 % and 40.8 %, respectively. As heat storage
and extraction cycles accumulate over time, the reservoir heat loss
fraction gradually decreases, reaching approximately 11 % by the fifth
year. This reduction in heat loss leads to a significant improvement in
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energy recovery efficiency, which increases by about 30 %, surpassing
80 % by the fifth year. Fig. 3 (d) shows the wellbore lateral heat loss
fraction obtained using the numerical approach, which reaches a
maximum of 6.8 % in the second year. This is higher than the 5.9 %
calculated from the analytical approach and the 0 % from the approach
without considering wellbore lateral heat transfer. The lateral heat loss
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calculated using the analytical approach is 13 % lower than that ob-
tained from the numerical approach. After the second year, wellbore
lateral heat loss decreases as the surrounding formations heat up,
reducing the temperature difference and consequently, the amount of
heat lost as described by Equations (10) and (11). This decline in well-
bore lateral heat loss further contributes to the improvement in energy
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Fig. 4. Effects of wellbore diameter on annual (a) energy recovery efficiency; (b) wellbore lateral heat loss fraction; (c) reservoir heat loss fraction; (d) wellbore
lateral heat loss fraction versus annual energy recovery efficiency from the numerical approach at 1st and 5th year. The horizontal and vertical error bars mean the
differences between the numerical approach and the approach without considering wellbore lateral heat transfer in annual energy recovery efficiency and wellbore
lateral heat loss fraction, respectively; (e) WI in open-hole section and r, U, of non-open-hole section at 200 m depth; (f) annual extracted fluid volumes from the
main well, supporting wells, and the total volume, as calculated using the numerical approach. The inner diameter of the wellbore in the reference case is

10.75 inches.
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recovery efficiency.

The numerical approach is the most accurate, as it captures complex
heat exchange processes between the wellbore and surrounding for-
mations, along with dynamic temperature variations in far-field for-
mations. In contrast, the analytical approach and the approach that
neglects wellbore lateral heat transfer tend to overestimate fluid tem-
perature and energy recovery efficiency due to simplifying assumptions.

While the analytical approach reduces the running time of one
simulation from ~46.5 h (numerical approach) to ~44.5 h using 152
CPU cores, this gain comes at the expense of accuracy, particularly in
capturing detailed thermal interactions and wellbore lateral heat loss.
Although the analytical method can approximate general trends over
time, such as improvements in energy recovery and decreases in well-
bore lateral heat losses, the numerical approach remains essential for
high-precision applications including system optimization and mini-
mizing heat losses, as it can accurately model complex dynamics and
provide reliable long-term performance predictions.

3.2. Effects of wellbore configurations

3.2.1. Wellbore diameter

We evaluate seven wellbore diameter sets of main and supporting
wellbores, with inner diameters ranging from 6.75 inches (4 inches
smaller than the reference case) to 14.75 inches (4 inches larger than the
reference case), with four intermediate inner diameters of 8.75, 11.75,
12.75 and 13.75 inches. The outer geometry of the entire wellbore re-
mains constant across all depths. The energy recovery efficiency (Fig. 4
(a)) decreases as the wellbore diameter increases, while both the well-
bore lateral heat loss fraction (Fig. 4 (b)) and reservoir heat loss fraction
(Fig. 4 (c)) show the opposite trend. When the wellbore inner diameter
increases from 6.75 inches to 12.75 inches (range I), the changes in
annual energy recovery efficiency and reservoir heat loss fraction are
gradual and linear, with only minor variations. In contrast, a further
increase in wellbore diameter, from 13.75 inches to 14.75 inches (range
1), results in more significant changes, as depicted in Fig. 4(a-b). The
wellbore lateral heat loss fraction, however, changes throughout the
entire range of diameters (Fig. 4 (b)). The diminished differences in the
ranges and variations of energy recovery efficiency and wellbore lateral
heat loss fraction between the numerical approach and the approach
without considering wellbore lateral heat transfer, influenced by
changes in wellbore diameter, are summarized from the 1st to the 5th
year in Fig. 4 (d). From the 1st to the 5th year, the case with a large inner
diameter of 14.75 inches consistently demonstrates low energy recovery
efficiency and high wellbore lateral heat loss compared to the other
cases, which exhibit only minor and smooth variations.

These trends can be explained as follows. According to Equation (1),
with constant reservoir characteristics and grid size, a large wellbore
diameter owns a high WI value (Fig. 4 (e)). This indicates that, for the
same injection flow rate, a large wellbore diameter leads to small
pressure build-up around the injection area in the aquifer. The combi-
nation of less initial fluid production due to reduced pressure build-up,
followed by increased production as the system stabilizes and reservoir
pressure field stabilizes, and the eventual equalization of production
rates, leads to a net increase in total fluid production from the sup-
porting wells with large wellbore diameters (see Fig. 4 (f) and A3 (a) in
Appendix IIT). During the extraction phase, the main well with a larger
diameter experiences consistently lower pressure levels than the smaller
diameter cases (A3 (d) in Appendix III). The pressure increase is slow in
the large diameter case due to reduced flow resistance, which results in a
weak pressure gradient between the reservoir and the well. As a result,
the driving force for fluid movement from the reservoir into the main
well is diminished. Because the pressure at the main well is lower, the
extraction rate of fluid from the reservoir is significantly reduced. This
diminished pressure gradient leads to a substantial decrease in the vol-
ume of fluid produced from the main well. The combination of low
pressure and a slow pressure response means that, during the extraction
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phase, the main well with a larger diameter produces considerably less
fluid compared to smaller diameters. Consequently, despite large well-
bore diameters leading to great fluid production in the heat storage
phase, the associated decrease in heat storage due to low pressures and
weak gradients results in a low net annual fluid production when
compared to small diameters (Fig. 4 (f)). The reduced fluid extraction
volumes result in less energy carried by the extracted fluid. As a result,
the energy recovery efficiency (Fig. 4 (a)) decreases, and there is more
heat loss in the reservoir (Fig. 4 (c)). Additionally, a large wellbore
diameter increases the lateral heat exchange area with the surrounding
formations, which linearly increases the values of ry, Uy, in Equation (10)
(Fig. 4 (e)). Meanwhile, under the assumption of a constant flow rate, a
larger wellbore diameter results in a lower fluid velocity, increasing
residence time and enhancing heat loss. However, the lower surface-
area-to-volume ratio also reduces conductive heat loss per unit vol-
ume, creating a competing effect. Thus, the case with large wellbore
diameter result in a high wellbore lateral heat loss fraction (Fig. 4 (b)
and (d)), further reducing the energy recovery efficiency. These changes
favor the wellbore diameter set case with a 6.75 inches inner diameter,
which demonstrates good performance (Fig. 4 (d)). However, it is
important to consider that small wellbore diameter may generates high
wellbore pressure drops thus increasing the energy consumption for
pumps. Therefore, it is crucial to balance these factors and optimize the
wellbore diameter based on specific geological conditions, design re-
quirements and heating demands of the system.

3.2.2. Casing thermal conductivity

In the HT-ATES systems, the thermal conductivity (Equation (5)) and
cost of casing materials play a critical role in determining the system’s
thermal performance, operational longevity and overall efficiency. The
casing thermal conductivity (Fig. 1 (c)) represents the ability of the
casing material to transfer heat between the fluid inside the wellbore
and the surrounding formation. Common materials (Pribnow and Sass,
1995; Anwar et al.,, 2019; Mohammed et al., 2019; Wiktorski et al.,
2019) used for wellbore casings include carbon steel (45-60 W
m~leK™ 1), stainless steel (15-30 W m ™~ 'eK 1), PVC (polyvinyl chloride,
~0.19 W m leK™!), HDPE (high-density polyethylene, ~0.48 W
m ek 1) and fiberglass (~0.04 W m oK V). In this example, we
consider eight different thermal conductivities (ranging from 0.045-45
W mteK™1) of wellbore casing to assess their impact on the perfor-
mance of the HT-ATES system. Note that only the wellbore casing
thermal conductivity is varied, while all other parameters remain
consistent with the reference case.

The clear distinction in annual energy recovery efficiency, wellbore
lateral heat loss fraction and reservoir heat loss fraction, obtained using
the numerical approach and the approach that excludes wellbore lateral
heat transfer, is displayed in Fig. 5(a—c) for different casing thermal
conductivity cases. The energy recovery efficiency (Fig. 5 (a)) increases
as wellbore casing thermal conductivity decreases due to the reduced
wellbore lateral heat loss fraction (Fig. 5 (b)). The minimum casing
thermal conductivity of 0.045 W m~'eK ™! behaves better than other
cases by decreasing the annual wellbore lateral heat loss fraction to 3.3
% (i.e., removing ~51.4 % of that in the reference case) and increasing
the annual energy recovery efficiency by 3 % than the reference case at
the 1st year. From the 1st to the 5th year, the reduced differences in
energy recovery efficiency and wellbore lateral heat loss fraction,
influenced by changes in casing thermal conductivity, are highlighted
when comparing the numerical approach to the approach without
considering wellbore lateral heat transfer, as summarized in Fig. 5 (d).
The magnitudes of the error bars for energy recovery efficiency and
wellbore lateral heat loss fraction between the numerical approach and
the approach that excludes wellbore lateral heat transfer increase as the
casing thermal conductivity rises. The linear relationship between the
variations in energy recovery efficiency and wellbore lateral heat loss
fraction with changes suggests that casing thermal conductivity nega-
tively impacts efficiency in a linear manner by changing wellbore lateral
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Fig. 5. Effects of wellbore casing thermal conductivity on the annual (a) energy recovery efficiency; (b) wellbore lateral heat loss fraction; (c) reservoir heat loss
fraction; (d) wellbore lateral heat loss fraction versus annual energy recovery efficiency from the numerical approach at 1st and 5th year. The horizontal and vertical
error bars mean the differences between the numerical approach and the approach without considering wellbore lateral heat transfer in annual energy recovery
efficiency and wellbore lateral heat loss fraction, respectively; (e) Uy, of non-open-hole section at 10 m, 100 m and 200 m, respectively. The casing thermal con-

ductivity in the reference case is 45 W m~ 'K .

heat loss. The variations within each of the ranges are smooth and small,
however, significant differences are observed among them. The expla-
nations are as follows: according to Equation (10), a high wellbore
casing thermal conductivity results in an increased Uy, value (Fig. 5 (e))
with three obvious variation ranges (i.e., 0.045-0.1 W m’loK*I;

0.15-0.45 W m ™ 'eK1; 4.5-45 W m~'eK 1), which in turn leads to great
wellbore lateral heat loss fraction (Fig. 5 (b)) and consequently reduces
the energy recovery efficiency (Equation (6) and Fig. 5 (a)). As shown in
Fig. 5 (d), low thermal conductivity materials enhance thermal perfor-
mance by reducing wellbore lateral heat loss fraction. Although high
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HT-ATES system performance requires low casing thermal conductivity, 3.2.3. Number of supporting wells

the high cost of selecting casing materials with low thermal conductivity In the following analysis, we investigate the effects of varying the
must also be considered, necessitating economic analysis and related number of supporting well — specifically 1, 2, 3 and 4 — on the HT-
optimization. ATES system’s performance. All other parameters, including the total

injection flow rate, are kept consistent with those of the reference case.
The resulting annual energy recovery efficiency, wellbore lateral heat
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loss fraction and reservoir heat loss fraction are shown in Fig. 6(a—c). In
the first year, the energy recovery efficiency (Fig. 6 (a)) decreases as the
number of supporting wells increases, while the reservoir heat loss
fraction (Fig. 6 (c)) exhibits the opposite trend. By the fifth year, the case
with three supporting wellbores demonstrates the highest energy re-
covery efficiency and the lowest reservoir heat loss fraction compared to
the other cases. Additionally, the total wellbore lateral heat loss fraction
increases with the number of supporting wells, as heat loss from both the
main and supporting wells contributes to the overall system efficiency.

(a) Annual ¢
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The reduced differences in the ranges and variations of energy recovery
efficiency and wellbore lateral heat loss fraction, influenced by changes
in wellbore diameter, are compared between the numerical approach
and the approach excluding wellbore lateral heat transfer from the 1st to
the 5th year (Fig. 6 (d)). The magnitudes of the error bars for energy
recovery efficiency and wellbore lateral heat loss fraction between the
numerical approach and the approach that excludes wellbore lateral
heat transfer increase with the rise of number of supporting wells.

The volume of heat storage space is directly proportional to the
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number of supporting wells. With few supporting wells, the storage
space for fluid is limited and unevenly distributed, whereas with more
supporting wells, the storage space is large and more evenly distributed.
In the first year, with a constant amount of injected heat, a great number
of supporting wells results in more areas contacting the surroundings,
reduced flow velocity and increased travel time within the wellbores. As
a result, in the initial cycles, less heat is extracted from the produced
fluid, and more heat remains stored in the reservoir, leading to great
reservoir heat losses (Fig. 6 (c)). However, over long-term operation (e.
g., 10+ cycles), the thermal plume is expected to become more evenly
distributed, potentially improving system efficiency by reducing overall
heat losses. Although the case with three supporting wells produces the
largest volume of fluid in the first year (Fig. 6 (e)), the volume of the
thermal fluid accumulation area predominantly influences the energy
recovery efficiency (Fig. 6 (a) and reservoir heat loss (Fig. 6 (c), which
are negatively and positively correlated with the number of supporting
wells, respectively. By the fifth year, cases with a high number of sup-
porting wells (such as 3 or 4) achieve more uniform heating of the
wellbore area. This results in reduced heat loss in the reservoir (Fig. 6
(c)), high heat production compared to cases with few supporting wells
(Fig. 6 (a)) and a large volume of produced fluid (Fig. 6 (e)). In the first
year, the linear relationship between the variations in energy recovery
efficiency and wellbore lateral heat loss fraction with changes in number
of supporting wells implies that number of supporting wells negatively
impacts energy recovery efficiency and positively affects wellbore
lateral heat loss fraction in a linear manner (Fig. 6 (d)). The case with 3
supporting wells demonstrates best performance in improving energy
recovery efficiency to above 0.5 and diminishing wellbore lateral heat
loss to less than 0.1 (Fig. 6 (d)). This suggests that optimizing the
number of supporting well presents an opportunity to enhance the HT-
ATES performance while simultaneously reducing drilling costs.

3.3. Effects of operational parameters

3.3.1. Injection flow rate

In this part, we consider seven different injection flow rates from the
main well in the storage period or from all the supporting wells in the
extraction period, ranging evenly from 6.25 to 25 L s~1. The annual
energy recovery efficiency and reservoir heat loss fraction under varying
injection flow rates are illustrated in Fig. 7(a—d). The differences in the
ranges and variations of energy recovery efficiency, extracted energy
and wellbore lateral heat loss fraction between the numerical approach
and the approach without considering wellbore lateral heat transfer,
influenced by changes in injection flow rate, are summarized from the
1st to the 5th year in Fig. 7(e) and (f). As shown in Fig. 7 (a), the energy
recovery efficiency increases with high injection flow rates, which also
boosts the annual extracted energy (Fig. 7 (b)). In contrast, both the
wellbore lateral heat loss fraction (Fig. 7 (c)) and the reservoir heat loss
fraction (Fig. 7 (d)) decrease with increasing injection flow rates. The
magnitudes of the error bars for energy recovery efficiency, extracted
energy and wellbore lateral heat loss fraction between the numerical
approach and the approach that excludes wellbore lateral heat transfer
decrease with the rise of injection flow rate (Fig. 7(e) and (f)).

Without constraining the total injected energy and with a fixed in-
jection fluid temperature, an increase in injection flow rate results in a
great amount of heat being injected (Ejy;) and extracted (Eexy) from the
reservoir per unit time (Equations (7) and (8); Fig. 7 (b)). High injection
flow rates also reduce the fluid’s residence time in the wellbore, which
decreases the period available for heat dissipation. This effect is more
pronounced at high injection flow rates where temperature differences
are greater, leading to reduced heat loss along the wellbore (Fig. 7 (c)).
At low injection flow rates, the slow movement of fluid within the
reservoir enhances thermal diffusion, which reduces the amount of heat
that can be extracted. Conversely, high injection flow rates enable more
efficient heat extraction before significant thermal diffusion occurs,
thereby minimizing its impact (Fig. 7 (d)). Moreover, high injection flow
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rates reduce the heat loss per unit of fluid, leading to higher system
efficiency (Fig. 7(a)). For a specific fluid unit, the amount of heat lost
during its circulation through the system directly affects the overall ef-
ficiency: the more heat lost, the lower the efficiency. When the fluid
flows faster, it results in less heat loss per unit of fluid. Integrating this
effect over all fluid units in the system, higher flow rates lead to lower
overall heat losses and thus higher system efficiency. The cases with
injection flow rates between 15.625 L s™! and 25 L s ! exhibit better
performance in improving energy recovery efficiency to above 0.5 and
diminishing wellbore lateral heat loss less than 0.1 (Fig. 7(e) and (f)). It
should be noted that no upper bottom-hole pressure (BHP) limit was
imposed in these simulations. In practical applications, constraints such
as lithostatic pressure or maximum allowable wellbore pressure may
limit feasible flow rates and wellbore diameters. Optimizing the injec-
tion flow rate is essential for improving the performance of an HT-ATES
system. It requires balancing multiple factors, such as energy demand,
pumping requirements and key performance indicators. By selecting the
appropriate injection flow rate, the system’s efficiency can be signifi-
cantly enhanced, leading to reduced operational costs and a more
effective overall system design.

3.3.2. Injection temperature at the main well

In this example, we examine seven different injection temperatures
at the main well ranging from 90 °C to 210 °C to evaluate their effects on
the system’s performance. The injection temperature at supporting well
in extraction period is fixed at 50 °C. As shown in Fig. 8 (a), both energy
recovery efficiency and extracted energy increase with rising injection
temperatures at the main well. Conversely, the wellbore lateral heat loss
fraction (Fig. 8 (b)) and reservoir heat loss fraction (Fig. 8 (c)) decrease
as the injection temperature at the main well increases. An increase in
injection temperature at the main well amplifies the temperature dif-
ference between the injected fluid and the reservoir’s in-situ tempera-
ture. According to Equations (7) and (8), this results in a great amount of
heat being injected and extracted (Fig. 8 (b)). Additionally, as indicated
by Equation (10), a high injection temperature at the main well causes a
large temperature gradient between the wellbore and surrounding for-
mation, thus leading to an increased heat transfer between these two
regions, i.e., high net heat loss along the wellbore. Similarly, the rise in
injection temperature increases the temperature difference between the
injected fluid and the aquifer, resulting in higher net reservoir heat loss.
However, both the wellbore lateral heat loss fraction and reservoir heat
loss fraction decrease because the increase in injected energy is much
more efficient than the increase in conductive heat loss through the
wellbore and the reservoir. This results in a great fraction of high-
temperature heat being extracted from the reservoir and reduces over-
all heat losses (including both wellbore and reservoir heat losses),
thereby improving the energy recovery efficiency (Fig. 8 (a)). The dif-
ferences in the ranges and variations of energy recovery efficiency,
extracted energy and wellbore lateral heat loss fraction between the
numerical approach and the approach without considering wellbore
lateral heat transfer, influenced by changes in injection temperatures at
the main well, are summarized from the 1st to the 5th year in Fig. 8(e)
and (f). With the rise of injection temperatures at the main well, the
magnitudes of the error bars for energy recovery efficiency, extracted
energy and wellbore lateral heat loss fraction between the numerical
approach and the approach that excludes wellbore lateral heat transfer
decrease. Up until the fifth year, there are minor differences in energy
recovery efficiency and wellbore lateral heat loss fraction due to the
fully heated conditions in the aquifer. The impact of injection temper-
ature on an HT-ATES system’s performance is multifaceted, directly
affecting heat storage efficiency, heat loss, energy consumption and
overall economic benefits. Optimizing the injection temperature can
maximize the economic benefits by balancing the efficiency of heat re-
covery with the costs associated with energy consumption and heat loss,
leading to a more profitable operation.
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4. Conclusions

In this work, we investigated the impact of wellbore lateral heat
transfer on the performance of HT-ATES systems. Our study focused on a
specific HT-ATES project (the Swiss Bern project (Vidal et al., 2022))
using a five-spot system and numerically evaluated different ATES
performance indicators including energy recovery efficiency, extracted
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energy, wellbore lateral heat loss fraction and reservoir heat loss frac-
tion. We also examined how various wellbore configurations and oper-
ational parameters affect the HT-ATES performance, particularly due to
the changes of the wellbore lateral heat loss. The key conclusions for this
specific project can be listed as follows.
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e Based on the reference case, the wellbore lateral heat loss can
diminish the energy recovery efficiency of the HT-ATES system by
around 7 %, which reflects the necessity of considering the wellbore
in the ATES performance evaluation rather than ignoring the
wellbore.
o The analytical approach to calculate the wellbore heat loss
gives rise to slightly lower values than the numerical one, thus
leading to a higher energy recovery efficiency.
o This study compares the two approaches to verify the reliability
of analytical method. While numerical solutions are more real-
istic, they are computationally complex. Analytical methods,
though less accurate, save computational time, especially in non-
open-hole sections where advective heat transfer can be neglec-
ted. For open-hole sections, numerical methods are necessary due
to fluid flow. The goal is not to favor one method but to highlight
their differences and appropriate use cases.
Using a small wellbore diameter can enhance the energy recovery
efficiency of ATES, while large wellbore diameters lead to increased
wellbore lateral and reservoir heat losses due to low fluid extraction
volumes. The small diameter lowers the drilling costs but generates
high wellbore pressure drops thus increasing the energy consump-
tion for pumps.
Wellbore casing materials with low thermal conductivity (e.g.,
fiberglass), improve the ATES system performance (energy recovery
efficiency) by minimizing wellbore lateral heat loss to 3.3 %, which
is approximately 51.4 % less than in the reference case.
Regarding the number of supporting wells, energy recovery effi-
ciency decreases with more wells in the first storage cycle due to the
large space of reservoir heating. However, the case with three sup-
porting wells demonstrates the best performance in the last cycle,
mainly affected by the large extracted fluid volume from the warm
reservoir condition.
High flow rates enhance energy recovery efficiency and extracted
energy while decreasing both wellbore and reservoir heat losses. This
improvement results from the fast injection and production of fluid,
which relatively reduces fluid residence time and thermal diffusion.
While high flow rates can enhance convective heat transfer and
reduce wellbore lateral heat losses, they may also lead to early
thermal breakthrough at the production wells. This can shorten the
duration of the heat storage phase, potentially resulting in extended
idle periods where stored heat dissipates into the surrounding for-
mation via conduction, ultimately reducing long-term energy re-
covery efficiency.
High fluid injection temperatures at the main well can increase both
wellbore and reservoir heat loss. However, the fractions of the
wellbore and reservoir heat loss decrease due to the large amount of
energy injected.

In conclusion, this study underscores the significance of wellbore

Geoenergy Science and Engineering 251 (2025) 213874

lateral heat loss in the evaluation of the HT-ATES system performance.
Our findings indicate that wellbore configurations and operational pa-
rameters should be carefully considered for designing an effective HT-
ATES system. Although the studied parameters can give an impact on
the energy recovery efficiency in a monotonous manner, other relevant
factors such as material price, supply energy for hydraulic pump and
drilling cost must be taken into account in order to find the optimal
design solution of HT-ATES system. This study primarily investigates the
initial phase of HT-ATES operations, covering the first five cycles.
However, in real-world applications, HT-ATES systems are expected to
operate for 30+ years, and steady-state conditions may only be reached
after many cycles. Future studies should extend the simulation period to
capture long-term thermal and hydrodynamic trends.
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Appendix I. Numerical algorithm of fully coupled wellbore-reservoir simulator

Taking the open-hole section as an example in Fig. A1 (a), the 1D wellbore intersects the center position of a column of formation grid blocks. The
wellbore works as a line source, meaning that fluid and heat can flow out of or into the coupled reservoir grid block along the whole element lines (red
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dots in Fig. A1 (a)). Simultaneously, the corresponding reservoir grids conservatively exchange the mass and energy with the wellbore elements. Space
distributions of variables are based on the linear interpolation of their nodal values. The fluid properties in the coupling terms (Table 2) are evaluated
based on the upstream method (fluid flow direction), which is only from either the wellbore or reservoir. The numerical algorithm for solving the
coupled wellbore-reservoir model is illustrated in Fig. A1 (b).

(a) (b) Time step n Time step n +1
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Injection Injection
Injection l ' Production el
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Fig. Al. Illustration of (a) the full coupling between the 1D wellbore simulator and the 3D reservoir simulator using the FEM; (b) numerical algorithm of the fully
coupled simulator at each time interval (i.e., between time step n and time step n+1).

1) Wellbore modeling: At the first iteration, given the initial pressure, temperature and fluid properties (i.e., density, viscosity and enthalpy) from the reservoir’s
coupling grids, the wellbore simulator is employed to simulate the fluid flow and heat transfer processes, implicitly.

2) Reservoir modeling: Secondly, the corresponding results from the wellbore simulator’s coupling grids are transferred into the reservoir simulator, as inputs. The
reservoir modeling results are then fed back into the wellbore simulator for the next iteration.

3) Coupling iterations: There are two iterations for this coupled simulation. One is the inner iteration for solving each simulator (reservoir or wellbore), the
convergence criteria should be satisfied with the Newton-Raphson method. The convergence criteria for the inner iteration were based on both nonlinear and linear
relative and absolute tolerances, all set to 10~ for variables, including pressure, temperature and flow rate. Another one is the outer iteration (i.e., coupling)
between the wellbore and reservoir simulators by simply transferring coupling data between them. The outer iteration was implemented using MultiApp in
MOOSE. Additionally, MOOSE'’s executioners provided fixed-point iteration algorithms to ensure tight coupling. For the outer iteration, the relative and absolute
tolerances were set to 107> for coupling data, including pressure and temperature. Once the convergence criterion is met, we move to the next time step for new
computations.

Appendix IIValidation of numerical model for lateral heat transfer in the wellbore

To validate the borehole heat transport process in the wellbore-reservoir simulator, we conducted a benchmark simulation and compared the
results with Ramey Jr (1962) analytical solution. The benchmark simulates a 30 m horizontal pipeline (see Table Al for rock and fluid properties) in
the subsurface, with circulation fluid flowing at 2¢10~* m®s~1. The inlet fluid temperature is set at 20 °C, while the surrounding soil or rock begins at
55 °C.

Table Al
Rock and fluid properties of the reservoir and wellbore systems.

Regions Properties Symbols Units Values

Reservoir porosity ¢ - 0
permeability k m? 0
density Ps kg m~3 2600
specific heat capacity Cps J kg’1 K! 850
thermal conductivity As WmtK?! 2.78

Wellbore inner casing diameter Tei m 0.25826

(continued on next page)
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Table A1 (continued)
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Regions Properties Symbols Units Values
outer casing diameter Teo m 0.27
cement/formation interface wellbore diameter T m 0.28
casing thermal conductivity Acas WmtK?! 45
cement thermal conductivity Acem WmtK? 1.1

Fluid flow rate Q m3s7! 20107
density P/ Jkg 'K 1000
thermal conductivity A Wm k! 0.59
dynamic viscosity I Pas 1.14¢10°3
specific heat capacity Cpl J kg’1 K! 4190
roughness f m 1074

As the fluid circulates, its lower temperature gradually cools the surrounding formation. The simulated evolution of the wellbore outlet circulation
fluid temperature is compared with Ramey’s analytical solution (see Fig. A2). The main discrepancy occurs at the start of the simulation due to the
influence of the wellbore’s initial temperature and cement heat capacity in the numerical model, which are not accounted for in Ramey’s solution. In
the numerical model, it takes nearly 0.1 days for the initial fluid to drain, resulting in a slight delay and causing the numerical results to shift forward
(seered line in Fig. A2). Additionally, the inclusion of cement heat conduction leads to a slower temperature decline in the numerical model compared
to the analytical solution. Despite these initial differences, the two results converge as the simulation progresses, and heat transfer becomes dominated
by formation heat conduction after about one day (Fig. A2).

28r© 1
o
g
22061 i
o
L)
=1
£
Lot |
kS
5
5]
S22t 1
2
k)
= © Ramey (1962)
20 ——Numerical result 1
0 1 2 3
Time [day]

Fig. A2. Simulated wellbore outlet fluid temperature during the first 5 days, compared with the analytical solution of Ramey Jr (1962).

Appendix III. Supplementary contents

During the storage phase, the fluid production from the supporting wells with different diameters can be divided into three phases.

1) initial period with less fluid production of larger diameter cases than smaller diameter cases (Fig. A3 (a)): Since fluid production operates based on
the pressure differential between the wellbore and the surrounding aquifer, the initial pressure build-up around the main well is less pronounced in
the larger wellbore diameter case. The smaller pressure differential between the supporting wells and the aquifer results in reduced fluid pro-
duction from the supporting wells during this initial period.
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Fig. A3. Effects of wellbore diameter on numerical solutions of annual extracted fluid volume from (c) supporting wells at the initial time (a) and at the end time (b)

within 1st storage phase; (d) main well within the 1st extraction phase.

2) later period with increased fluid production of larger diameter cases (Fig. A3 (b)): as the main well continues to inject fluid, the larger diameter allows for more
efficient fluid movement in the reservoir. While the reservoir pressure increase in the larger wellbore diameter case is slower and less than in the smaller diameter
case, the improved fluid mobility over time leads to a larger driving force for fluid flow toward the supporting wells. The higher WI values of the larger wellbore
diameter wells further enhance this flow, resulting in increased fluid production during this later phase.

3) final period with the same fluid production (Fig. A3 (c)): Eventually, fluid production rates from the supporting wells stabilize and become similar regardless of
wellbore diameter. At this point, the system has reached a balance where both large and small-diameter wells produce at comparable rates.

Data availability
Data will be made available on request.
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