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Abstract

Natural gas hydrates are characterized by abundant reserves, wide distribution, and high
energy density, while geothermal energy also holds significant development potential.
Conventional hydrate dissociation methods face challenges in the later stages of produc-
tion, such as insufficient driving force for dissociation and secondary hydrate formation.
This study explores the approach of utilizing deep-sea geothermal energy to assist in the
extraction of hydrate. The aim is to achieve efficient exploitation of hydrate while expand-
ing the applications of geothermal energy. A field-scale coupled thermo-hydro-mechan-
ical-chemical (THMC) injection-production numerical model is established, taking a typ-
ical hydrate reservoir in the South China Sea as the study area. The engineering feasibility
of geothermal-assisted hydrate extraction is evaluated through numerical simulations. In-
jection temperature, extraction rate, and well layout are systematically analyzed to opti-
mize production performance, with particular focus on the evolution of physical fields,
hydrate dissociation, and geothermal formation temperature stability. The novelty of this
study lies in the proposal of a closed-loop ‘in-situ geothermal extraction and reinjection’
system, and the systematic optimization of its coupled THMC responses, which has re-
ceived limited quantitative investigation. The results indicate that an injection tempera-
ture of 50 °C and an injection rate of 500 m%/d provide the most favorable production per-
formance under the investigated conditions. Compared with conventional depressuriza-
tion, the optimized geothermal-assisted scheme increases cumulative gas production by
approximately 40% after 600 days. Horizontal well configurations outperform vertical
wells, whereas excessively close well spacing reduces thermal stimulation efficiency be-
cause of hydraulic interference. Temperature variations in the geothermal layer during
the simulated extraction period are minimal, indicating favorable operational stability un-
der the investigated conditions. In summary, geothermal-assisted depressurization en-
hances hydrate extraction efficiency and expands geothermal applications, offering a
promising approach for future development.

Keywords: natural gas hydrate; geothermal energy-assisted; depressurization; numerical
simulation; THMC
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1. Introduction

Hydrates are cage-like crystalline compounds formed from water and natural gas
(primarily composed of methane) under low-temperature, high-pressure conditions [1].
They have attracted considerable attention because of their abundant reserves and broad
distribution [2]. However, hydrates currently remain at the theoretical research stage, and
large-scale commercial extraction has not yet been achieved [2]. Geothermal energy also
possesses significant development potential [3,4]. In the Shenhu area of the South China
Sea, hydrate reservoirs coexist with geothermal formations [5,6], making a geothermal-
assisted extraction scheme feasible. Compared to nearshore areas such as the East China
Sea and the southern South Yellow Sea, the deep-water regions of the northern South
China Sea possess a higher geothermal gradient, making them more conducive to the im-
plementation of this approach [7]. This approach provides an alternative heat source for
hydrate dissociation during the later stages of depressurization and may reduce the en-
ergy demand associated with conventional thermal stimulation methods [8].

Researchers have investigated the feasibility of exploiting methane hydrates using
geothermal-assisted depressurization through theoretical analyses [9-11], laboratory ex-
periments [12-17] and numerical simulations [18-30].

Studies by Konno et al. [31] indicate that during well shutdown (well capping), geo-
thermal flow can sustainably drive the dissociation of methane hydrates and restore res-
ervoir energy. On this basis, the proposed cyclic depressurization method is a potential
enhanced recovery technique that requires no external heat source. Sasaki et al. [32] pro-
pose a thermal recovery system based on a dual-well configuration for hot water injection
to enhance methane hydrate production. By injecting heat through a lower well and pro-
ducing gas from an upper well, the system utilizes the coupling of thermal convection and
gas buoyancy. However, it still faces issues regarding energy consumption and cost. Shi
et al. [15] experimentally demonstrate that extending the lateral migration distance of gas
within the hydrate layer enhances heat absorption and improves energy utilization effi-
ciency. Lei et al. [17] find through experiments that as the pressure drop rate increases,
the heat transfer efficiency between the hot water and the reservoir also increases. Zhang
et al. [27] propose a heating method utilizing bottom-layer seawater for thermal injection
and analyze the mechanism of action of the injection parameters through numerical sim-
ulation. Zhang et al. [24] find that radial wells have a significant production-enhancing
effect on hydrate extraction. The specific mechanisms involve an expansion of the drain-
age area, depressurization propagation, and increased geothermal flow. Sudrez et al. [33]
suggest that with advances in offshore drilling technology, subsea geothermal energy of-
fers higher temperature gradients and greater sustainability potential. The average geo-
thermal gradient in offshore regions is nearly four times that of continental crust.

However, several key issues remain insufficiently understood. First, hydraulic inter-
ference between adjacent injection and production wells may significantly affect pressure
propagation and production efficiency in multi-well systems [34]. Second, secondary hy-
drate formation induced by coupled thermal and hydraulic variations may impede fluid
flow and reduce production performance [35]. Third, the thermal sustainability of geo-
thermal formations under continuous heat extraction remains uncertain, which may limit
the practical feasibility of geothermal-assisted production [25]. Systematic investigations
of optimized production schemes for geothermal-assisted depressurization and compre-
hensive parameter optimization remain limited.

This study proposes a dual-well production concept that combines geothermal en-
ergy utilization with depressurization. The concept integrates in situ geothermal extrac-
tion and heat reinjection into the hydrate reservoir to enhance production performance.
Based on the characteristics of a typical hydrate reservoir in the South China Sea, a cou-
pled thermo-hydro-mechanical-chemical (THMC) numerical model is established to in-
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vestigate the effects of injection parameters and well configurations on gas production
efficiency, while also evaluating the thermal response of the geothermal formation.

2. Model Development

The numerical simulations in this study are conducted using the CMG-STARS simu-
lator. This solver is widely used in the field of hydrate extraction simulation. Figure 1
illustrates the concept of geothermal-assisted depressurization extraction of hydrate pro-
posed in this paper.

Thermal Injection Well Production Well

Overlying Layer

Underlying Layer

Geothermal Layer

Heat Extraction

O Hot water [&3] Electric Submersible Pump @ CH,

Figure 1. Schematic diagram of the principle of geothermal-assisted depressurization extraction of
hydrate.

2.1. Phase Equilibrium Model

The three-dimensional reservoir model comprises three substances: H2O, methane
and methane hydrate, existing primarily in the gaseous, liquid and solid phases. The pro-
cess is represented by the following kinetic equations [36]:

CH, (g)+nH,0(l)«—>CH, - nH,O(s) £ heat 1)

The above reaction is reversible. The hydrate dissociation or formation depends on
phase equilibrium conditions. Pressure decrease or temperature increase can drive the
reaction in the forward direction, i.e., the hydrate dissociation. This model considers Type
IIT hydrate and assumes that the reservoir initially contains no free gas, that hydrates oc-
cupy the pore space as a solid phase, and that water and gas flow through the porous
medium according to Darcy’s law. Hydrate saturation is defined as the ratio of the volume
of hydrate to the pore volume. Hydrate dissociation increases porosity and absolute per-
meability but weakens the mechanical strength of the formation.

In multiphase flow within hydrate reservoirs, water and gas saturations are defined
as the fractions of water and gas volumes in the total pore fluid volume and satisfy the
constraint Sw + Sc = 1. The relative permeability of the fluid is modeled as independent of
hydrate saturation, varying only with fluid saturation. The porosity-permeability relation-
ship is described by the Carman-Kozeny model [32]:

& 1 _

K(¢) =K, [ﬁj (ﬂ] 2)
¢f0 1- ¢f

where K and Ko denote the current absolute permeability and initial absolute permeability,

respectively, mD; ¢r and @1 denote the current fluid porosity and initial fluid porosity,
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respectively; and ¢ denotes a dimensionless empirical parameter, set to 3.5 [37]. The rela-
tionship between fluid porosity and solid hydrate saturation is given by:

{¢f =¢(1-8y)
¢f0 =¢(1-5y)

where ¢ denotes the porosity of the hydrate reservoir; S is the current hydrate saturation;

(©)

and Swi is the initial hydrate saturation.
The calculation of relative permeability and capillary forces employs the Aziz model
[38] and the Van Genuchten model [39], respectively.

K,-A — SA _SirA
1_ SirA
S S nG
K;G — G irG (4)
1_ SirA
n=nG=3.57%S,, =0.3S,, =0.05

.o 1

Pep = Po [ (8" —1]

. S, =S, +0.001

§ = ()
1 SirA

A=0.45; p, =10°Pa

In the equation, Kra and K:c are the relative permeabilities of the liquid and gas phases. 5a
and Sc represent the liquid and gas phase saturations, respectively. Sira and Sic are the
saturation of bound water and residual gas. pep represents the capillary force, Pa. 5* is the
effective water saturation. The empirical parameters used in the relative permeability and
capillary pressure models are adopted from previous numerical studies on hydrate reser-
voirs in the Shenhu area of the South China Sea. Due to the lack of site-specific laboratory
measurements, these parameters are selected as representative values that have been
widely validated in previous hydrate-production simulations. The relationship between
hydrate saturation and formation mechanical properties is described using a linear model
[40,41]:

X =x,,+cS, (6)

where x denotes a mechanical property parameter; xsho is the value of x when hydrate
saturation is 0; and ¢ is an empirical coefficient.

This study employs a linear volume-weighted mixing rule to calculate the equivalent
thermal conductivity of a porous medium. The effective thermal conductivity is calculated
from the volume fractions and thermal conductivities of the rock matrix, fluid phases, and
solid hydrate phase.

The formula for the effective thermal conductivity is [42]

Kis =@ (S, k, +8, -k, +8, k) +(1=9,) -k +(, — )k )

where Knix is the effective thermal conductivity of the porous medium, J/m-day-°C; ¢t is
the fluid porosity; v is the total porosity; Sw, Sg, and So denote the saturations of the water,
gas, and oil phases, respectively; kw, ks, and ko are the thermal conductivities of the respec-
tive phases, J/m-day-°C; k: is the thermal conductivity of the reservoir rock matrix; ks is the
thermal conductivity of the solid phase. The thermal conductivity parameters adopted in
this study are summarized in Table 1.
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Table 1. Thermal conductivities in the model.

Thermal Conductivity Mag- Relative Role in Heat Trans-

Component .
P nitude fer
. High-conductivity solid Dominant framework for
Rock matrix .
phase conductive heat transfer
Moderate conductivity fluid Primary medium for coupled
Water phase ty yme P
phase convection-conduction
Relatively low conductivity Acts as a thermal resistance
Hydrate phase . ) .
solid phase component in porous media
. Negligible contribution to
Methane gas Very low conductivity phase 18

heat transfer

In this paper, based on the Kim-Bishnoi [43] method, the general form of the kinetic
model for the formation and dissociation of hydrate has been derived:

dc -z 1
d_;[ decomposition = AeRT (¢SApA )(¢SHpH )peq |:1 - K :| (8)
(».T)
Qe | =B+ 4S,)eT (45, py)p { : 1} )
T, |synthesis — H AFFA eq| -
dr ™" ‘| K

where cn is the hydrate concentration per unit volume, mol/m?3; A is the dissociation rate
constant of hydrate, m3/(mol-kPa-d); B is the formation rate constant of hydrate, 1/(kPa-d);
E is the reaction activation energy, J/mol; pa and ps are the molar densities of water and
methane hydrate, respectively, mol/m3; peq denotes the phase equilibrium pressure of the
hydrate corresponding to temperature T, kPa; K1 is the dimensionless phase-equilib-
rium criterion; and R is the universal gas constant, J/(mol-K). The kinetic parameters gov-
erning hydrate formation and dissociation are listed in Table 2.

Table 2. Kinetic parameters and their roles in hydrate phase transition modeling.

Parameter Value Physical Meaning in Model

Behavior
Hydrate molar mass 119.54 x 10-3 kg/mol Defines stoichiometric basis
of hydrate phase
Hydrate density 7693.47 mol/mo Controls initial hydrate dis-

tribution intensity

Decomposition rate constant Governs hydrate dissociation

9.39 x 10 m>(mol-kPa-d)!

(A) kinetics under pressure drop
Controls hydrate ref ti
Formation rate constant (B) 1.69 x 106 kPal-d! Ontros iy ‘ra ¢ refottation
tendency in cold zones
Det i t t -
Activation energy 89,660 J/mol crermines ‘CMperaure sen
sitivity of reaction rate
. - Represents energy absorbed
Enthalpy of dissociation -51,857.9 J/mol .
during phase change
R t leased
Enthalpy of formation 51,857.9 J/mol CPTesenis energy refease

during hydrate formation

2.2. Multi-Field Coupled Physical Models and Model Validation
2.2.1. Four-Field Coupled Model

Hydrate extraction is a typical strongly coupled multiphysics process involving ther-
mal, hydraulic, mechanical, and chemical fields. Its core physical fields include the chem-
ical field, which governs hydrate phase transitions; the thermal field, which describes heat
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transfer processes; the hydraulic field, which governs multiphase flow; and the mechani-
cal field, which characterizes formation deformation. These four fields are strongly cou-
pled in both space and time, forming a highly nonlinear system. Figure 2 illustrates the
coupling mechanisms during hydrate extraction.

A strong energy coupling exists between the chemical and thermal fields (C-T). Hy-
drate dissociation is an endothermic process, where latent heat absorption leads to a local
temperature reduction in the reservoir. Conversely, hydrate formation is exothermic and
alters the thermal distribution within the formation. Meanwhile, temperature plays a crit-
ical role in controlling hydrate phase equilibrium, thereby directly influencing reaction
rates and directions.

The coupling between the chemical and hydraulic fields (C-H) is reflected in the in-
teraction between phase change and mass transport. Hydrate formation and dissociation
modify the saturation of solid, liquid, and gas phases in the pore space, thereby affecting
pore structure, relative permeability, and capillary pressure, and ultimately reshaping
flow pathways. In turn, the hydraulic field controls the transport and production of me-
thane and water, while pressure variations directly influence hydrate stability through
phase equilibrium conditions, forming a hydro-chemo feedback mechanism.

The coupling between the chemical and mechanical fields (C-M) is primarily mani-
fested in the evolution of reservoir mechanical properties. As part of the sedimentary ma-
trix, hydrate formation enhances intergranular cementation, increasing formation stiff-
ness and strength. Conversely, hydrate dissociation weakens cementation, reduces cohe-
sion, and may induce deformation or mechanical failure. Changes in mechanical condi-
tions, such as subsidence or variations in effective stress, further modify pore pressure
and stress distribution, thereby affecting hydrate phase stability and establishing a chemo-
mechanical feedback loop.

In addition to the chemical-centered couplings described above, significant interac-
tions also exist among the other fields. The thermal and hydraulic fields (T-H) interact
through temperature-dependent fluid properties and convective heat transfer. The ther-
mal and mechanical fields (T-M) are coupled via thermal stress and thermal damage. The
hydraulic and mechanical fields (H-M) are strongly linked through pore pressure evolu-
tion and the effective stress principle, jointly controlling deformation and fracture behav-
ior of the formation.

Thermal Field (T)

Reaction )3

H Absorption/
Direction &|

Release of

ion Seepage Field (H)
Modification of Porositx and Permeabili(x

Effective Stress Change

Figure 2. THMC four-field coupling.

2.2.2. Model Validation

A laboratory-scale experimental system for thermal-assisted natural gas hydrate pro-
duction is developed to validate the numerical model. Based on the coupled thermo-hy-
dro—-mechanical-chemical (THMC) model described above, numerical simulations are
conducted under the same operating conditions as the experiments, and the injection—
production data are compared to evaluate model accuracy. The experimental system com-
prises core modules including a high-pressure reactor, a fluid injection system, an extrac-
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tion system, a temperature control system, and a data acquisition and measurement sys-
tem. Figure 3 shows a panoramic view of the experimental setup, specifically comprising:
(a) a methane cylinder cabinet, (b) a data acquisition system, (c) a gas-liquid separation
system, (d) a high-pressure reactor, (e) a gas booster pump, (f) an injection system, (g) a
data storage system, (h) a water bath temperature control system, and (i) a hot water tank.
Figure 3j illustrates the arrangement of temperature and pressure sensors within the reac-
tor. The high-pressure reactor is fabricated from 316 L stainless steel, with an internal di-
ameter of 250 mm, a height of 250 mm, and a maximum operating pressure of 25 MPa. To
monitor the evolution of temperature and pressure during hydrate formation and disso-
ciation, four pressure sensors and eight temperature sensors are uniformly installed
around the production well. To simulate thermal stimulation, an external hot-water stor-
age vessel is added to the system. During production, hot water is injected into the reactor
when the internal pressure decreases to 3 MPa. Figure 4a presents the three-dimensional
numerical model of the experimental reactor. The model geometry is consistent with that
of the physical reactor, and the reservoir properties are determined from the correspond-

ing experimental measurements.

Figure 3. Experimental apparatus; (a) a methane cylinder cabinet, (b) a data acquisition system, (c)
a gas-liquid separation system, (d) a high-pressure reactor, (e) a gas booster pump, (f) an injection
system, (g) a data storage system, (h) a water bath temperature control system, (i) a hot water tank,

(j) the arrangement of temperature and pressure sensors within the reactor.

(b)
zom production )
A = OSPRS00 Exp(Dep)
injection injectio Sim(Dep) p
Exp(Inj) [
500 - Sim(Inj)
-
F
3400
o
2
S 300 -
3
O 200 /
[
100 -/ inject
of

0 20 40 60 80 100 120 140 160 180

Time/min

Figure 4. (a) Three-dimensional grid model of the experimental reactor; (b) comparison between

experimental data and numerical simulation results for gas production (validation).

The experiments comprise two sets: depressurization alone and depressurization
with heat injection. For the validation experiments, quartz sand (60-100, 100-140, 160-200,
and 200-240 mesh fractions, 4.5 kg each) is mixed with deionized water (2 kg) and com-
pacted into a high-pressure reactor with a vertical well installed. Methane gas is injected
at 12.5 MPa to initiate hydrate formation, followed by a second injection at 7.5 MPa to
enhance hydrate saturation. The extraction process uses 2.5 MPa depressurization, when
the reactor pressure reaches 2 MPa, and the well is shut in for 30 min, allowing the pres-
sure to rise again. After two cycles, continuous depressurization extraction is conducted
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until all the hydrate dissociates and is recovered. For heat injection experiments, injection
starts when the reactor pressure reaches 3 MPa. Water injection lasts 4 min (approx. 500
mL), then production resumes under the depressurization protocol. The full operation
spans approximately 3 h.

A model is established using CMG to replicate the experimental conditions with a
simulation time step set to 1 min. There is a slight time-matching error compared to the
experimental data. The final validation results are shown in Figure 4b. The experimental
and numerical results show good agreement, with the error within 10%, verifying the
model’s reliability.

2.3. Geometric Model
2.3.1. Geological Background

The Shenhu area is located on the middle northern continental slope of the South
China Sea, within the Zhu II Sag of the Pearl River Mouth Basin, between the Xisha
Trough and the Dongsha Islands. The seabed is characterized by complex geomorphology,
including submarine canyons, slope ridges, and erosional channels. Sediment thickness
ranges from 1000 to 7000 m, providing favorable conditions for gas hydrate formation and
accumulation. The region has a high heat flux background (75-101 mW-m=) and active
geothermal activity. The low-temperature, high-pressure environment (seabed water: 3.3—
3.7 °C; geothermal gradient: 43.0-67.7 °C/km) is conducive to hydrate stability. Heat flux
values range from 62.02 to 98.9 mW/m? [44]. The high geothermal background, combined
with faulting, diapiric structures, and magmatic intrusions, enhances upward heat flux,
offering geothermal development potential.

Core porosity ranges from 33% to 48%, initial water saturation is 0.562, and pore wa-
ter salinity is 29.0-31.5 ppt. Hydrates occur 155-229 m below the seabed, in a 10-43 m
thick interval with local saturation up to 53.14%. This is a Type III hydrate system (hy-
drate-bearing layer only, with permeable layers above and below) [45,46].

2.3.2. Formation Condition

A numerical model based on Station SH7 hydrate data is established and shown in
Figure 5a. The model dimensions are 900 m x 900 m x 1031 m, with 488,376 grid cells (84
x 57 x 102). The maximum grid size is 25 m x 25 m x 25 m, and the minimum is 4 m x 4 m
x 0.5 m. The model top is located at 1108 m below sea level. The overlying layer is 159 m
thick, the hydrate layer 22 m thick, and the underlying geothermal layer extends to 850 m
depth. The remaining flow, thermal, and reservoir properties are presented in Table 3.

Table 3. Model heat flux parameters.

Model Parameters Values

Pressure at the base of the hydrate layer (Pa) 11,250
Temperature at the top of the hydrate layer (°C) 15
Formation porosity 0.4
Formation permeability (md) 10

Initial water saturation of the formation 1
Initial hydrate saturation of the reservoir 0.4
Other parameters CMG default values

This model utilizes an injection-production well layout for hydrate extraction, with
a well spacing of 60 m. At the location of Well 1, two wells (comprising one water produc-
tion well and one water injection well) extract hot water from the geothermal layer and
inject it into the hydrate layer. Operations start at day 101 and vary by scenario. Well 2
serves as a production well for depressurization extraction of hydrate. To minimize heat
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loss during fluid transport, thermal insulation is incorporated into the production well
design to maintain a relatively stable fluid temperature within the wellbore [47,48]. The
geothermal gradients of the hydrate layer and the deep geothermal formation are treated
separately [47-49].

Figure 5b shows the extraction schemes for different well types established in this
study. The hydrate extraction system includes four schemes: dual vertical wells, dual hor-
izontal wells, cross wells, and dual zones in a single well.

In the reservoir model established in this paper, the initial water saturation of the
formation is set to 1, and the hydrate saturation to 0.6. The geomechanical parameters
used in the coupled THMC model are summarized in Table 4. The assumptions in this
research model are as follows:

(1) The surrounding areas are defined as closed boundaries; the top and bottom are set
as constant pressure boundaries to represent the replenishment of external fluids.

(2) The normal displacements at the bottom and periphery are fixed, while the top sur-
face is treated as a free boundary to simulate the subsidence behavior of the for-

mation [36].

(3) The model considers only gas and liquid phases. The solid hydrate phase is assumed
immobile. Darcy’s law applies to fluid flow in the porous medium.
(4) Heat exchange between the hydrate layer and the injected water occurs primarily

through thermal conduction. Convective heat transfer is neglected [19].

(5) The thermal properties of the geothermal formation remain constant during extrac-
tion. Heat loss in the vertical section of the well, where the injection water returns

from the geothermal formation to the hydrate layer, is neglected [47,48].

(a) (b)
Overlying Layer
Permeability: 10 md Porosity: 0.4 HBS
Seawater depth: 1108 m Underlying Layer
NGH geothermal gradient:0.059 °C/i
Deep geothermal gradient:0.04°C/m| Geothermal Layer
Pressure gradient: 10.15 kPa/m
Overlying layer thickness: 159 m welll well2  wellt|
Overlying Layer
HBS
Underlying Layer
Geothermal Layer

Water saturation: 1
Electric Submersible Pump

Hydrate layer thickness: 22 m
Hydrate saturation: 60%
Underlying layer thickness: 850 m

Figure 5. (a) Full-scale 3D geometric model of the hydrate reservoir (dimensions: 900 m x 900 m x
1031 m); (b) schematic diagram of the four different well configurations evaluated in this study:

dual vertical wells, dual horizontal wells, cross wells, and dual zones in a single well.

Table 4. Mechanical parameters of rock formations.

Mechanical Parameters Su=0 Su=1
Bulk modulus (MPa) 95 670
Shear modulus 87 612
Cohesion 0.5 2.0
Biot coefficient 1
Yield criterion Mohr-Coulomb

2.3.3. Parameter Settings for Mining Case Studies

Field tests in the South China Sea show that depressurization is key to hydrate ex-
traction. As reservoir pressure drops, methane hydrate becomes thermodynamically un-
stable and dissociates using the reservoir’s sensible heat. Once the sensible heat is ex-
hausted, gas production declines, and additional heat is needed to improve recovery.
Thermal stimulation methods (e.g., hot water injection, wellbore heating) and other gas
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Processes 2026, 14, 2136

10 of 24

injection (e.g., COz) have been proposed to enhance hydrate dissociation [40,41,43]. This
study uses a thermal stimulation method that extracts heat from the formation and
reinjects it into the hydrate layer.

The selection of operational parameters and simulation cases is based on typical
ranges reported in previous numerical and field studies of gas hydrate exploitation in the
Shenhu area of the South China Sea. The objective of this case design is to systematically
isolate the effects of key operational variables, including thermal conditions, injection rate,
and well configuration, on hydrate dissociation performance.

A baseline case (Case 0) is first defined using pure depressurization to serve as a ref-
erence for evaluating the effectiveness of geothermal-assisted methods. Cases 1-3 are de-
signed to investigate the influence of injection temperature, representing variations in
thermal driving force. Cases 4-5 examine the effect of injection/production rate, reflecting
hydraulic transport capacity. Cases 68 are used to evaluate the impact of well configura-
tions, focusing on differences in heat transfer efficiency and hydraulic interference under
various spatial arrangements.

The simulation duration of 600 days and the selected well spacing of 60 m are con-
sistent with typical scales adopted in previous hydrate reservoir modeling studies, ensur-
ing that both early-stage production behavior and mid-term thermal evolution can be cap-
tured. In addition, the selection of 100 days as the onset time for thermal injection is con-
sistent with the transition of the system from rapid dissociation to a slower depletion-
controlled stage in the baseline case. Detailed settings are listed in Table 5.

Table 5. Model case settings.

Heat Extraction
Group Case No. (Injection) Tem-
perature (°C)

Heat Injection

Rate (m?/d) Well Type

Pressure drop Single-well depres-

control 0 ) ) surization
Temperature 1 50 500 Dual vertical wells
};ou 2 40 500 Dual vertical wells
sroup 3 60 500 Dual vertical wells
Fl rate ot 4 50 150 Dual vertical wells
oW rate group 5 50 300 Dual vertical wells

6 50 500 Dual horizontal
wells

Well type group 7 50 500 Cross well

g 50 500 Dual zones in a sin-
gle well

3. Results and Discussion
3.1. Effect of Injection Temperature on Hydrate Extraction

To investigate the effect of different injection temperatures on the dissociation of me-
thane hydrates, an extraction scheme is designed involving constant-rate heat extraction
from formations at various depths, coupled with the injection of hot water into the me-
thane hydrate layer. The production characteristics and changes in formation temperature
under different operating conditions are compared. All cases have an extraction duration
of 600 days, with heat extraction and injection commencing 100 days after the start of de-
pressurization extraction in the heat-injection cases.

Figure 6a illustrates cumulative gas and water production for Cases 0-3. After 600
days, Case 0 produces 2.23 x 10 m3 of gas. For Cases 1-3, following 100 days of depres-
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surization, heat is extracted from geothermal layers at 40, 50 and 60 °C and reinjected into
the hydrate layer. Compared to Case 0, gas production increases by 40.4%, 44.5%, and
47.4%, respectively. The combination of heat injection and depressurization significantly
enhances production. Water production also increases in Cases 1-3, but at a lower rate
than gas. Analysis suggests that during depressurization extraction, hydrate dissociation
absorbs heat, causing a significant temperature drop. Localized gas saturation increases
can block flow channels if not extracted in time. Rapid temperature drops may also cause
free methane to reform into hydrate, limiting pressure propagation and further dissocia-
tion [23]. In this study, hot water extracted from geothermal layers is injected into the
hydrate layer via injection wells. The external heat provides the driving force for dissoci-
ation, expanding the dissociation zone, while proper well spacing suppresses secondary
hydrate formation. Higher injection temperatures enhance gas production. Increased wa-
ter production is mainly due to large-volume hot water injection, as production wells dis-
charge more water to maintain pressure balance.
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Figure 6. Production performance under different injection temperatures: (a) cumulative gas and
water production (Cases 0-3); (b) bottom-hole pressure of injection wells (Cases 1, 2 and 3); (c) gas
rate (Case 0).

Figure 7 plots the bottom-hole pressure of injection wells in the reservoir. It can be
seen that, while the overall trends in wellhead pressure are similar across different injec-
tion temperatures, the maximum wellhead pressures vary. The maximum value is 20.5
MPa for Case 1, while the maximum wellhead pressure for Case 2 is 20.3 MPa. In contrast,
the bottom-hole pressure for Case 3 is only 18.3 MPa. In the subsequent process, the well-
head pressure for Case 3 remains the lowest, followed by Case 1. Higher injection temper-
atures promote the dissociation of hydrate while effectively suppressing its secondary for-
mation, thereby preventing pore blockage and a decline in permeability. This maintains
unobstructed flow pathways and helps to sustain lower injection pressures.

In conventional depressurization production, as saturation in the reservoir decreases
and the sensible heat in the reservoir is consumed, the secondary formation of hydrate
severely hinders the extension of the depressurization funnel in production wells. The
newly formed hydrate blocks the reservoir pores [50]. When production relies solely on
the depressurization method, the thermal energy throughout the entire production pro-
cess derives from the sensible heat of the formation and the inflow of hot water from the
underlying layers into the reservoir, driven by pressure following the formation of a low-
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pressure zone around the wellbore [51]. As in Figure 6b, as production proceeds, the up-
ward flow of water from the underlying layer becomes increasingly pronounced, but this
is largely confined to the low-pressure zone around the production well.

As shown in Figure 6c, the gas production rate for the depressurization-only case
drops sharply shortly after 100 days, followed by a progressively slower decline. This
trend supports the selection of 100 days as the starting point for heat injection.

Geothermal energy can effectively address this issue. In geothermal-assisted depres-
surization production, geothermal energy plays the primary role during the heat injection
phase. Comparison of Cases 1-3 reveals that higher injection temperatures mainly raise
the reservoir temperature, with little effect on the heating range. At a fixed injection rate,
higher temperatures boost gas production rates, but the rate of increase diminishes as the
temperature rises, indicating that energy utilization efficiency gradually decreases at
higher heat injection temperatures [27]. However, higher injection temperatures require
deeper wells, leading to a rise in costs. Excessively low temperatures have a limited effect
on dissociation, which is detrimental to production capacity optimization. The increase in
gas production between 50 °C and 60 °C is only approximately 2%. Therefore, considering
both production enhancement and cost, the optimal injection temperature should be
around 50 °C. Figure 7a shows the temperature contour of the hydrate layer at production
days 200 and 600 for Cases 1, 2 and 3.
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Figure 7. Hydrate layer response under different production methods: (a) temperature distribution
(Case 1-3); (b) hydrate saturation during depressurization (Case 0); (c) hydrate saturation during
heat injection (Case 1-3); (d) pressure distribution (Case 1-3).

Figure 7b shows the hydrate dissociation degree at different stages of depressuriza-
tion production. Dissociation is greater in the lower reservoir, due to a larger pressure
differential with the wellbore. In later stages, minor hydrate formation occurs within the
reservoir itself (white box). This is because the simple pressure-reduction method limits
the dissociation rate. Methane released from hydrate dissociation is rapidly produced
through the wellbore, while part of the migrating gas within the reservoir may locally re-
form hydrate under suitable thermodynamic conditions. Compared with pressure-reduc-
tion alone, heat injection significantly enhances hydrate dissociation, as shown in Figure
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7c. In Cases 1-3, hot water at 40-60 °C is injected and reinjected within the system. The
hydrate-bearing zone near the injection well undergoes intensive dissociation due to ther-
mal stimulation. Part of the released methane migrates toward the production well, while
another portion moves upward into the overlying layer or laterally within the reservoir,
where secondary hydrate formation may occur under local pressure-temperature condi-
tions. Over a 600-day simulation period, the overall dissociation degree under heat injec-
tion is approximately 1% higher than that under pure pressure reduction. At 200 days,
Case 2 exhibits a lower dissociation degree than Cases 1 and 3, which show similar behav-
ior. By 600 days, the dissociation degrees converge across all three cases, indicating that
higher injection temperature primarily accelerates early-stage dissociation but has limited
influence on the final extent of hydrate dissociation under the conditions investigated.

Secondary hydrate formation is more pronounced in the upper overburden, where
initial hydrate saturation is lower, and gas migration is less constrained. The maximum
secondary hydrate saturation (0.34) is observed in Case 3.

The formation of secondary hydrates is governed by the coupled evolution of pres-
sure, temperature, and gas transport. As shown in Figure 7d, increasing injection temper-
ature intensifies pressure drawdown in the overburden, with Case 3 exhibiting the largest
decline, followed by Case 1 and Case 2. This enhanced pressure gradient, together with
gas buoyancy, promotes upward migration of dissociated methane into the overburden.
Meanwhile, heat propagation is progressively attenuated due to the low thermal conduc-
tivity of overlying sediments, leading to localized cooling in regions away from the injec-
tion zone. When the temperature falls below hydrate phase equilibrium conditions, sec-
ondary hydrate formation is triggered. A parametric analysis indicates that gas saturation,
temperature reduction, and pressure-driven migration jointly control the occurrence of
secondary hydrates. Among these, gas accumulation near the thermal front plays a dom-
inant role, as secondary hydrates preferentially form in regions where sufficient gas sup-
ply coincides with thermodynamically favorable conditions.

3.2. Effect of Injection Rate on Hydrate Extraction

Figure 8a compares gas and water production at different injection rates (150/300/500
m?3/d). Case 1 (highest rate) yields the highest cumulative gas production (3.23 x 10¢ m?),
while gas production in Cases 4 and 5 is lower by 5.28% and 11.12%, respectively. Higher
injection rates increase both gas and water production. More hot water enters the reservoir
per cycle, expanding hydrate dissociation. However, more water is also produced, wast-
ing thermal energy. Excessively high rates may raise formation pressure, posing safety
risks. Thus, while increasing the injection rate boosts gas production, it also causes ther-
mal energy waste and higher water production. Economically, a lower injection rate may
be more reasonable than pure depressurization.
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Figure 8. Production performance under different heat injection rates (Cases 1, 4 and 5): (a) cumu-

lative gas and water production; (b) injection well bottom-hole pressure.
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Figure 8b compares injection well bottom-hole pressures for Cases 1, 4, and 5. Pres-
sures peak at day 101, then decline at rates that vary with injection rate: lower injection
rates lead to lower bottom-hole pressures. As suggested earlier, the opening of the injec-
tion well causes the initial pressure rise, and the relationship here confirms that lower
injection rates result in faster pressure decline and lower stabilization values.

Increasing the heat injection rate expands the heated zone, especially early on. A
higher rate heats the inter-well region faster, promoting hydrate dissociation around the
injector. However, later-stage differences in heated zone size are minor. The injection rate
must balance cost and production. Excessively high rates increase costs and formation
pressure, hindering dissociation. In practice, early production seeks high rates to quickly
reach peak gas output. Later, as hydrate saturation declines, lower rates maintain produc-
tion and dissociate remaining hydrate. In Figure 9a, the overlying formation temperature
rises significantly during early heat injection but later decreases. This is because initial hot
water injection rapidly increases near-wellbore pressure, driving hot water from high-
pressure to low-pressure areas, which inevitably heats the overlying formation and causes
heat loss. Higher temperatures and injection rates exacerbate this loss. Since this occurs
only in early stages and the loss is limited and hard to avoid, it is generally not considered
when optimizing injection parameters.
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Figure 9. Hydrate layer response under different injection rates (Casel,4 and 5): (a) temperature

distribution; (b) hydrate saturation distribution; (c) pressure distribution.

Figure 9b shows the hydrate saturation distribution at different injection rates. Hy-
drate dissociation differs significantly between 200 days and 600 days. Lower injection
rates reduce hot water volume and wellhead pressure, hindering hot water diffusion and
leading to lower dissociation over the same period. Given sufficient time for full diffusion,
the dissociation difference would eventually diminish.

At lower injection rates, the spatial extent of secondary hydrate formation is signifi-
cantly reduced, decreasing from approximately 10 m to less than 4 m. This behavior is
attributed to two coupled mechanisms. First, reduced injection rates decrease water influx
into the reservoir, resulting in lower water saturation and allowing more free gas to re-
main within the hydrate layer rather than being displaced upward. Second, and more
importantly, reduced injection rates weaken the pressure gradient between injection and
production wells, thereby limiting the driving force for upward gas migration into the
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overburden. These results indicate that injection rate is a key operational parameter for
controlling secondary hydrate development, and moderate to low rates are effective in
mitigating its occurrence while maintaining production efficiency.

3.3. The Impact of Different Well Types on Hydrate Extraction

Based on the preferred vertical-well injection parameters, this section examines the
production performance of different well types. Figure 10a,b show that dual-vertical wells
perform significantly worse in both gas and water production than wells with horizontal
sections. During depressurization, other well types already show a marked production
gap from dual-vertical wells. Cases 6/7/8 (dual horizontal, cross, and dual-zone single well)
yield five times the gas production of Case 1, with outputs close to each other. Compared
to Case 6, gas production in Cases 7 and 8 is lower by 6.89% and 4.99%, respectively. Cases
68 also face rising water production. However, while Case 6 has a higher gas production
rate, its water production remains nearly identical to Cases 7 and 8. The gas production
rate graph shows that Case 6 has a significantly higher rate after heat injection. This is
because the excessively close spacing between production and injection wells in Cases 7
and 8 hinders hot water diffusion and limits thermal stimulation of the hydrate layer.
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Figure 10. Production performance of different well layouts: (a) cumulative gas and water produc-

tion (Cases 1 and 6-8); (b) gas production rate (Cases 1 and 6-8); (c) injection well bottom-hole pres-

sure (Cases 6-8).

Unlike Cases 1-5, horizontal wells have longer perforated sections and typically
achieve substantially higher production rates under depressurization than vertical wells
[24,25]. They also benefit from better permeability, and the depressurization funnel ex-
tends over a wider area, keeping near-wellbore pressure lower. This reduces diffusion
resistance during hot water injection, allowing bottom-hole pressure to stabilize quickly
with only a slight increase. Figure 10c shows that in Case 6, the injection well bottom-hole
pressure rises rapidly to 20.1 MPa at the start of injection, while in Cases 7 and §, it is much
lower both during injection and after stabilization. This occurs because in Cases 7 and 8,
the injection wells are too close to the production well, and the hydrate saturation around
them is lower, limiting the effect of thermal injection on gas production. Thus, well spac-
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ing and relative positioning are crucial for effective heat injection. Excessively close spac-
ing or overlapping positions weaken the thermal effect. Ideally, the heat injection well
should be placed at the edge of the production well’s pressure drop influence zone. For
thicker hydrate reservoirs, the dual-zone single-well structure in Case 8 could promote
dissociation both vertically and horizontally, potentially yielding better results.

In Cases 6-8, heat injection raises hydrate layer temperatures less effectively than in
previous cases, especially in Cases 7 and 8. Because the injection well overlaps the pro-
duction well’s extraction zone, pressure around the production well is lower than in the
surrounding formation, inhibiting hot water diffusion. As shown in Figure 11a, Case 7
uses a vertical injection well with a small horizontal pressure gradient, allowing only very
limited horizontal heating. In Case 8, the horizontal injection well faces high pressure be-
low (due to depressurization from the overlying production well), preventing downward
diffusion and causing noticeable heating only above the horizontal section. Overall, ther-
mal injection performance in Cases 7 and 8 is poor due to inappropriate well spacing.
Although Case 6 performs better than the vertical well scheme, its improvement is still
limited and also affected by well placement. Thus, careful control of the distance between
thermal injection and production wells is essential for achieving the desired production
enhancement.

Figure 11b compares the methane hydrate saturation levels after extraction for each
well type. In Case 6, the perforated section of the thermal injection well consists solely of
the vertical section. Consequently, the area of the methane hydrate reservoir stimulated
by hot water is smaller than the area affected by depressurization, resulting in a peak gas
production rate following thermal injection that is lower than the maximum value ob-
served during the depressurization phase. Subsequently, under the effect of hot water, the
hydrate in the distant zones dissociated rapidly. However, as the perforated section of the
horizontal well is longer, the gas production rate during the heat injection phase remains
higher than that of the vertical well scheme, while the decline in bottom-hole pressure is
also faster.
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Table 6 shows the hydrate dissociation degree for Cases 6-8. The horizontal section
significantly impacts dissociation, and no obvious secondary hydrate formation occurs in
any of the three cases. This is because the longer perforation allows prompt gas extraction,
preventing methane from migrating upward and reforming hydrate. In contrast, vertical
well cases allow methane escape and secondary hydrate formation. Vertically, due to the
thin hydrate reservoir, most of the hydrate dissociates early, so no secondary formation
occurs. Within the first 100 days of depressurization, dissociation in Cases 6-8 already
nears the final levels of vertical wells. By day 100, Case 6 shows slightly higher
dissociation, but differences among the three are negligible (<0.1%). After heat injection,
dissociation rises in all cases, but the rate of increase varies. In Cases 7 and 8, injection
wells are too close to the production well’s horizontal section, where substantial
dissociation already occurred during depressurization, so subsequent injection adds little.
Case 6, however, achieves a higher final dissociation degree by placing injection wells
rationally, promoting dissociation in distant areas. Overall, horizontal sections
significantly enhance dissociation. Case 6’s well layout maximizes the thermal stimulation
effect and achieves the best dissociation among all cases.

Table 6. Degree of dissociation of water and hydrate reservoirs in Cases 6, 7 and 8.

Case No. 100d 200d 600d
6 2.91% 4.20% 7.71%
7 2.83% 3.81% 7.31%
8 2.83% 3.89% 7.47%

3.4. Temperature Evolution Characteristics of the Geothermal Layer

Medium-to-deep geothermal extraction typically requires high heat extraction rates,
so the principle of ‘heat extraction without water extraction” must be followed to ensure
sustainability [52]. This study adopts a ‘bottom extraction, top injection” model with equal
extraction and injection rates, adhering to this principle. Numerical simulations for Cases
1-8 follow this model. All cases undergo depressurization for the first 100 days. From day
101 to 600, heat injection proceeds with case-specific parameters. In Cases 2 and 3, water
is extracted from 40 °C and 60 °C formations, respectively, with corresponding extraction
depths. Because the geothermal layer temperatures in Cases 2 and 3 differ significantly
from the others, and heat extraction well locations and depths in Cases 7 and 8 match Case
1, this section compares temperature variation characteristics of geothermal layers in
Cases 1, 4, 5, and 6 after different extraction periods.

Within the geothermal formation (near the production well perforations), tempera-
ture varies slightly by location. Extracting hot water sharply drops local pressure, drawing
hot water from surrounding areas. As extraction continues, pressure near perforations
may fall below overlying strata pressure, allowing replenishment from multiple direc-
tions, creating two distinct temperature trends. Figure 12 shows temperature contours
over time at the upper geothermal layer for different cases. In the upper layer, overall
temperature declines due to cooler water from above. In Case 1, temperature gradually
decreases near the wellbore, with cooling intensifying closer to the center. After 500 days,
the wellbore center temperature drops from 50 °C to 49.5 °C. Cases 4 and 5 show similar
patterns: near-wellbore temperatures decrease, with cooling rates increasing near the cen-
ter. Higher injection rates further lower the center temperature: Case 1 (500 m?/d) reaches
49.3 °C, while Cases 4 (150 m?/d) and 5 (300 m?3/d) reach 49.7 °C and 49.5 °C, respectively.
Case 6 (horizontal well, section extending in +x direction) shows a significant temperature
drop on the perforated side (minimum 49.6 °C after 500 days), but the opposite side re-
mains near the initial temperature. All four figures show slight temperature rises on both
sides away from perforations, due to replenishment from higher-temperature lower strata.
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Lower extraction rates slow pressure drop at the top, enhancing upward flow of hot water.
Figure 13 compares maximum, minimum, and average temperatures at the top of the ge-
othermal layer for different cases. Temperatures in Cases 1, 4, and 5 are negatively corre-
lated with the extraction rate, while Case 6's average temperature falls between these and
decreases gradually, consistent with earlier analysis.
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for different cases (Case 1, 4, 5 and 6).

Contour plots of the upper surface temperature within the geothermal layer over time
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Figure 13. Temperature evolution at the upper boundary of the geothermal layer (Case 1, 4, 5 and

6): (a) maximum temperature; (b) minimum temperature; (c) average temperature.

In Figure 14, the lower strata in Case 1 show the opposite trend: temperature rises
more at the wellbore center. After 500 days, it increases from 51 °C to 53.5 °C. Temperature

https://doi.org/10.3390/pr14132136



Processes 2026, 14, 2136

19 of 24

variation is greater in the lower part due to higher formation pressure, which makes hot
water extraction easier and causes larger pressure changes, drawing more water from
lower strata. Cases 4 and 5 support this: with a lower extraction rate, Case 4 reaches only
52 °C (about 1 °C rise). The lower end sees a 2.5 °C change, versus 0.75 °C at the upper
end. In Case 6, the temperature difference between upper and lower ends is very small,
likely because the horizontal well extracts replenished hot water before it fully heats the
formation, resulting in only a 0.9 °C rise. At the lower end, the right side (influenced by
the horizontal section) is cooler and closer to the initial temperature, indicating that the
right-side well drives hot water toward the wellbore center, causing opposite temperature
trends on the right side at the upper and lower ends. In Figure 15, temperature variation
in Cases 1, 4, and 5 is positively correlated with extraction rate, with the highest tempera-
ture nearest the right side and the lowest farthest left. Case 6 (horizontal perforation) has
the same extraction rate as Case 1 and similar average temperature variation, but its larger
perforation area prevents timely heating, resulting in the lowest average temperature.
Overall, temperature variations remain relatively small, indicating that using extracted
hot water for hydrate depressurization may provide a certain degree of operational sta-
bility under the investigated conditions. However, the actual service life of the geothermal
system requires further investigation due to the limited simulation period. Nevertheless,
higher water extraction rates enhance hydrate recovery while potentially reducing system
lifetime, indicating a trade-off between production performance and sustained opera-
tional duration that warrants further study. Additionally, the impact of large pressure
fluctuations from high extraction/injection rates on formation stability must not be over-
looked.
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time for different cases (Case 1, 4, 5 and 6).
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4. Discussion

The simulation results are generally consistent with previous studies while provid-
ing additional insights into the mechanisms governing geothermal-assisted hydrate pro-
duction.

With respect to injection temperature, higher temperatures enhance early-stage hy-
drate dissociation and gas production. However, the marginal benefit decreases when the
injection temperature exceeds 50 °C. This trend is consistent with Zhang et al. [27], who
attributed the reduced efficiency to increased thermal dissipation and a weakened thermal
driving force. Compared with Shi et al. [15], the present field-scale results further indicate
that thermal conduction remains the dominant heat-transfer mechanism in low-permea-
bility clayey-silt reservoirs, while large-scale convective transport is relatively limited.

Regarding injection rate, higher rates enlarge the thermal influence zone and accel-
erate hydrate dissociation near the injector, consistent with Lei et al. [17]. However, exces-
sive injection rates increase bottom-hole pressure and reduce pressure propagation effi-
ciency. Therefore, the identified optimal rate (500 m?/d) reflects a balance between thermal
enhancement and hydraulic stability.

For well configuration, horizontal wells outperform vertical wells due to improved
drainage efficiency and enhanced depressurization, consistent with previous studies
[24,25]. In addition, excessive proximity between injection and production wells may re-
duce thermal efficiency due to hydraulic interference. In this case, pressure depletion
around the production well limits hot-water migration from the injector, thereby reducing
thermal sweep efficiency. The dual-zone single-well configuration (Case 8) may provide
additional advantages for thicker reservoirs by enabling coupled vertical and lateral dis-
sociation.

Secondary hydrate formation represents another important factor affecting produc-
tion efficiency. The results indicate that its occurrence is controlled by the coupled effects
of gas migration, pressure redistribution, and local temperature evolution. Although sec-
ondary hydrate formation remains spatially limited under the investigated conditions, it
may partially reduce gas recovery by trapping dissociated methane in regions outside the
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primary dissociation zone. Based on the mechanistic analysis, several mitigation strategies
can be identified. A staged thermal injection scheme may help avoid excessive early-stage
gas release while maintaining long-term thermal stimulation. In addition, moderate injec-
tion rates can reduce pressure-driven gas migration toward the overburden, thereby sup-
pressing secondary hydrate formation. Optimized well configurations may further im-
prove methane capture efficiency and limit gas accumulation in low-temperature regions.
Among these approaches, staged thermal injection appears particularly attractive because
it can be implemented without additional infrastructure and can be flexibly adjusted ac-
cording to reservoir performance.

Beyond short-term production behavior, the geothermal system exhibits strong ther-
mal stability over the 600-day simulation period. Only minor temperature variation is ob-
served within the geothermal layer, which can be attributed to its large thermal capacity,
continuous deep heat recharge, and the closed-loop injection—production scheme. These
coupled effects maintain a near-balanced thermal state during operation, suggesting fa-
vorable conditions for sustained production under controlled extraction rates.

From an environmental perspective, methane migration into overlying sediments is
limited under the investigated conditions. The simulated methane plume remains local-
ized, with a maximum gas saturation of approximately 0.02 extending about 12 m above
the hydrate layer after 600 days, indicating efficient capture of most dissociated methane
by the production well.

Several limitations should be noted. First, although insulated tubing is assumed, mi-
nor heat loss during fluid transport may slightly reduce effective injection temperature
[47,48]. Second, the relative permeability and capillary pressure parameters are derived
from the literature values rather than site-specific measurements, introducing uncertainty
in absolute production predictions. Third, the 600-day simulation period is sufficient for
short- to mid-term analysis but does not capture long-term reservoir evolution. Future
work should incorporate extended simulations and field validation to further assess the
practical feasibility of geothermal-assisted hydrate production.

5. Conclusions

This study demonstrates that geothermal-assisted depressurization significantly out-
performs conventional depressurization for hydrate extraction. With optimized parame-
ters (50 °C, 500 m?/d, dual horizontal wells), the system achieves a 40% increase in cumu-
lative gas production while maintaining geothermal layer temperature stability within
1 °C over 600 days. Key findings are summarized as follows:

(1) Higher injection temperatures accelerate early-stage dissociation, but the marginal
benefit diminishes beyond 50 °C.

(2) The optimal injection rate of 500 m3/d balances production enhancement with oper-
ational safety. Excessive rates elevate bottom-hole pressure and hinder pressure
propagation.

(3) Horizontal wells significantly enhance dissociation, but excessively close well spac-
ing weakens thermal stimulation due to well interference. The dual-zone single well
configuration (Case 8) is better suited for thicker hydrate layers.

(4) The geothermal layer remains thermally stable over 600 days, suggesting favorable
conditions for sustained operation.

In summary, geothermal-assisted depressurization is a technically feasible and sus-
tainable method for hydrate extraction. The findings provide a theoretical basis for future
pilot-scale tests in the South China Sea.
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