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A B S T R A C T

Retasking existing subsurface abandoned mines as infrastructure for solar energy storage could be a feasible
approach in overcoming the low thermal gradient present in shallow formations. In this work, the potential for
thermal storage in the high permeability goaf of abandoned mines through diurnal cyclic injection-then-
extraction using coupled thermo-hydro-mechanical modeling was explored by coupling FLAC3D with TOUGH2.
The temperature sensibility of reservoir during 30 days of cyclic injection-then-production was examined at
various injection temperatures (ranging from 50 �C to 250 �C) and rates (ranging from 1 kg/s to 10 kg/s) and for
representative reservoir physical and thermal properties, including variable thermal expansion coefficients. The
simulation results reveal that: The principal mechanisms driving reservoir deformation result from the combined
influence of thermal poroelastic and thermal effects. With the change of reservoir temperature, the reservoir is
perturbed by pressure and thermal stresses causing permeability evolution. Permeability reduces ~10% for a
maximum injection temperature of 250 �C – although effects are reduced the lower injection temperatures. The
pore pressure fluctuations for an injection rate of 10 kg/s is ~6.5 times that for a rate of 1 kg/s. The pressure
perturbation of the reservoir during the injection process decreases with the injection rate, and the reservoir is
relatively more stable. When the thermal stress becomes predominant, the reservoir volume expands. Uplift
displacements 220 m above the hot injection well are trivial an of the order of ~1.5 mm at a mean temperature of
163 �C.
1. Introduction

There are 12,000 abandoned mines in China (2020) with this number
expected to grow to 15,000 by 2030 (Pu et al., 2022). To achieve efficient
and reasonable secondary utilization in abandoned mines, China has
actively explored and studied technologies such as compressed air energy
storage (Bartela et al., 2022) and pumped energy storage (Koohi-Fayegh
and Rosen, 2020) to address the intermittency problem of renewables.
However, one-third of mines in China are flooded (Pu et al., 2022) with it
more expensive to retrofit and operate such mines. One such option for
utilizing such mining infrastructure is in accessing the geothermal
resource present in mines, such as for geothermal energy recovery or as a
“geothermal battery”(Green et al., 2021). A full-scale heat injection test
in the low-temperature Illinois basin (USA) demonstrated the feasibility
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of such a geothermal battery energy storage system (Jello et al., 2022).
The combination of a “geothermal battery” with abandoned mine
infrastructure and space and accommodating local conditions is a pio-
neering “post-mining” technology (Ping et al., 2020) which potentially
solves the problem of low utilization of solar energy due to the limita-
tions of energy storage technology and thus enhances the efficiency of
renewable energy utilization and contributes by driving a national en-
ergy transition.

Operation of any energy storage system in the subsurface impacts the
dynamic evolution of temperature, permeability and porosity in the
system. Injecting or extracting fluids from in and around subsurface
mines and reservoirs disrupts the initial stress equilibrium, inducing
variations in rock pore volume and fluid flow pathways as effective
stresses change (Shao et al., 2020), which in turn cause changes in rock
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permeability. It is crucial to have insight into the reservoir mechanical
response and the evolution of permeability for assessing the safety and
service life of such energy storage systems during fluid injection and
production (Gan et al., 2020). In addition to the fluid-mechanical field,
thermal energy storage requires that the influence of thermal-mechanical
coupling is also considered. Our understanding of THM coupling is well
advanced and based on seepage experiments with rocks subjected to
high-temperature treatments (from ambient to 800 �C) (Liu et al., 2020).
Such studies examine the impact of temperature on the physical response
of the rock mass (Yang et al., 2017), reveal the relationship between
thermal damage and permeability evolution (Xu et al., 2023; Zhang and
Zhao, 2023), establish empirical relationships between rock temperature
and physical-mechanical properties (Wu et al., 2022), develop theoret-
ical models correlating rock permeability with temperature and pressure
(Becattini et al., 2017; Rosenbrand et al., 2015; Wang et al., 2023) under
thermal poroelastic theory (Siratovich et al., 2015). Fracture perme-
ability during geothermal exploitation depends on pore pressures (Guo
et al., 2022), and effective stresses as during hydrocarbon recovery
(Kozhevnikov et al., 2021), with transformations in permeability and
recovery ratio during coal seam gas extraction (Fang et al., 2023). From
these studies, the evolution of permeability is related to the effective
stress within the reservoir and ultimately affects the recovery ratio of the
system.

Some scholars have already investigated the permeability anisotropy
(Panja et al., 2021a) and heterogeneity (Panja et al., 2021a) on the
temperature and pressure distribution of the energy storage system, as
well as the effects of reservoir porosity, thickness, thermal conductivity
and injection rate on the system performance (Josiane et al., 2023).
However, understanding the spatial and temporal evolution of reservoir
permeability and deformation during the cyclic injection-extraction
process is absent. Establishing the dynamic evolution of permeability
over time and space at prototype engineering scale is necessary to opti-
mize geothermal battery system performance. So the following estab-
lishes a 3D model of a geothermal battery energy storage system The
dynamic evolution of reservoir permeability and porosity are followed
while conducting a 30 days cyclic injection and extraction schedule, as a
response to changes in injection-extraction temperature or rates
throughout the cyclic period under the conditions of THM coupling. The
reservoir deformation and changes in overburden/underburden
displacement are monitored, the pressure disturbances generated by in-
jection and extraction and predict the impact of subsurface deformation
during the energy storage process.

2. Methodology and constitutive model

Detailed descriptions of the governing equations and constitutive
models for permeability-porosity evolution in fractured media have been
provided (Hu et al., 2018).
2.1. Governing equation

Mass and energy are conserved during fluid flow, with the integral
form of the governing equations defined as (Pruess, 2004),

d
dt

Z
Vn

MdVn ¼
Z
Γn
F ⋅ ndΓn þ

Z
Vn

qdVn (1)

where M represents the unit volume mass of a specific fluid, Vn refers to
any subdomain of the studied flow system bounded by the closed surface
Vn, F represents mass flux, q denotes sinks or sources, n represents the
normal vector to the surface element dΓn pointing towards Vn, This
equation signifies that the rate of change of mass in a specific volume Vn
is equal to the net inflow across the entire surface of volume Vn including
the inflow of fluid mass from sinks and sources.

The constitutive relations governing the equilibrium state of stress
and strain, including the influence of thermal stress are defined as,
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Gui;jj þ G
1� 2υ

uj;ji � αBpi � αTKTi þ Fi ¼ 0 (2)
where G is the shear modulus, Pa, u is the displacement, m; v is the
Poisson ratio; αB is the Biot coefficient, p is the pore pressure, Pa, αT
represents the thermal expansion coefficient, �C�1, T is the temperature,
�C, K is the rock bulk modulus, Pa, and Fi is the body force, N/m.

According to Duhamel-Neumann theory, a porous medium subjected
to heating will generate internal thermal stresses as (Blanco Martín et al.,
2015),

σij
corr ¼ σij � αΔPδij � 3αTKΔTδij (3)

where σij represents the total stress tensor, Pa, σijcorr is the corrected
tensor, Pa, δij is the Kronecker delta, α is the Biot coefficient, ΔP is the
pore pressure change, Pa, αT represents the thermal expansion coeffi-
cient, �C�1, K is the rock bulk modulus, Pa,ΔT is the temperature change,
�C.

The change in stress field results in mechanical deformation of the
reservoir with rock porosity changing accordingly. The change in
porosity during this heating process may be followed as (Davies and
Davies, 2001; Rutqvist et al., 2002),

φ ¼ φr þ ðφ0 � φrÞe�ασe (4)

where φ0 is the porosity at a reference effective stress (zero), φr is the
porosity under higher effective stress conditions, σe represents the
effective mean stress, Pa, and α is rock compressibility, Pa�1.

Changes in matrix permeability may be related to the evolution of
porosity using the classical Kozeny-Carman model (Nghiem et al., 2004),

k¼ k0 ⋅
�
φ

φ0

�3

⋅
�
1� φ0

1� φ

�2

(5)

where k0 and φ0 are the initial permeability and porosity respectively.
2.2. Reservoir characteristics and model setup

2.2.1. Determination of storage space in abandoned mines
In longwall coal mines, for example, as the coal face advances, the

overburden in the goaf deforms and collapses and eventually forms
“three-zones” (Fig. 1a) during the mining operation. A caved zone fills
with fragmented rock as a surrounding fracture zone generates numerous
fractures with high permeability and porosity – and this can meet the
requirements for fluid extraction and energy storage. Above the panel is a
zone of subsiding strata that experiences minimal disturbance and lacks
water storage capacity, typically consisting of lower permeability rocks –
this zone acts as a caprock to the underlying reservoir. Accurately
establishing a reservoir model for abandoned mine workings remains
challenging due to the scarcity of data and extensive computational re-
quirements (Rodríguez and Díaz, 2009). However, estimates based on
empirical formulae can provide initial and effective evaluations of the
energy storage system.

Heights Hc and Hf in the caved and fracture zones, may be recovered
from empirical formulae as follows (Jiang et al., 2021),

Hc ¼ 100Hm

c1Hm þ c2
� c (6)

Hf ¼ 100Hm

c3Hm þ c4
� c (7)

where c1~c4 and c are empirical parameters (Guo et al., 2018), Hm rep-
resents the coal seam thickness, m, and the reservoir height can be
determined by calculating Hc and Hf, m.

An underground in-situ stress database for Chinese coal mines also
summarizes regression equations for stress variation with depth as (Kang



Fig. 1. (a) Structural geometry of an abandoned mine (Pu et al., 2022) and (b) simplified model of an abandoned mine “geothermal battery” energy storage system.

Fig. 2. The geothermal battery energy storage system model established using
FLAC3D-TOUGH2.

Table 1
Basic parameters for a geothermal battery energy storage system model (Green
et al., 2021; Guo et al., 2023; Sirdesai et al., 2019; Zhang and Zhang, 2019)

Parameters Reservoir Overburden/
Underburden

Rock density (kg/m3) 2000 2500
Initial permeability (�10�15m2) 1000 0.01
Initial porosity 0.25 0.025
Initial Pressure (MPa) 8 8
Formation thickness (m) 40 200
Specific heat of rock (J/(kg�C)) 918 770
Thermal Conductivity (W/(m2K)) 2.51 1.05
Thermal expansion (�C�1) 3 � 10�5

Geothermal gradient (�C⋅m�1) 0.025
Specific heat capacity of water (J/(kg⋅�C)) 4200
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et al., 2019),

σv ¼ 0:0245H (8)

σH ¼ 0:0215H þ 3:267 (9)

σh ¼ 0:0113H þ 1:954 (10)

where σv; σH ; σh represent vertical stress, maximum horizontal principal
stress and minimum horizontal principal stress, MPa, and H represents
depth, m.

2.2.2. Model setup
A numerical model representing a typical working face and goaf was

established using an equivalent porosity simplification method for
analysis (Fig. 1b). The model is based on the following assumptions: (1)
the reservoir is in a quasi-stable state after a long period of overburden
compaction, and under homogeneous geological conditions (Rodríguez
and Díaz, 2009). (2) The height of the coal seam available for extraction
is 3 m (Pruess and Bodvarsson, 1984). The height of the fractured
reservoir, based on the empirical formulae of (7) and (8), is taken at 40
m. (3) Typical working face dimensions for abandoned mine goafs (Cun
et al., 2021) are set at 400 m � 400 m � 40 m. (4) An injection well for
hot water is located 110 m away from the model boundary (Fig. 1b
indicated by a red pentagram) with a recovery well an identical distance
from the boundary across the diagonal of the schematic model (Fig. 1b
indicated by a blue pentagram). The initial reservoir temperature is 50 �C
at a depth of 1000m for an average geothermal gradient of 0.025 �C⋅m�1.
Initial pressure is set to 8 MPa with initial boundary stresses along the
remote x, y, and z-direction assigned at 12 MPa, 12 MPa, and 20 MPa,
and with no-flow boundary conditions applied. A schematic model for
this study is established as shown in Fig. 2 with basic model parameters
listed in Table 1.

2.2.3. Injection and extraction scenarios
The injection and extraction strategy involve the daily injection of

solar-heated water through the hot well (Fig. 1b “hot”) at a constant rate
for 8 h (Green et al., 2021). Then, the hot water is extracted from the hot
well at the same rate. Simultaneously, the cold well (Fig. 1b “cold”) ex-
tracts or injects water at the same rate to maintain a balance in reservoir
pressure, preventing excessive pressure changes that could result in
reservoir subsidence or caprock fracturing. After the injection and
extraction process is completed, the cold and hot wells are then shut-off.
A new injection-extraction cycle then begins 8 h later. Figure 3 illustrates
3



Fig. 3. Operating mode of the injection and extraction cycle (using 10 kg/s as
an example).

Y. Liu et al. Rock Mechanics Bulletin 4 (2025) 100155
the working mode of a cold and hot well during an injection-extraction
cycle (using an injection rate of 10 kg/s as an example).

Concentrated solar power (CSP) technology uses lenses, emitters, and
other devices to concentrate solar energy and convert it into thermal
energy. The main forms of CSP include parabolic trough collectors,
parabolic dish collectors, central tower receivers, and linear Fresnel re-
flectors. The operating temperatures of these systems generally range
between 250 �C and 400 �C (Kincaid et al., 2018). So, when considering
the effect of injection temperature on the reservoir, the injection tem-
perature was changed to 50 �C, 100 �C, 150 �C, 200 �C, 250 �C, while
keeping the injection rate at 10 kg/s. When assessing the impact of in-
jection rate on the reservoir deformation, the injection temperature was
kept at 250 �C and the injection rates was changed to 1 kg/s, 5 kg/s, 10
kg/s, as indicated in Table 2. The results are compared with a homoge-
neous and isotropic horizontal permeability model.

3. Results

3.1. Different injection temperature

3.1.1. Permeability and porosity evolution of reservoir
The injection of hot water leads to an increase in reservoir tempera-

ture. Figure 4a presented the evolution of rock temperature at the
injector monitoring point. However, due to the heat exchange between
the injected hot water and the initially cooler reservoir, there is signifi-
cant initial heat loss during the early injection cycles, until a thermal
equilibrium state is established after multiple cycles. The higher injection
temperature leads to greater rock thermal energy build-up, and also with
larger fluctuations during the cycles. Furthermore, both reservoir
permeability and porosity decrease as the temperature rises during the
injection phase, with higher injection temperatures leading to more
significant reductions in permeability and porosity. For instance, the
Table 2
Injection and extraction scenarios.

Case Injection/Production temperature (�C) Injection/Production rate (kg/s)

1 50 10
2 100 10
3 150 10
4 200 10
5 250 10

6 250 1
7 250 5
8 250 10
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permeability loss is approximately 1 � 10�13 m2 at an injection tem-
perature of 250 �C (Fig. 4b). During the extraction phase, there is a slight
decrease in rock temperature, resulting in a minor recovery in both
permeability and porosity. This observation indicated a thermal damage
to the formation connectivity, resulting from the heat exchange process
from the hot fluids to the rock formation. Also, the formation damage is
positive correlated with the temperature of injected fluids.

Figure 5 shows the variation in reservoir pore pressure throughout
the injection and extraction cycles. During the injection phase, pore
pressure increases, then decreases during the extraction phase. In the
shut-in phase, pore pressure gradually returns to its initial state. When
the injection temperature is 50 �C, which is equal to the reservoir tem-
perature, the reservoir temperature remains unchanged throughout the
injection-extraction cycles without the influence of thermal stress.
Figure 4b' and 4c' demonstrate that both permeability and porosity in-
crease during the injection phase, decrease during the extraction phase,
and then return to their initial values during the shut-in phase. This
behavior is consistent with the pressure changes at 50 �C injection
temperature (Fig. 5). When the injection temperature exceeds the initial
reservoir temperature, the high-temperature water generates thermal
stresses due to the significant temperature difference within the rela-
tively colder reservoir environment. The rock undergoes thermal
expansion and compresses the existing pore space. The effect of pore fluid
pressurization and induced thermal expansion acting on the reservoir
result in a competition in the evolving the magnitude of permeability and
porosity. The thermal stress plays a more significant role with higher
injection temperatures – and minor role at lower temperatures. As shown
in Fig. 4b and c, during each injection-extraction cycle, the impact on
permeability and porosity becomes more pronounced with increasing
injection temperature.

The magnitude of pressure fluctuation during the cycles of injection
and extraction are also influenced by the injected fluid temperature. Pore
pressure rises during the injection phase, decreases during the extraction
phase and recovers to its initial pressure during the shut-in phase (Fig. 5).
When the injection temperature is 50 �C, the range of pressure change is
consistent for each injection-extraction cycle, and the pressure returns to
its initial state during the shut-in phase. The reservoir permeability de-
creases under the influence of thermal stress when the injection tem-
perature is higher than the initial reservoir temperature. Consequently,
the fluctuation in the pressure during the injection-extraction cycles is
greater when the injection temperature is > 50 �C. During injection-
extraction cycles, the pressure cycles between ~8.4 MPa (injection)
and ~7.4 MPa (extraction) and returns to 8.2 MPa in the 30th cycle at T
¼ 250 �C. With an increased injection temperature, the maximum pore
pressure ~9 MPa, due to the most pronounced thermal stress.

3.1.2. Reservoir deformation response
The magnitude of the induced thermal stress is directly controlled by

the injection rate and temperature, which also defines the potential for
rock deformation (Uribe-Pati~no et al., 2017). Figure 6 presents the dy-
namic changes in reservoir volumetric strain near the hot well during 30
injection-extraction cycles at different injection temperatures. Within
each cycle, the volume strain increases due to thermal expansion during
the injection of hot water and decreases during extraction due to
shrinkage. The decrement in volumetric strain from shrinkage during
extraction is smaller than the increment of volumetric strain during in-
jection. During the production stage, the pressure near the hot well is
lower than in the surrounding region. As a result, cooler fluids from the
surrounding region flows towards the low-pressure zone near the hot
wellbore. This influx of cooler fluids causes a decrease in temperature
which leads to a slight recovery in rock deformation and a reduction in
volumetric strain. Overall, the volumetric strain in the reservoir is
directly proportional to the number of injection and extraction cycles,
and increases with the increasing number of cycles, as supported by the
dynamic evolution of reservoir rock temperature shown in Fig. 4a.

Figure 7 shows the porosity distribution in the reservoir after the



Fig. 4. Dynamic evolution of reservoir (a) temperature, (b) permeability, (c) porosity during injection and extraction cycles at different injection temperatures, (b0)
permeability change in one cycle at 50 injection temperature and (c0) porosity change in one cycle at 50 �C injection temperature.

Fig. 5. Dynamic evolution of reservoir pore pressure at different injection-extraction temperatures.
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6th, 18th and 30th cycles at different temperatures. Higher injection
temperatures result in greater compression of the reservoir pore space
at the same number of injection-production cycles. A decrease in
volumetric deformation indicated porosity reduction. The spatial dis-
tribution of volume strain near the hot well (Fig. 8) shows that regions
with higher temperatures respond with greater volume strain. As the
number of injection-production cycles increases, porosity damage be-
comes more severe and volume deformation progressively intensifies
with a constant injection temperature, causing noticeable deformation
in the overburden and underburden by the end of the 30th injection-
production cycle – especially at high temperatures of T ¼ 200 �C and
T ¼ 250 �C (Fig. 8). The deformation of the caprocks directly impacts
5

the sealing of the energy storage system.
3.2. Different injection rates

3.2.1. Permeability and porosity evolution of reservoir
Figure 9 depicts the evolution of reservoir temperature, permeability,

and porosity at various injection rates. A higher injection rate leads to the
reservoir temperature stabilizing more rapidly, requiring fewer cycles to
reach the thermal equilibrium. This is because the higher injection rate
results in the reservoir absorbing more heat energy within the same in-
jection cycles, causing a more rapid increase in temperature. In partic-
ular, the reservoir temperature begins to stabilize after ~15 cycles when



Fig. 6. Dynamic evolution of reservoir volumetric strain near the hot well at
different temperatures.
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the rate is 10 kg/s. However, the reservoir temperature continues to in-
crease significantly even after 30 cycles when the rate is 1 kg/s, sug-
gesting that it may take longer to reach a stable state at the lower
injection rate. Reservoir permeability and porosity decrease with an in-
crease in temperature during the injection-production cycles (Fig. 9b and
a). This trend of decreasing permeability and porosity with increasing
temperature is consistent with the observed trend in temperature at each
injection rate. Higher injection rates require fewer cycles to reach a dy-
namic equilibrium of porosity and permeability. At an injection rate of
10 kg/s, porosity and permeability stabilize after ~15 cycles. These
values are close to dynamic equilibrium after the 22nd cycle at 5 kg/s but
are still not equilibrated after 30 cycles at a rate of 1 kg/s. Thus,
Fig. 7. Spatial distribution maps of reservoir porosity near the hot well at

6

identifying the need for a longer equilibration stage at lower injection
rates.

Figure 10 provides a dynamic view of how reservoir pore pressure
evolves at various injection rates. When the injection rate is lower, the
reservoir experiences reduced fluctuations in pressure during the injec-
tion and production processes. The pressure difference between the in-
jection and production phases is ~0.15 MPa when the rate is 1 kg/s. In
essence, a lower injection rate translates to reduced pressure change
within the reservoir, which enhances both the stability and safety for the
energy storage system. In practical applications, it is essential to deter-
mine the optimal injection and production strategy based on the specific
reservoir conditions to ensure a balance between safety and efficiency.

3.2.2. Reservoir deformation response
Figure 11 illustrates the dynamic evolution of reservoir volumetric

strain near the hot well across various injection rates. A higher injection
rate corresponds to a larger volumetric strain. Increased injection rate
results in a larger volume of hot water and thus heat during each injec-
tion cycle, further elevating the temperature of the rock. Consequently,
this results in a greater volumetric strain within the reservoir due to the
expansion of the rock.

Figure 12 depicts the spatial distributions of reservoir porosity and
volumetric strain near the injection well at the end of the 6th, 18th, and
30th cycles and for various injection rates. At the same injection rate, the
expansion of the rock increases as the number of cycles grow, resulting in
more significant volumetric strain. During a single injection cycle, a
higher injection rate leads to a more substantial temperature increase
(Fig. 9a) and increased deformation within the reservoir. The impact on
caprock expansion is not as significant as that in the reservoir, especially
for the caprock above the hot well. When the reservoir volumetric strain
reaches a certain threshold, the deformation of the caprocks becomes
highly noticeable. After 30 cycles, the volumetric strain approaches
0.005 for an injection rate of 10 kg/s (Fig. 11) and significant deforma-
tion of the caprocks can be observed across a broad area (Fig. 12a).
the end of the 6th, 18th, and 30th cycles for different temperatures.



Fig. 8. Spatial distribution of reservoir volumetric strain near the hot well at the end of the 6th, 18th, and 30th cycles for different temperatures.

Fig. 9. Dynamic evolution of reservoir (a) temperature, (b) permeability, and
(c) porosity during injection and extraction cycles at different injection-
extraction rates.

Fig. 10. Dynamic evolution of reservoir pore pressure at different injection-
extraction rates.

Y. Liu et al. Rock Mechanics Bulletin 4 (2025) 100155
3.3. Monitoring of overburden and underburden displacements

Displacements within the caprock vary radially outwards from the
injection well. Figure 13a shows the locations of eight displacement
monitoring points in the caprock, distributed between the injection well
and the production well. In Fig. 13b, the displacement of both the
overburden and underburden is shown at different temperatures
following 30 cycles of injection-production. These displacement mea-
surements with different injection rates are on the order of millimeter
scale – maximum at the well and decreasing radially outwards. The
caprock effectively dampen the cyclic displacement caused by reservoir
expansion through its largely isothermal compaction. As a result, the
7

overburden formation experiences uplift, while the underburden sinks.
Higher-temperature hot water induces more substantial thermal

stress, leading to greater reservoir expansion and subsequently larger
displacements in the caprock (Fig. 13b). Moreover, a higher injection rate
results in a larger displacement in the caprock (Fig. 13c). Displacement
magnitudes decrease with proximity to the cold well, and the under-
burden displacements are null at ~60 m from the hot well. The distri-
bution of displacements in the longitudinal direction also overlap with
the distribution of the heating regime – indicating that induced thermal
stresses affect the deformation. At 250 �C, the caprock experiences a
maximum uplift displacement of ~7.5 mm, whereas the underburden
subsides by �6 mm (Fig. 13b). The caprock exhibits a greater uplift
compared to the subsidence of the bedrock under a consistent injection



Fig. 11. Dynamic evolution of reservoir volumetric strain near the hot well for
injection at different rates.
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rate (Fig. 13c). This difference is attributed to the lack of constraint on
the caprock provided by the free surface boundary. After 30 cycles of
injection-production, the pressure is higher than the initial reservoir
pressure, when the injection temperature surpasses 50 �C (Figs. 5 and
10) – due to thermal effects. During the shut-in phases, the pressure
rapidly equilibrates and uniformly distributed throughout the entire
reservoir. This results in a net increase in pressure across the entire
reservoir and a reduction in effective stress, causing reservoir dilation
and subsequent uplift at the overburden and underburden formations.
Moreover, the displacement is primarily controlled by the boundary of
heating zones, by comparing the distribution of temperature and
displacement along the wells.

A vertical profile of four displacement monitoring points tracks
Fig. 12. Spatial distribution maps of reservoir (a) porosity and (b) volumetric strain
jection rates.

8

displacements directly above the vertical hot well (Fig. 14a) – with the
impacts of different temperature injection shown in Fig. 14b. As the
temperature increases, the displacement within the overburden corre-
spondingly increases, although vertical displacement decreases with
increased vertical separation from the reservoir. The displacement for
monitoring point #1 situated 220 m above the hot well is 1.53 mm as the
temperature approaches 165 �C. Thus, no significant surface displace-
ment will exist say ~1000 m above the thermal well after 30 cycles of
injection-production.

Our inference is that the injected hot water heats the reservoir in-
jection during cycles, causing deformation due to thermal stress within a
relatively cooler environment. The thermal expansion resulting from
continuous injection of hot fluids may also result in significant formation
damage and reduction in in-situ permeability and porosity – this will also
be proportional to the injected fluid temperature and rate. When the
duration of the multiple injection-then-production cycles are sufficiently
long (many cycles) the reservoir will reach a dynamic thermal equilib-
rium. In this state the entire system (reservoir-underburden-overburden)
will be in dynamic equilibrium, forming an ideal "thermal storage cavity"
in the vicinity of the hot well.

4. Discussion

The deformation of the reservoir during energy storage results from
the combined effects of poroelasticity and thermal expansion (Li et al.,
2023). As discussed in Section 3, the changes in pore pressure and tem-
perature are the main factors impacting variations in permeability and
porosity within the reservoir. The formation is initially in equilibrium
under the original formation pressure with the injection of hot water
subsequently elevating the pressure and heating the reservoir. The
resulting thermal expansion creates a competitive between heating
compacting the porosity and increased pressure dilating the reservoir.
When the thermal stress generated by the rock exceeds the change in
effective stress due to the elevated pore pressure then permeability will
be reduced.
near the hot well at the end of the 6th, 18th, and 30th cycles for different in-



Fig. 13. (a) Distribution of the locations displacement monitoring points between the injection well and the production well, (b) displacement changes in the
overburden and underburden for injection at different temperatures, (c) displacement changes in the overburden and underburden for injection at different rates.

Fig. 14. (a) Profile of four displacement monitoring points above the vertical hot well, (b) displacement of the overburden above the vertical hot well with tem-
perature increase.
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In real geological formations, pores and microcracks serve as
permeable flow channels and are sensitive to changes in effective stress
(Pan et al., 2019; Huang et al., 2021). In these stress sensitive systems,
the injection of hot water potentially reduces permeability by thermal
expansion with the overpressures countering this effect (Meng et al.,
2021). Figure 15 depicts the deformation mechanisms of multi-scale
9

pores during injection then production cycles. In the initial phase, the
interconnected pores within the reservoir provide an efficient pathway
for fluid flow. Injection increases fluid pressure with thermal effects
delayed by the thermal capacitance of the system (Zhang et al., 2021).
Resulting in a delayed impact of the thermal effect causing a noticeable
channel constriction (Xu et al., 2023). In some cases, this constriction



Fig. 15. Deformation mechanisms of multi-scale pores during the injection and production process.

Y. Liu et al. Rock Mechanics Bulletin 4 (2025) 100155
may cause a transitioning from meso-pores to micro-pores, leading to a
significant reduction in permeability. Meso-pores may lose connectivity
with the surrounding small pores, and micropores may disappear due to
the expansion and compression of the rock (Huang et al., 2021). During
the production phase, the area around the hot well transitions into a
low-pressure zone, with the influx of surrounding cold water contrib-
uting to a decrease in rock temperature (Figs. 4a and 9a), resulting in a
minor dilation of the permeable flow channels. This dynamic evolution
corresponds with the expansion observed in the reservoir volumetric
strain presented in Figs. 6 and 11. Moreover, clay minerals may be pre-
sent in the rock matrix and become mobilized in the flow – potentially
occluding pores and reducing permeability (De Silva et al., 2017).

The magnitude of thermal stress is not solely contingent on the
temperature change but also influenced by the coefficient of thermal
expansion - which may vary among different mineral constituents
comprising the reservoir (Roshan et al., 2015). Figure 16 shows the
evolution of permeability and porosity within the reservoir different
thermal expansion coefficients. As the thermal expansion coefficient of
the reservoir rock increases, the reduction in permeability and porosity
becomes more substantial. When the thermal expansion coefficient is set
at 3 � 10�5 �C�1, the porosity decreases from the initial value of 0.25 to
0.242, resulting in a nearly 10% loss in permeability.

5. Conclusions

A sequentially coupled model (FLAC3D-TOUGH2) was used to inves-
tigate the thermo-hydro-mechanical (THM) response of a reservoir to the
injection of hot fluids for thermal storage as a geothermal battery. The
evolution of permeability was tracked during diurnal cyclic injection-
then-production over multiple cycles. This is used to explore the
Fig. 16. Impact of different thermal expansion coefficie
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influence of injection-then-production rates and temperatures and
reservoir rock thermal expansion coefficient on the evolution of reservoir
porosity and permeability and performance of the system, including
external deformations. The main conclusions are as follows.

(1) The principal mechanisms driving reservoir deformation result
from the combined influence of poroelastic and thermal effects –
and these effects are generally competitive. As the temperature in
the reservoir increases, rock mineral particles are subjected to
thermal expansion. When the thermal stress becomes predomi-
nant, reservoir volume expands as seepage channels are squeezed
and narrowed and permeability decreases.

(2) Elevated injection temperatures increase the reduction in porosity
and permeability within the reservoir and this effect dominates at
high temperatures of the poromechanical impact of increased
pressures. At an injection temperature of 250 �C, permeability is
reduced by ~10%. Because the reservoir temperature is low in the
pre-injection period, more heat is needed to heat it up, and the
lower the injection temperature, the longer the period needed to
heat up the reservoir to the target temperature.

(3) Deformation of the caprock is impacted by the volumetric strain of
the reservoir and reflects reservoir displacements. The overburden
displaces upwards directly above the reservoir with this
displacement present to ~60 m from the well. At the reservoir
temperatures close to 165 �C, the displacement of the rock 220 m
above the hot well is 1.53 mm, and it is assumed that there will be
no significant uplift on the surface after 30 injection-production
cycles at reservoir depths of 1000 m.

The optimization of injection temperatures and rates is of paramount
nts on reservoir (a) porosity and (b) permeability.
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importance, particularly when considering geological conditions and the
potential implications of these modifications on reservoir properties and
the response of the overburden. The geothermal battery energy storage
system is still in the conceptual stage. Current research is primarily based
on an equivalent simplified processing model established by previous
researchers' empirical values. There are discrepancies between simula-
tion results and actual conditions. In the future, obtaining actual
geological parameters and distribution of fractures can be used to
establish a more accurate model for achieving precise predictions of
surface uplift and energy storage efficiency.
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