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ABSTRACT: The CO2−Plume Geothermal (CPG) technology is an
emerging approach that utilizes CO2 as a working fluid to
simultaneously extract geothermal energy and achieve long-term
underground carbon sequestration. The circulation of cold CO2
significantly lowers reservoir temperature and alters rock wettability,
which threatens the long-term security of CO2 sequestration by
weakening the capillary sealing capacity of caprock. To address this
concern, we investigate the mechanisms by which cooling-induced
wettability alteration affects the capillary sealing capacity of CPG
caprock and quantitatively evaluate the associated leakage risks. First, we
propose a temperature-saturation dependent capillary pressure (TSPC)
model to quantify the impact of temperature variations on caprock
capillary sealing capacity. Subsequently, the TSPC model is integrated
into our in-house numerical reservoir simulator to quantitatively assess
CO2 leakage for a field-scale CPG operation. Simulation results show that temperature reduction during CPG operation decreases
capillary pressure by 45%−87%, which substantially undermines the ability of the caprock to prevent CO2 upward breakthrough.
The decline in capillary pressure weakens the sealing capacity and leads to nearly 50,000 tons of CO2 leakage in a representative
CPG reservoir simulation. The above results demonstrate a previously unrecognized CO2 leakage mechanism in CPG systems
caused by cooling-induced wettability alteration. In addition, we propose practical mitigation strategies to address this leakage risk
and enhance the long-term security of CO2 sequestration after CPG operations.
KEYWORDS: CCUS, CO2-plume geothermal system, geological carbon storage, rock wettability, numerical reservoir simulation

1. INTRODUCTION
The increasing concentrations of greenhouse gases in the
atmosphere pose a significant threat to the global climate,
highlighting the urgent need to transition from conventional
fossil fuels to green and renewable energy resources.1−4 A
CO2−Plume Geothermal (CPG) system represents a cutting-
edge integration of geothermal energy extraction with carbon
capture, utilization, and storage (CCUS).5−7 By using CO2 as a
working fluid, CPG systems address two critical global
challenges: mitigating global warming and increasing energy
sustainability.8 In a CPG system, CO2 is injected into deep hot
aquifers to absorb heat, and then it is produced to the surface
for energy generation. After extraction, the cooled CO2 is
either recycled or permanently stored in target geological
formations. Higher mobility in porous media and better heat
transfer efficiency on surface generators make CO2 particularly
effective for extracting geothermal energy from deep hot
aquifers.9 Moreover, CPG systems provide an efficient
approach to permanently storing CO2 in subsurface formations
and reducing the negative environmental impact of energy
production.10 This dual functionality not only enhances the

economic viability of CCUS projects but also supports the
transition toward renewable and sustainable energy systems.

The development of CPG systems has drawn increasing
attention in recent years, particularly regarding the challenges
associated with CO2 leakage.11−13 Leakage pathways include
caprock fractures, fault zones, and poorly sealed wells,
presenting unique challenges and were highlighted by prior
studies.14−19 Rock fractures, often formed by stress or reservoir
pressure changes, have been identified as critical pathways for
CO2 leakage.14,15 Fault zones, due to their complex geological
structure, can act as conduits or barriers for CO2 migration,
depending on their sealing capacity.17,18 Poorly sealed wells,
particularly abandoned or improperly completed wells, pose
significant risks due to potential cement degradation and
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casing failures, as observed in field studies of CO2 storage
projects.19,20 Both rock and cement are porous media with
nonzero permeability, which means that only reducing
permeability to prevent CO2 leakage is impractical for long-
term sequestration projects. Extensive studies have demon-
strated that utilizing effective sealing mechanisms is critical for
preventing CO2 migration into overlying formations, thereby
ensuring storage security in the post-CPG period.21 Among the
various factors influencing leakage, capillary pressure plays a
critical role. Experiments and numerical simulations have
demonstrated that higher capillary pressure in caprock
formations can significantly reduce the risk of CO2 leakage.22,23

Temperature reduction in the formation during geothermal
extraction can alter the gas−water contact angle and interfacial
tension in its caprock, thereby weakening its capillary sealing
capacity.24−27 Despite the importance of this phenomenon for
assessing CO2 storage capacity and long-term security, its
influences have not been adequately investigated in the existing
literature. Although some experimental studies have qualita-
tively demonstrated the effects of temperature on rock
wettability,24,26,27 their implications for field-scale CPG
systems are not explored. Filling these research gaps is
essential for optimizing CPG design and operation while
ensuring long-term CO2 containment.

Capillary pressure prediction is essential for assessing
cooling-induced CO2 leakage risks from the numerical
simulations of CPG systems.22 Pore-scale modeling provides
a more detailed approach by simulating fluid flow within
individual rock pores.28,29 This method allows for a deeper
understanding of how pore geometry, wettability alteration,
and fluid properties influence capillary pressure. Advances in
imaging technologies, such as X-ray microtomography, have
enabled the construction of high-resolution pore-scale
models.30,31 Although these models are invaluable for studying
microscopic interactions, they are computationally intensive
and therefore not suitable for large-scale reservoir simulations.
Recent developments in artificial intelligence (AI) have
introduced data-driven methods for predicting capillary
pressure.32,33 AI models offer a way to incorporate nonlinear
dependencies and reduce reliance on predefined functional
forms. However, their success depends heavily on the
availability and quality of training data. Empirical models are
the most widely used methods for predicting capillary pressure
in numerical CPG reservoir simulations.34,35 Based on
experimental data, these models, such as the Brooks-Corey
and van Genuchten models, describe a capillary pressure-
saturation relationship using simplified equations.36,37 While
these models are computationally efficient and adaptable to
different rock types, they often fail to capture the wettability
alteration under varied formation temperatures, limiting their
applicability to CPG systems. Some recent studies utilized
microscopic experimental data, gas−water contact angles and
interfacial tension (IFT), to predict capillary pressure under
varying formation pressures.22,38 Nevertheless, they are not
applicable to CPG systems, as temperature variations play a
dominant role during geothermal extraction, while pressure
changes are minimal. To our knowledge, a capillary pressure
model that considers the effects of temperature variation
remains an unaddressed gap in large-scale CPG reservoir
simulations.

The primary objective of this study is to evaluate how
temperature reduction alters the capillary pressure in caprocks
and its potential effect on the sealing capacity of caprocks. This

is achieved by developing a temperature-saturation dependent
capillary pressure (TSPC) model. It integrates microscopic
experimental data, contact angles and IFTs to quantify the
thermal effect on capillary pressure. The developed model is
incorporated into our numerical CPG simulator39 to assess the
impact of cooling on caprock sealing integrity through field-
scale CO2 simulations of CO2 underground migration and
breakthrough behavior. The simulation results uncover a CO2
leakage mechanism in CPG systems caused by cooling-induced
wettability alteration, which has been largely overlooked in
previous CPG research. The remainder of this paper is
organized as follows: Section 2 introduces the methodologies,
including the mathematical model for numerical CPG
simulation, the development of the TSPC model, and the
setup of simulation cases; Section 3 presents the modeling and
field-scale simulation results; Section 4, which discusses the
broader implications of the findings for CO2 storage security in
CPG systems.

2. METHODOLOGIES

2.1. Mathematical Model for Numerical CPG Simulation

The mathematical framework for geothermal reservoir
simulation in this study is built on the principles of multiphase
fluid flow within porous media, underground heat transfer,
matter and energy conservation. Multiphase fluid flow in
porous media is governed by Darcy’s Law, an empirical
formula that calculates the flow velocity (v) through a porous
medium based on its permeability and potential differences,
including phase pressure and gravity. It is expressed as

i
k
jjjj

y
{
zzzz= =v k P h

k
g w( ) , ,r

(1)

where k is the absolute permeability of the rock; P refers to the
phase pressure; Υ represents phase gravity; h is block depth; kr
indicates phase relative permeability; μ denotes phase
viscosity; g, w means CO2-rich phase and aqueous phase,
respectively. Because the fluid velocity in the formation is very
low, the fluid and rock are assumed to share the same
temperature within each grid block. Under this condition, heat
transfer along with fluid flow and heat conduction due to
temperature difference dominate heat flow within the reservoir.
Heat conduction is modeled using Fourier’s Law, which
describes the heat transfer due to temperature gradients:

=Q Tcd (2)

where Qcd is heat flux due to conduction; λ represents the
thermal conductivity of fluid or rock; ∇T refers to the
temperature gradient between two adjacent grids; The heat
transfer along with fluid flow within the subsurface geothermal
formation is described by the following equation:

=Q vE P T( , )cv h (3)

where Qcv is heat flux due to fluid flow; ρ refers to molar
density; v indicates flow velocity calculated from eq 1; Eh
represents the specific enthalpy of fluid. The mass conservation
equation for two-phase flow (CO2-rich phase and aqueous
phase) can be derived by combining the principle of
conservation of mass with Darcy’s Law. The governing
equation for each component (CO2 and H2O) is given by
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ϕ denotes rock porosity; xi and yi are the mole fraction of i-
th component in the aqueous phase and CO2-rich phase,
respectively; S refers to phase saturation; t is time; qi represents
the molar well flux of i-th component. Combining the above
heat flux components with mass conservation and accounting
for heat source or sink terms from well flux. It gives the heat
conservation equation:
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(5)

In this equation, we denote the solid phase (rock) by α = s.
As convention, set the “saturation” of the solid phase as

=Ss
(1 ) and its “Darcy flux” is equal to zero. Qw is the well

heat flux. The fluid properties, including density, viscosity,
specific enthalpy and composition (xi and yi), are predicted
using pregenerated two-dimensional (temperature and pres-
sure) property tables. The composition tables are obtained by
performing phase equilibrium calculations using the Peng−
Robinson equation of state with the Søreide and Whitson
modification (PR-SW EOS).40,41 Pure CO2 and water phase
density and viscosity data are retrieved from the NIST
Chemistry WebBook.42 The specific enthalpy tables for each
component are also obtained from the NIST Chemistry
WebBook, and the specific phase enthalpies are calculated by
ideal mixing based on the specific enthalpies of components.
Detailed solubility and fluid properties data for CO2/water can
be found in Appendix C.

Figure 1 illustrates the solution methodology for the
mathematical model governing geothermal reservoir simulation
at each time step. This approach provides a fully implicit
solution of all variables, including temperature, pressure, and

mole fractions, across all grid blocks. Initially, pressure and
mole fractions are solved simultaneously using the Newton−
Raphson method, which efficiently handles the coupled
nonlinear equations. Subsequently, temperature is calculated
using an explicit method to provide an initial estimate. Finally,
the temperature is updated using an iterative implicit method
to obtain an accurate solution, ensuring consistency across the
energy conservation equation. This workflow balances
numerical stability with computational efficiency, enabling
robust simulation of geothermal reservoir dynamics.
2.2. Temperature-Saturation Dependent Capillary
Pressure (TSPC) Model

Capillary pressure is the pressure difference across the interface
of two immiscible fluids, driven by capillary forces. In existing
commercial software,43−45 for a CO2-brine two-phase system,
Pc depends solely on gas saturation. The pressure of the CO2-
rich phase can be calculated from the aqueous phase pressure
using the equation:46

= +P P P S( )g w c g (6)

Due to its lower density compared to water, the supercritical
CO2-rich phase naturally rises to the top of the aquifer driven
by buoyant forces. The upward movement facilitates the
recovery of supercritical CO2 at the top of the formation but
also poses a risk of leakage if the sealing capacity of the caprock
is insufficient. According to eq 6, capillary pressure can prevent
the upward migration of the CO2-rich phase caused by its
lower density. Thus, the Pc plays a pivotal role in carbon
sequestration after a CO2-plume geothermal extraction due to
its ability to prevent CO2 leaks from seal formation. eq 6 is
applicable when capillary pressure is assumed to be
independent of formation temperature and pressure, although
this assumption may lead to significant errors in capillary
pressure prediction during the CPG operation. Numerous
experimental studies have shown that capillary pressure is
significantly influenced by temperature and pressure, making it
impractical to rely only on gas saturation for its estimation. In
this study, we developed a temperature-saturation dependent
capillary pressure model, extending the previous equations to

Figure 1. Fully implicit sequential solution workflow for geothermal reservoir simulation.
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better capture the impact of temperature variations on capillary
pressure. To establish this model, several simplifying
assumptions were made. First, the rock and fluid phases
within each grid block are assumed to be at the same
temperature and saturation, given the relatively low fluid
velocity in geological formations. Second, the variation of
capillary pressure with temperature is primarily attributed to
temperature-dependent changes in interfacial tension and
contact angle, which reflect the effect of wettability alteration.
Third, temperature-induced mineral reactions, rock−fluid
chemical alterations, and thermally driven changes in pore
geometry are neglected within the simulated temperature
range, so the pore-size distribution parameters are considered
constant. Based on these assumptions, the capillary pressure
can be determined using the Young−Laplace equation, as
follows:

= [ ]
P T S

T T
R S

( , )
2 ( )cos ( )

( )c g
g (7)

where θ denotes the contact angle between the aqueous and
CO2-rich phases; σ represents the interfacial tension (IFT)
between these two phases; R is the radius of the largest pore
throat that is saturated by the aqueous phase at a specific gas
saturation. A reference capillary pressure−saturation [Pc

ref(Sg)]
curve at a selected reference temperature can be obtained from

experimental measurements. The capillary pressure at different
temperatures is obtained by scaling the reference curve using
the Young−Laplace equation. Finally, the temperature-
saturation dependent capillary pressure model is expressed as
follows:

=P T S f T P S( , ) ( ) ( )c g s c
ref

g (8)

In this equation, fs denotes the scaling factors; Pc
ref represents

the reference capillary pressure. The scaling factor fs is derived
from the Young−Laplace equation and is defined as

= [ ]
[ ]

f
T T( )cos ( )

coss ref ref (9)

where σref and θref are IFT and contact angle at the reference
temperature. This model integrates experimental observations
and theoretical principles to provide a comprehensive
understanding of capillary pressure under varying temperature
and saturation conditions. Furthermore, our model is not
based on regression correlations and does not require any
tuning factors. It can be universally applied to various rock
types using just two sets of macroscopic (Pc

ref) and microscopic
(IFT and θ) experimental data. In addition, the interfacial
tension and contact angle measurements employed in our
model are significantly more cost-effective and time-efficient

Figure 2. Numerical geological model and caprock wettability data set for CPG simulation.
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compared to the conventional approach of obtaining multiple
Pc curves under different temperature conditions.

Although rock wettability affects both capillary pressure and
relative permeability (Kr), the present study focuses on the
temperature dependence of Pc while keeping Kr constant. This
simplification was adopted to isolate the primary mechanism
controlling CO2 leakage and to avoid additional uncertainty
introduced by the lack of reliable temperature-dependent Kr
correlations for CO2−water systems. It should be noted that
neglecting the variation of Kr with temperature may lead to
deviations in the simulated leakage, particularly in estimating
the CO2 migration rate through the caprock. Nevertheless, the
leakage occurrence and total leaked mass are predominantly
governed by Pc, and thus the conclusions drawn in this study
remain valid. Future work should focus on incorporating
temperature-dependent relative permeability modeling once
sufficient experimental data become available, thereby
improving the quantitative representation of the impact of
wettability alteration on flow rate in CPG systems. Existing
temperature-dependent oil−water relative permeability models
developed for Steam-Assisted Gravity Drainage (SAGD)
operations47−49 might provide useful references for future
model development.
2.3. CPG Simulation Cases and Rock Wettability Data

The CPG Simulation Model is a derivative version based on
the SPE11C model,50 modified and adapted to meet the
specific needs of this study. The model scale has been reduced
to 1008 m × 500 m × 360 m, which represents a typical size
for CPG exploitation simulations. To enable CO2 migration to
the production well located in the upper part of the model, the
impermeable layer in the middle of the model was replaced
with a permeable aquifer. The caprock layer at the top of the
model (Facies 1) was retained to prevent CO2 from leaking
out of the target formation. The grid model has dimensions of
168 × 25 × 100, and the formation exhibits anisotropy, with
different layers having varying porosity and permeability.

Figure 2A illustrates the numerical grid model generated by
our reservoir simulator, providing a detailed representation of
the geological setup. The top boundary of the model (the top
of Facies 1) is isobarically opened to simulate potential CO2
leakage through caprock. The initial average temperature of the
formation is 420 K, the average pressure is 200 bar, and the
formation is saturated with hot brine. The injection wells
consist of six horizontal wells aligned in the Y-direction, evenly
distributed at the bottom of the high-permeability aquifer
(Facies 5). Each injection well is 420 m in length and
strategically spaced to maximize the sweep efficiency of CO2.
The wells inject CO2 continuously at a rate of 905 tons per
day. A single horizontal production well is located near the top
of the aquifer, oriented in the X-direction. This well spans 960
m and operates under a constant bottom-hole pressure (BHP),
which is equal to the initial well block pressure (185 bar). This
BHP control ensures the continuous operation of the CPG
system and maintains its stability. The injection rate in this
study was determined through an iterative procedure that
balances geothermal energy extraction efficiency and the
usability of the recovered heat. Two operational constraints
were imposed: (1) the total CPG operation period was set to
80 years and (2) the bottom-hole temperature (BHT) at the
production well was designed to reach 328 K (55 °C) at the
end of operation. An initial injection rate was first assigned,
and the CO2 cycling process was simulated for 80 years. If the

simulated production well BHT after 80 years exceeded 55 °C,
the injection rate was increased; otherwise, it was reduced. The
target BHT of 328 K represents a balanced condition between
energy recovery efficiency and the practical usability of the
extracted heat. A higher terminal BHT would indicate
incomplete thermal extraction, whereas a lower BHT would
yield CO2 at a temperature too low for practical utilization,
even for district heating. The final injection rate derived from
this procedure corresponds to a million-ton−scale CPG
project (approximately 1.97 Mt yr−1), consistent with the
industrial expectations for large-scale CCUS deployment.51

Further information about the CPG model can be found in
Appendices A, B and C. After the geothermal extraction is
terminated, we will simulate the subsequent migration of CO2
within the reservoir for 2000 years to ensure that the CO2 in
the formation reaches equilibrium. The SPE11 project involved
extensive intercomparison exercises among multiple research
teams, focusing on coupled processes of CO2 dissolution,
multiphase flow, and heat transport in geological formations.
As a participant in the SPE11 benchmark project, we published
comparative results with other teams,52 providing validation
for the numerical framework adopted in this study. The CPG
reservoir model established here is based on the SPE11C
configuration, ensuring that the above validation is still
applicable to the present simulations.

The wettability data for our CPG simulations consist of four
key components: relative permeability curves, capillary
pressure curve at a reference temperature, contact angle at
different temperatures and interfacial tension (IFT) at different
temperatures. The relative permeability curves and capillary
pressure at reference temperature were determined using
empirical formulas that are suggested in the SPE11 project. For
relative permeability, the Brooks-Corey model was applied.37

This model uses normalized saturations to calculate phase
permeabilities, accounting for immobile phase saturations in
the normalization process. The formula includes parameters
that define the nonlinearity of the relationship between relative
permeability and saturation. Similarly, the capillary pressure
curve is also based on the Brooks-Corey equation, incorporat-
ing entry pressure and normalized water saturation. The
extended capillary pressure model accounts for maximum
capillary pressure using an error function to ensure smooth
transitions, making it suitable for multiphase flow scenarios.
The contact angle at different temperatures and the IFT data
were obtained from literature, specifically from measurements
on a shale sample.26 This type of rock, with its excellent
compactness, is suitable for use as a caprock in the CPG
model. To provide a more intuitive understanding of these
data sets, we have plotted the Facies 1 (caprock) data in Figure
2B. Since capillary pressure in the storage formation has a
negligible effect on CO2 leakage, this study focuses only on the
thermal effect on the caprock. Therefore, contact angle and
interfacial tension data for other facies are not required. The
corresponding capillary pressure, relative permeability, contact
angle and IFT data for all facies are provided in Appendix D
for reference.

It should be noted that the simulation results depend on
several key input parameters, including the interfacial tension
(IFT), contact angle, injection type, and well configuration. In
this study, these parameters were selected based on
representative experimental correlations and typical CPG
operation schemes. While variations in these inputs may affect
the quantitative results, the modeling framework and findings
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Figure 3. Calculated scaling factor and capillary pressure from the TSPC model.

Figure 4. Formation and production well bottom-hole temperature evolution from CPG simulations.
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remain valid for conventional CPG projects. For nonstandard
CPG operations, specific model settings may need to be
adjusted to improve simulation accuracy and ensure reliable
prediction.

3. RESULTS AND DISCUSSIONS
This section presents the key findings of our study, divided
into two parts. The first part focuses on the results of capillary
pressure modeling, highlighting the impact of temperature
variations on capillary sealing capacity. The second part
extends the analysis to field-scale CPG numerical simulations,
investigates the effects of temperature reduction during
geothermal extraction on the capillary sealing capacity of
caprock and assesses the potential risks of CO2 leakage.
3.1. Capillary Pressure Modeling Results
The TSPC model was utilized to calculate scaling factor curves
and capillary pressure values under varying temperature and
gas saturation conditions. These calculations were based on the
wettability data presented in Figure 2B. In Figure 3A, the
scaling factor curves generated from the TSPC model highlight
the effects of temperature and salinity. The results show that
the scaling factor decreases with reduced temperatures. In
contrast, salinity exerts a complex influence on the scaling
factor, with higher salinity generally leading to a smaller scaling
factor. According to eq 7, the scaling factor is directly
proportional to capillary pressure, indicating that capillary
pressure tends to increase as temperature rises. As the
temperature decreases from 180 to 80 °C, the capillary
pressure is reduced to approximately 13% to 55% of its original
value, depending on the salinity level. This trend is validated by
the simulation results of capillary pressure presented in Figure
3B, which shows the calculated capillary pressure under
varying temperature and saturation conditions. The results

confirm that capillary pressure decreases with falling temper-
ature, consistent with the scaling factor trends observed in
Figure 3A.

In caprock formations, capillary pressure acts as a key barrier
that prevents the upward migration of buoyant CO2. It is
strongly influenced by wettability, which controls the fluid-rock
contact angle. When the caprock is strongly water-wet, the
capillary entry pressure is high, making it more difficult for
CO2 to access the pore throats of the rock. However, according
to the above results, cooling-induced wettability alteration
reduces the rock’s affinity for water, which effectively lowers
the capillary pressure. As a result, CO2 can enter it more easily
and migrate through the caprock pores, undermining the
effectiveness of its capillary seal. This process compromises the
integrity of geological CO2 sequestration and raises concerns
about long-term safety, particularly in systems where temper-
ature variations are significant, such as in CO2 plume
geothermal (CPG) operations. The results in Figure 3 quantify
the impact of temperature-induced wettability alterations on
the capillary sealing capacity of rocks, providing a theoretical
basis for the following field-scale CPG simulations. In the CPG
simulations, the data obtained from Figure 3B will be used to
model the capillary pressure in the formation as a function of
both temperature and saturation, so that it can capture the
thermal effect. This approach allows for a more realistic
representation of reservoir conditions and facilitates a more
accurate assessment of CO2 migration and potential leakage
during both geothermal energy extraction and the post-CPG
sequestration phase.
3.2. Field-Scale CPG System Simulations

To establish a basic understanding of the CO2 plume
geothermal (CPG) systems, we conducted simulations
excluding the impact of temperature reduction on capillary

Figure 5. Cross-sectional views of gas (CO2-rich) phase distribution and temperature variation during a CPG operation.
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pressure. This provides insights into the migration of
subsurface fluids during the operation of a field-scale CPG
project.

Figure 4 illustrates the evolution of formation and
production well bottom-hole temperature before and after
the operation of a CO2 Plume Geothermal (CPG) system.
Initially, the formation exhibits a relatively high and uniform
temperature distribution, indicating that the reservoir contains
considerable geothermal resources and is an ideal candidate for
CPG exploitation. After CPG operation (t = 80 years), a
pronounced reduction in formation temperature is observed in
most regions of the reservoir (Figure 4B). Figure 4C
quantitatively illustrates the temporal evolution of formation
and well temperatures during the 80-year operation period.
The average formation temperature decreases from approx-
imately 421 to 356 K, corresponding to a reduction of about
65 K. The well bottom-hole temperature drops more
significantly, reaching 328 K at the end of the operation.
This value is consistent with the design constraint specified in
Section 2.3, confirming that further operation would yield
negligible geothermal benefit and can thus be terminated. After
shut-in, Figure 4D depicts the subsequent geothermal recovery
process. The temperature recovery is extremely slow, taking
thousands of years for the formation to approach its initial
temperature. This prolonged low-temperature state implies
that the capillary sealing capacity of caprock remains partially
weakened for an extended period, thereby increasing the
potential risk of CO2 leakage before full thermal recovery is
achieved.

Figure 5A presents cross-sectional views of the gas phase
(CO2-rich phase) distribution over time, corresponding to the
simulation model shown in Figure 4. Both panels display

vertical slices at specific times, with the left panel showing the
cross-section at Y = 13 and the right panel depicting the cross-
section at X = 98. Initially, the gas phase appears around the
injection wells due to the CO2 injection (t = 10 days). Driven
by the pressure difference between the injection wells and the
production well in the upper area of the model, as well as the
density difference between gas and water, the injected CO2
migrates upward and forms several distinct CO2 plumes (t =
100 days). As the injection progresses, the CO2 plumes expand
and eventually surround the production wells, making CO2
become the primary heat-carrying fluid (t = 5 years). As the
sustained operation of the CPG system, the CO2 plumes
further grow and merge into a single, continuous plume. The
gas phase saturation increases significantly due to the
formation water being gradually extracted, as shown at t =
30 years and t = 80 years. Notably, CO2 leakage is not
observed during the operation, which can be attributed to the
low-pressure region around the production wells and the
sealing integrity of the caprock. However, the accumulation of
CO2 beneath the caprock poses a potential risk for upward
migration during the post-CPG period. As the formation
temperature gradually recovers after CPG shut-in, the thermal
expansion of CO2 may lead to an increase in reservoir pressure,
potentially enabling CO2 to overcome capillary entry pressures
and migrate through the caprock, thereby compromising long-
term storage security. Therefore, maintaining good sealing
integrity of the caprock over the entire storage lifespan is
essential for ensuring the safety and effectiveness of CO2
sequestration in the post-CPG period.

Figure 5B illustrates the temporal evolution of the
temperature field within the reservoir during the operation of
the CPG system, presented as cross-sectional views. Both

Figure 6. Comparison of CO2 migration and capillary pressure distribution in the caprock during the post-CPG period with and without
considering thermal effect.
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panels display vertical slices, with the left panel showing the
cross-section at Y = 13 and the right panel depicting the cross-
section at X = 98. At the initial stage, the temperature
distribution is relatively uniform, reflecting a constant geo-
thermal reservoir gradient. As CO2 injection and heat
production progress, localized cooling zones begin to form
around the injection wells due to the injection of cool CO2. By
t = 5 years, distinct regions of lower temperature can be
observed, indicating that heat from these areas has already
been transported by CO2 to the top of the model or extracted
to the surface. With the sustained CO2 injection, the cooling
effect becomes more pronounced (t = 30 years). Over time,
these cooling zones expand laterally and vertically, eventually
covering most of the reservoir area near the production wells (t
= 50 years). Unlike the changes in gas phase saturation, the
temperature field evolves more rapidly in the horizontal
direction, with several low-temperature regions merging
quickly. However, in the vertical direction, the expansion of
the low-temperature zones is much slower, allowing the
production area to maintain high temperatures for a relatively

long period, which is beneficial for geothermal energy
extraction. By t = 80 years, the temperature field shows
significant cooling in most of the geothermal reservoirs,
indicating that the geothermal resources have been effectively
extracted. Meanwhile, the low-temperature front reaches the
production well, resulting in a noticeable drop in the fluid
temperature within the wellbore. Once the temperature falls
below the predefined shut-in threshold (t < 328 K), CPG
operations are terminated (almost at t = 80 years), and the
simulation transitions into the post-CPG period focused on
geological CO2 storage. The cross-sectional views in Figure 5
provide a detailed visualization of CO2 distribution and
temperature variation within the subsurface formation, offering
a deep understanding of its migration behavior during CPG
system operation. These insights pave the way for subsequent
investigations into cooling-induced CO2 leakage. Additionally,
the results show that most of the high-temperature regions are
affected and exhibit significant temperature reductions, further
highlighting the high efficiency of the CO2 plume in facilitating
thermal energy extraction.

Figure 7. CO2 leakage distribution and cumulative leakage during the post-CPG period with cooling-induced capillary pressure reduction.
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The TSPC model (Pc[T, Sg]) proposed in this study is
further applied to conduct the same CPG simulation to
evaluate the impact of cooling-induced wettability alteration on
capillary sealing capacity. During the operational phase of the
CPG system, the simulation results are consistent with those
obtained using the conventional saturation-dependent capillary
pressure model (Pc[Sg]). However, significant differences
emerge during the post-CPG carbon storage phase, particularly
in the CO2 migration within the caprock. Figure 6 presents a
comparison of CO2 distribution and capillary pressure in the
caprock during the post-CPG period. The figure illustrates a
vertical cross-section within the upper part of the model (Y =
13, Z < 28), focusing on the interior of the caprock. Following
the cessation of CPG operations, residual heat within the
formation is gradually absorbed by the CO2, leading to thermal
expansion and a consequent increase in reservoir pressure.
This pressure buildup drives CO2 upward, initiating its
migration into the overlying caprock in both cases around
85−100 years. Once the gas phase enters the caprock, capillary
pressure appears and resists further CO2 migration. This
behavior is clearly observed in Figure 6B, where regions
containing gaseous CO2 exhibit elevated capillary pressure,
effectively hindering further upward migration and potential
leakage. However, when temperature-induced wettability
alteration is taken into account using the TSPC model (right
column of Figure 6, the capillary pressure values are
substantially lower than those predicted by the conventional
model (left column). This reduction in capillary pressure
compromises the sealing capacity of the caprock and increases
the risk of CO2 leakage. This concern is further substantiated
by simulation results in an extended post-CPG period (250−
500 years). As shown in the left panels, CO2 remains effectively
trapped within the caprock, ensuring secure long-term storage.
In contrast, in the right panels where temperature effects on
capillarity are considered, CO2 breaches the caprock and
migrates beyond the upper boundary of the model, indicating
CO2 is leaked from the target sequestration formation.

Through the above discussion, we have examined the
internal evolution of the gas saturation and formation
temperature and explained the underlying mechanisms of
cooling-induced CO2 leakage. Building on these analyses, we
will further investigate the spatial characteristics and magnitude
of CO2 leakage. Figure 7 presents the leakage distribution at
the top domain of the model as well as the cumulative leakage
amount over time. As shown in Figure 7A, gas-phase CO2
appears near the top boundary of the model when the thermal
effect on capillary pressure is considered, with a portion of the
gas leaking beyond the target sequestration formation. In
contrast, no leakage is observed in the case where temperature
effects on capillary pressure are neglected. Similarly, previous
studies on CO2 leakage risk assessment have shown that
reduced capillary pressure weakens caprock sealing capacity
and facilitates CO2 and leakage.53−55 These findings support
our simulation results, which indicate that cooling-induced
capillary pressure reduction leads to increased leakage risk.
Figure 7B depicts the spatial distribution of CO2 leakage along
the top boundary, which closely aligns with regions of high gas
saturation. This indicates that CO2 primarily leaks in the form
of free gas, whereas dissolved CO2 is securely trapped within
the formation. The cumulative leakage curve in the lower right
panel quantitatively illustrates the leakage amount over time.
During the postinjection period, nearly 50,000 tons of CO2 are
observed to leak out from the caprock, raising serious concerns

regarding long-term storage security. In original SPE11
benchmark simulations from previous research,52 the caprock
successfully contained CO2 without any leakage. In contrast,
when the cooling effect is introduced in this study, the capillary
sealing capacity is significantly reduced, leading to clear CO2
breakthrough near the top of the model. These results
demonstrate that cooling-induced wettability alteration
represents a critical mechanism that can undermine caprock
integrity, yet it has been largely overlooked in previous CPG
research. Neglecting these factors may lead to a significant
underestimation of leakage risks and compromise the safety
and capacity of these dual-purpose systems.

4. IMPLICATIONS
This study investigates the impact of cooling-induced
wettability alteration on the capillary sealing capacity of
caprock in CO2−Plume Geothermal (CPG) systems asso-
ciated with geological CO2 sequestration. The capillary
pressure between CO2 and water can inhibit further upward
migration. However, the long-term sealing effectiveness
depends on whether the capillary pressure is sufficient to
withstand the pressure differential induced by CO2 thermal
expansion. A temperature-sensitive capillary pressure model is
proposed and applied to simulate the dynamic alteration in
capillary pressure under varying thermal conditions. For the
caprock samples used in this study, a temperature decrease
from 453.15 to 353.15 K resulted in a capillary pressure
reduction ranging from 45% to 87%. The above cooling-
induced reduction in capillary pressure can severely impair the
sealing capacity of the caprock. In our field-scale CPG
simulations, approximately 50,000 tons of CO2 escaped from
the target formation when thermal effects on capillary pressure
were considered. Most of the leakage occurs in the supercritical
CO2 phase, while the dissolved CO2 remains securely trapped
within the formation. In summary, the primary mechanism of
cooling-induced CO2 leakage lies in the reduction of capillary
sealing capacity caused by caprock wettability alteration. As the
formation temperature decreases during CPG operation, the
reduced capillary pressure facilitates upward migration of gas-
phase CO2, eventually leading to the leakage. Such leakage can
have severe environmental implications: the upward migration
of CO2 may eventually be released into the atmosphere,
reducing the overall effectiveness of carbon sequestration
efforts; there is a potential risk of freshwater contamination if
CO2 intrudes into shallower freshwater aquifers, reducing
potable water supplies.

To mitigate the risk of cooling-induced CO2 leakage, several
mitigation strategies are proposed and discussed below. (1)
Optimization of injection and production schemes: adjusting
injection−production schedules can effectively mitigate local
cooling intensity near the caprock and help preserve its
capillary sealing capacity. This approach is particularly effective
when the cooling zone overlaps with the caprock region;
however, it may require limiting the development area adjacent
to the caprock, thereby reducing overall geothermal extraction
efficiency. Before implementing this strategy, CPG numerical
simulations should be carried out to evaluate the economic
feasibility of the associated reduction in geothermal energy
recovery. (2) Reducing caprock leakage risk through site
selection: selecting CPG sites with good connectivity to large,
permeable aquifers can effectively dissipate the pressure
buildup associated with CO2 thermal expansion in the post-
CPG period. This strategy reduces the pressure differential
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between the reservoir and the caprock, thereby lowering the
driving force for upward CO2 migration. With a decreased
driving force, the risk of CO2 leakage can remain well
controlled even if the caprock sealing capacity is partially
weakened. This strategy requires more detailed geological and
hydrodynamic information to accurately characterize hydraulic
connectivity. These data sets should cover not only the
reservoir and caprock but also the laterally and vertically
connected aquifer systems at the reservoir boundaries.
Furthermore, the strict site-selection requirements significantly
decrease the number of suitable sites for CPG application,
limiting its large-scale applicability. (3) Pressure management
wells: a production well can be placed at the bottom of the
reservoir to withdraw formation water after CPG operation.
Continuous or intermittent production of formation water
from the reservoir bottom can relieve pressure caused by CO2
expansion during the postoperation period. However, this
strategy also poses two major challenges. First, because the
geothermal recovery process may last for thousands of years,
the pressure management wells would need to operate over an
extended period with slow water withdrawal, significantly
increasing maintenance and operational costs. Second,
maintaining active production wells for such a long duration
also raises safety risks, which must be carefully managed during
postoperation monitoring and control.
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