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Abstract
The geothermal resources present within the
reservoir post-oil production in the oil field have
hitherto been overlooked and underdeveloped,
constituting a novel energy supplement for the
maintenance of energy security. The present
study constructed a geothermal transmission and
exploitation model for oil reservoirs based on the
geological environment and the characteristics of
geothermal transmission media. This model can
be used to analyse the impact of different factors
on the efficiency of reservoir geothermal resources.
Concurrently, a molecular dynamics model was
constructed to reveal the geothermal transmission
mechanism at a microscopic perspective, which
will facilitate the optimisation of geothermal
mining technology. The findings indicate that fluid
viscosity hinders geothermal transmission, and the
transmission medium of 40 mPa·s increases the
effective thermal influence radius by 9 m compared
with the medium of 30 mPa·s. Furthermore, the
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deflection angle of reservoir fractures is also not
conducive to reservoir geothermal transmission.
It has been demonstrated that an increase in
the deflection angle results in a reduction of the
transmission capacity, owing to substantial fluid
filtration. The utilisation of reservoir geothermal
resources provides fundamental data support for
the rational application of energy and the assurance
of energy security.

Keywords: geothermal transmission, reservoir energy
extraction, fluid heat transfer, energy engineering,
petroleum reservoir.

1 Introduction
The process of economic development is intrinsically
associated with rising energy demand, which
in turn poses a considerable challenge to the
long-term sustainability of global economic growth.
Geothermal energy recovery from subsurface
geological formations, including both underground
mines and flooded reservoirs, has been identified
as one promising avenue to alleviate this energy
pressure through the utilisation of existing subsurface

Citation
Wang, F., & Kobina, F. (2025). The Influence of Geological Factors
and Transmission Fluids on the Exploitation of Reservoir Geothermal
Resources: Factor Discussion and Mechanism Analysis. Reservoir
Science, 1(1), 3–18.

© 2025 by the Authors. Published by Institute of
Central Computation and Knowledge. This is an open
access article under the CC BY license (https://creati
vecommons.org/licenses/by/4.0/).

3

http://dx.doi.org/10.62762/RS.2025.637298
http://crossmark.crossref.org/dialog/?doi=10.62762/RS.2025.637298&domain=pdf
https://orcid.org/0000-0001-8979-7762
https://orcid.org/0000-0002-1666-1466
http://dx.doi.org/10.62762/RS.2025.637298
mailto:wangfl@cupk.edu.cn
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


Reservoir Science

infrastructure [1, 2]. The gradual depletion of
conventional fossil fuel reserves is expected to
inevitably slow economic expansion. Consequently,
this prospect has driven energy andmaterials scientists
to undertake proactive research and development of
alternative energy sources to mitigate the anticipated
energy deficit [3, 4]. Two locations have been
identified as significant sources of alternative energy:
(1) Geological new energy. The recent discovery
of unconventional shale resources and natural gas
hydrates has undoubtedly offered a promising avenue
to alleviate the shortage of fossil energy. Owing
to their abundant reserves, these relatively clean
energy sources enable efficient energy recovery
without necessitating the development of entirely
new reservoir stimulation techniques. However, the
complex and harsh geological conditions of shale and
hydrate reservoirs cannot be effectively addressed
by conventional reservoir stimulation techniques to
realize fracture propagation or reservoir modification.
In this regard, the optimisation of fracture network
configurations within geological reservoirs has
been demonstrated to be a critical methodology for
enhancing energy recovery efficiency, with principles
applicable across both unconventional hydrocarbon
and geothermal reservoir systems [5]. (2) New energy.
The advent of new energy sources, such as solar,
wind and hydrogen energy, has led to a paradigm
shift in energy research, owing to the exhaustion of
conventional energy resources. This is undoubtedly
also a key research area in response to CCUS and
energy sustainability policies. In parallel, engineered
geothermal systems represent a category of geological
new energy that has gained increasing recognition
as a renewable and dispatchable alternative, with
systematic reviews and numerical investigations
confirming their viability as a stable energy supply
complementary to intermittent renewables [6, 7].
Nevertheless, numerous defects and associated
disadvantages that require immediate resolution
also impede the large-scale utilisation of new energy
as an alternative energy source. The long-term
sustainability of geothermal energy utilisation, for
instance, remains a pressing challenge, as continuous
extraction leads to progressive reservoir temperature
decline; meanwhile, experimental studies on thermal
cracking and permeability evolution under high
temperature and pressure conditions further highlight
the technical barriers inherent to subsurface energy
recovery [8, 9]. Firstly, the low collection efficiency
of new energy sources, such as solar energy, wind
energy and hydrogen energy, is clearly insufficient

to meet normal production needs. This necessitates
the update and iteration of new energy collection
equipment and the search for efficient energy
collection materials. Secondly, the low efficiency of
energy storage equipment in terms of its capacity
to store a significant amount of energy during
periods of peak and valley demand means that it
is unable to meet the energy demands experienced
during valley periods. In the context of subsurface
energy systems, the influence of reservoir fracture
morphology on heat extraction performance [10] and
the potential of geological fluid injection for combined
heat mining and subsurface energy storage [11] have
been identified as important strategies to improve
the overall efficiency of geological energy recovery
and utilisation. Moreover, the intermittent supply of
new energy has been shown to reduce the stability
of energy availability for industrial production. The
inherent limitations of the two aforementioned
alternative energy sources underscore the necessity
for energy scientists to pursue the development of
more stable and efficient forms of energy [12].

Geothermal energy is a relatively underexplored clean
energy source that has received limited attention
to date [13]. This lack of focus primarily stems
from the complexity of the associated extraction and
heat transfer processes. Nevertheless, geothermal
energy holds considerable strategic importance as
a supplementary energy resource, owing to its
advantages of abundant reserves and environmental
sustainability. Furthermore, the common reservoir
transformation measures can be used to develop
geothermal energy [14, 15]. The pore connectivity
of the geothermal reservoir is a prerequisite for the
stable and continuous output of geothermal energy by
the heat transfer medium. The fracturing technology
utilised in this study has been demonstrated to achieve
effective crack expansion within the geothermal
reservoir, thereby facilitating the rapid flow of
the heat transfer fluid. However, the process of
heat transfer between the fluid and solid medium
of geothermal energy has been shown to induce
alterations in the performance of the reservoir fluid
(rheology, sand carrying and suspended sand, etc.).
These alterations have been demonstrated to have
a deleterious effect on the damage evolution and
crack expansion of the reservoir rock. Furthermore,
the disparities in the physical parameters of the
heat transfer fluid medium, in conjunction with the
alterations in reservoir rock properties engendered by
thermal loading— including changes in mechanical
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integrity and thermal conductivity—constitute pivotal
factors influencing contemporary geothermal energy
mining in the reservoir [16, 17]. This issue is highly
relevant to the geothermal industry as a whole and
must be addressed within the context of current
geothermal energy extraction practices. Numerous
numerical models have been developed in previous
studies to investigate the efficient exploitation of
geothermal reservoirs [18]. However, systematic
strategies and validated application cases for the
efficient development of geothermal resources remain
limited.

In this study, a comprehensive geothermal exploitation
coupling model was developed, which integrates
geological reservoir parameters and the medium
fluid characteristics. This model aims to analyze the
geothermal exploitation capacity and temperature
distribution characteristics across various influencing
factors. In parallel, the study applies microscopic
molecular dynamics theory to investigate and
elucidate the mechanisms behind heat transfer
and geothermal medium flow under different
environmental conditions. By leveraging this theory,
the study uncovers the intricate molecular interactions
that govern the performance of the heat transfer fluid
in the geothermal reservoir.

Furthermore, a thorough comparison is conducted
between the proposed geothermal exploitation model
and experimental data, with the primary objective
of validating the model’s applicability in real-world
scenarios. This comparison not only serves to confirm
the model’s accuracy but also highlights its practical
relevance.

2 Numerical model
2.1 Temperature field between solid-liquid heat

transfer in geothermal reservoirs
Solid–liquid and solid–solid heat transfer phenomena
are intrinsic to all stages of geothermal exploitation,
encompassing heat exchange processes within
geological reservoirs. The efficiency of heat transfer
between different media directly governs the overall
efficiency of geothermal resource utilization. In
many respects, the process of geothermal exploitation
closely parallels that of oil extraction. Accordingly,
the analysis of the geothermal reservoir temperature
field requires a comprehensive consideration of heat
transfer among the wellbore, the surrounding rock,
and the injected fluid. Firstly, Equations 1 and 2
respectively demonstrate the transient heat conduction

equations of the wellbore and reservoir for the heat
transfer medium, considering the effects of thermal
diffusion and convection [19].

ρfCf

(
∂Tw
∂t

+ vwTw
∂Tw
∂z

)
= −2U

rw

(
Tw − Tr
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r=rw

)
(1)

[(1− φ)ρsCs + φρfCf ]
∂Tr
∂t
− ρfCf

(
kp
µ(T )

)
∇Tr

= ∇ (kr∇T )
(2)

where ρf and Cf are the density and specific heat
capacity of heat transfer fluid in reservoir, ρs and Cs

are the density and specific heat capacity of rock solids
in reservoir. Tw and Tr are the temperature of heat
transfer medium and reservoir temperature. t and r
are the heat transfer time and radial distance. U and φ
are total heat transfer coefficient and porosity. kp and
µ are reservoir permeability and fluid viscosity. kr is
the thermal conductivity of reservoir.
Furthermore, Equation 3 represents a heat transfer
equation that explicitly incorporates both seepage and
fluid viscosity. This equation can be utilised to analyse
the heat transfer efficiency under varying seepage
factors and fluid viscosities. However, the heat transfer
equation in the wellbore is considered to be a transient
heat transfer equation [20].

[(1− φ)ρsCs + φρfCf ]
∂Tr
∂t
− ρfCf

(
kp
µ(T )

∇P
)
∇Tr

= ∇ [((1− φ)ks + φkf )∇Tr]
(3)

where ks and kf are the solid thermal conductivity and
fluid thermal conductivity. P is the pressure field of
reservoir fluid.
Equations 1, 2, and 3 are applicable to power-law heat
transfer media with low viscosity and laminar flow
inside the reservoir. In the case of heat transfer media
characterised by high-speed flow (high shear rate) and
turbulent flow, it is necessary to derive alternative heat
transfer equations.

2.2 Quality Control Equation between solid and
liquid substances in geothermal reservoirs

The quality control of geothermal reservoirs is
governed by the law of mass conservation, which
characterizes the inflow, outflow, and storage
variations of fluids—typically water or steam—within
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the reservoir (Equation 4) [21]. This equation states
that the rate of change of fluid mass in the reservoir is
equal to the net contribution of inflow and outflow
mass fluxes, together with the source and sink terms.

∂(φρ)

∂t
+∇(ρv) = qm (4)

where ρ and v are the density and fluid velocity of heat
transfer medium. qm is the mass flow rate of injected
or produced fluid.
Meanwhile, the flow of fluids in geothermal reservoirs
is typically governed by Darcy’s law (Equation 5) [22],
which delineates the percolation behaviour of fluids
within porous media. The substitution of the Darcy
velocity into the mass conservation equation results
in the derivation of the mass control equation in the
geothermal reservoir. This equation facilitates a more
precise description and calculation of the heat transfer
efficiency of the heat transfer fluid in the geothermal
reservoir.

∂(φρ)

∂t
−∇

(
ρ
kp
µ
∇(P − ρg)

)
= qm (5)

where g presented the gravity acceleration under
normal environmental factors.
The quality control equations employed in this study
can be applied to any fluid-solid numerical model of
reservoir transformation and energy storage processes.
This provides a fundamental theoretical basis for
geological transformation in a wide range of related
disciplines, including geological engineering, mining
engineering and petroleum engineering. Furthermore,
the mass conservation equation referenced in this
study does not encompass the evaporation of the heat
transfer medium caused by geothermal heat, primarily
due to the negligible impact of the relatively small
evaporation amount.

2.3 Frictional behavior of heat transfer medium in
reservoir fractures

The injection of a heat transfer medium along the
wellbore or fracture of an injection well has been
demonstrated to induce fluid flow in both the axial
(z direction) and radial (r direction) directions. Axial
flow propagates down the wellbore (Equation 6),
while radial flow causes the heat transfer fluid to seep
through the wellbore wall (Equation 7) [23].

ρf

(
∂vz
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+ vr
∂vz
∂r

+ vz
∂vz
∂z

)
= −∂P

∂r

+ µ

[
1

r

∂

∂r

(
r
∂vz
∂r

)
+
∂2vz
∂z2

]
+ ρfg cos θ

(6)

ρf

(
∂vr
∂t
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∂vr
∂r

+ vz
∂vr
∂z

)
= −∂P

∂r

+ µ

[
∂

∂r

(
1

r

∂

∂r
(rvr)

)
+
∂2vr
∂z2

] (7)

where θ presented the angle between the fluid flow
direction and the vertical direction.
Furthermore, the heat transfer medium will be subject
to the effects of friction (roughness or flow state)
during the flow in the reservoir wellbore or fracture,
resulting in significant resistance to the fluid flow. This
phenomenon can be addressed by utilising Equation
8 [24]. We selected Equation 15 [24, 25] to solve
the friction force of the heat transfer medium in
the cracks based on the flow pattern and Reynolds
number Re value of the heat transfer medium in the
reservoir fractures. This helps to adjust the fluid
medium composition in the reservoir fractures to
reduce frictional resistance.

Ffriction = −
fρfv

2
z |vr|

4rw
(8)

where Ffriction presented the friction force of heat
transfer medium during wellbore or crack flow
process.
Equation 8 can be used to calculate the friction of
low-velocity laminar fluid in the fracture that is
displayed. It has been demonstrated that fracture
expansion, oil displacement, geothermal extraction
and fluid energy storage can all utilise Equation 8
to reveal the friction behaviour of fluid in reservoir
fractures.

2.4 Determination of physical property parameters
of coupling model

The physical parameters corresponding to the heat
transfer medium in the geothermal reservoir can be
determined and revealed by the following equations,
which is crucial for calculating and analysing
geothermal extraction efficiency and heat transfer rate
under different factors.
As indicated in Equation 9, the fluid viscosity of the
heat transfer medium subsequent to heat exchange
with the geothermal reservoir may be calculated and
analysed.

µ = µ0e
−T−T0

Tc (9)

where µ0 is the corresponding fluid viscosity at T0
(Initial temperature). T is the real-time temperature
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of heat transfer medium after heat transfer in reservoir
geothermal. Tc is the characteristic temperature used to
characterize the sensitivity of viscosity to temperature
changes.

ρf (Tr) = ρ0 [1− β(Tr − T0)] (10)

where ρ0 is the reference fluid density taken as
1000 kg/m3 at the model initial temperature T0 =
279 K, and β is the thermal expansion coefficient
taken as 2 × 10−4 K−1. Equation 10 (Thermal
Expansion Equation) expresses the fluid density,
thereby providing real-time data on the fundamental
fluid parameters for the overall heat transfer efficiency
of a geothermal reservoir.
The specific heat capacity of both the heat transfer
medium and the surrounding rock is a critical
determinant of heat transfer efficiency within
geothermal reservoirs, which in turn directly
influences the developmental potential of geothermal
resources. Equation (11) illustrates the relationship
between the specific heat capacities of the fluid and
the solid and the amount of absorbed heat, thereby
revealing a positive proportional correlation between
these parameters.

c =
Q

m∆T
(11)

where Q is the the geothermal energy transferred by
the heat transfer medium to the rock after flowing
through the geothermal reservoir fractures or wellbore.
m is the quality of the heat transfer medium or
reservoir rock.
Equation (12) presents the total heat transfer
coefficient U of the geothermal reservoir, which
integrates the thermal resistances (1/U) arising from
fluid convection within the wellbore, conductive
heat transfer through the wellbore wall (including
the casing and cement sheath), and transient heat
conduction in the surrounding reservoir formation.

1

U
=

1

hw
+
rw ln

(
rc
rw

)
kc

+
rw

krf(t)
(12)

where hw is the fluid convection heat transfer
coefficient. rw and rc are the wellbore inner radius and
fracture inner radius. kc is the thermal conductivity
of the wellbore or heat transfer medium. where hw
is the fluid convection heat transfer coefficient. rw
and rc are the wellbore inner radius and fracture inner

Table 1. Physical parameters of heat transfer medium
(modified component water).

Physical parameters Numerical indicators
Fluid viscosity/ mPa·s (300K) 35

Flow rate / m3/min 4.2
Thickener content/wt% 1.6

Fluid state Transparent gel

radius. kc is the thermal conductivity of the wellbore
or heat transfer medium. kr is the equivalent thermal
conductivity of geothermal reservoirs, and it can be
calculated by Equation 13. f(t) is the dimensionless
transient heat conduction time function characterising
unsteady heat transfer between the wellbore and the
surrounding formation, as defined by Ramey [20].

kr = (1− φ)ks + φkf (13)

Finally, the friction behaviour (Laminar Flow) of the
heat transfer medium in the geothermal reservoir
fractures and related parameters should also be
considered and analysed, the friction coefficient f is
demonstrated in Equation 14.

f =
64

Re
, Re =

ρfvz2rw
µ

(14)

where Re is the Reynolds number. v is the fracture
flow velocity of heat transfer medium.
Simultaneously, the friction coefficient of the heat
transfer medium in the turbulent state within the
reservoir fracture through the utilisation of Equation
15 [24, 25].

1√
f

= −2 log10

(
ζ

3.7× 2rw
+

2.51

Re
√
f

)
(15)

where ζ presented the surface roughness.
Equations (9) and (10), which describe the
relationship between fluid viscosity and heat
transfer, can be applied not only to examine the
interaction between geothermal energy and heat
transfer media, but also to analyze and quantify the
reservoir stimulation efficiency of oilfield working
fluids, along with associated performance parameters
such as fluid filtration and seepage.
Furthermore, the heat transfer medium of geothermal
resources is an ultrapure water mixed fluid containing
a cross-linker, which is the object of the research. The
relevant physical parameters are shown in Table 1.
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Figure 1. Geothermal development process, boundary conditions and governing equations of geothermal reservoirs.

2.5 Model geometry and boundary conditions
The geological geometry model for reservoir
geothermal exploitation is constructed to a depth
of 1000 m. The model simultaneously defines the
injection and production wells for the heat transfer
medium, with a wellbore radius specified as 0.2 m.
Additionally, the initial density and temperature of
the heat transfer medium are set to 1000 kg/m3 and
279 K, respectively. This facilitates the transportation
and injection operation of the heat transfer medium in
the injection well. In conclusion, the driving geometry
model of the geothermal reservoir is defined as an
isotropic brittle material area with a diameter of
300m. This facilitates analysis and exploration of the
entire geothermal conversion process of the reservoir
medium from the injection well to the production well.

For the geothermal reservoir geometry model shown
in Figure 1, the boundary conditions between distinct
phases and materials constitute essential prerequisites
for accurately simulating geothermal energy transport
and fluid flow within the reservoir.
The geothermal energy stored in the reservoir is
transferred to the heat transfer medium within the
wellbore through the coupling between the heat flux
across the wellbore wall and the reservoir temperature
field, as described by Equation 16.

qw = U

(
Tw − Tr

∣∣∣∣
r=rw

)
(16)

Furthermore, the heat transfer medium injected into
the reservoir must also account for the reservoir’s
temperature boundary conditions, which inherently
involve the solid–liquid heat flux coupling at the
surface of the reservoir fractures, as represented by
Equation (17).

− kr
∂Tr
∂r

∣∣∣∣
r=rw

= U

(
Tw − Tr

∣∣∣∣
r=rw

)
(17)

Both the injection and production wells need to be
considered in the pressure boundary conditions, for
which Equations 18 and 19 are required for description
and analysis.

− kp
µ(T )

∂P

∂r

∣∣∣∣
r=rw

=
Q

2πrwh
, Q = 0.01m3/s (18)

− kp
µ(T )

∂P

∂r

∣∣∣∣
r=rw

=
Q

2πrwh
(19)

The boundary conditions of the geological model for
geothermal energy extraction employed in this study
are comparable to those applied in fluid–solid coupling
models within other geological and petroleum
engineering contexts, thereby providing a valuable
reference for analyzing fluid flow and heat transfer
processes in typical geological reservoirs.

2.6 Adaptability Validation of Investigation
Methodology

Figure 2 presents a comparison between the numerical
simulation results and the experimental data for
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Figure 2. Adaptive verification of numerical models.

the geothermal reservoir depicted in Figure 1, with
the experimental dataset drawn from the field
measurements reported by Shaik et al. [28] and
the wellbore heat transfer data of Ramey [20],
thereby effectively validating the applicability of
the constructed geometric model for geothermal
energy exploitation. The coefficient of determination
R2(0.996) and the average relative error (4.6%)
between the experimental data and the numerical
model validate the accuracy of the aforementioned
conclusions, providing an important reference for
the application of the numerical model illustrated in
Figure 1 to geothermal energy extraction. The similar
trends observed in both datasets indicate that the
numerical model exhibits strong adaptability to the
reservoir environment in terms of energy conversion
and formation transformation. Meanwhile, the slight
discrepancies between the two datasets are primarily
attributed to the moderate adjustments in boundary
conditions and governing equations introduced in this
study’s numerical model relative to the referenced
prior studies.

3 Results and Discussion
3.1 Rheological parameters of heat transfer fluid
The flow parameters of the heat transfer medium
directly govern the flow behavior and heat transfer

efficiency of the fluid within reservoir fractures.
Moreover, frictional resistance is a critical parameter
closely associated with fluid viscosity and the
Reynolds number of the fluid. It has been
demonstrated by preceding studies that the flow
parameters of the reservoir fluid (i.e. fluid viscosity,
rheological index and consistency coefficient) are all
affected by the reservoir environment (i.e. reservoir
temperature). It is imperative to investigate the
impact of the flow parameters associated with the
heat transfer medium following geothermal heating
of the reservoir on friction resistance and heat transfer
efficiency. As illustrated in Figure 3, the dynamic
viscosity and friction resistance of the flow medium
are observed to vary with geothermal heating of the
reservoir at varying temperatures. A clear divergence
in trend lines is evident between the two parameters
and the medium temperature. Firstly, the viscosity
of the flow medium decreases continuously with
the heating temperature; notably, the geothermal
temperature above 333 K can significantly reduce
the flow viscosity of the heat transfer medium. By
contrast, a lower geothermal temperature does not
lead to a significant decrease in the viscosity of
the heat transfer medium, primarily due to changes
in intermolecular interaction forces induced by
geothermal heating. From a macroscopic perspective,
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the inverse relationship between geothermal reservoir
temperature and heat transfer fluid viscosity is a
well-recognised phenomenon in geothermal energy
technology, and constitutes one of the key physical
mechanisms governing fluid flow behaviour and heat
transfer efficiency in geothermal reservoir systems [26].

Figure 3. Variation trends of rheological parameters,
adsorption capacity and surface friction resistance of heat

transfer media at different geothermal temperatures.

As shown in Figure 4, the microscopic morphological
changes and adsorption behavior of the heat
transfer media in geothermal reservoir fractures
further illustrate the impact of temperature on fluid
properties. At low geothermal temperatures, the
intermolecular distance within the heat transfer
medium is relatively reduced, thereby enhancing
intermolecular interactions and facilitating the
formation of chemical bonds. Furthermore, the
like-charges carried by the molecules exert minimal
repulsive forces under low-temperature conditions,
thereby stabilizing the already-formed intermolecular
bonds. Conversely, elevated geothermal temperatures
have been shown to increase the repulsive forces
between similarly charged molecules, with the
potential to disrupt pre-existing intermolecular
bonds. Furthermore, the enhanced molecular kinetic
activity induced by elevated temperatures promotes
irregular molecular motion, thereby further increasing
the likelihood of bond stretching or breakage. It
is well established that the macroscopic viscosity
of aqueous heat transfer media exhibits strong
dependence on temperature and pressure conditions.
Experimental investigations have confirmed that,
for geothermal-relevant aqueous fluids, increasing
temperature leads to a systematic and measurable
reduction in dynamic viscosity under both moderate

and elevated pressure environments, owing to the
thermally driven weakening of cohesive molecular
interactions within the fluid [27]. Consequently, the
disruption of these bonds at elevated geothermal
temperatures inevitably leads to a reduction in
fluid viscosity. The resultant low-viscosity heat
transfer medium flows more rapidly from the
reservoir to the production well, thereby providing a
favorable physical basis for enhancing the efficiency of
geothermal energy extraction.

Secondly, the frictional resistance experienced by the
heat transfer medium within reservoir fractures is
significantly influenced by geothermal temperature
variations. The inverse relationship between
temperature and friction has emerged as a key factor
driving efficient geothermal energy extraction. The
friction encountered by the flowing medium in the
fracture is primarily attributed tomolecular adsorption
on the fracture surface at the microscale. Specifically,
medium molecules adhere to the rock surface via
intermolecular forces—particularly interactions
between polar functional groups—thereby increasing
flow resistance. In low-temperature reservoirs, the
reduced molecular kinetic energy enhances the
adsorption tendency of the heat transfer medium,
making desorption less likely during flow. As a
result, greater frictional resistance is observed under
low-temperature conditions, which adversely affects
both the mobility and heat transfer efficiency of the
medium within the geothermal reservoir. However,
elevated geothermal heat has been observed to induce
a heightened degree of molecular activity in the
heat transfer medium molecules, which, in turn,
gives rise to violent Brownian motion. The irregular
microscopic motion of high-activity molecules at
elevated temperatures within geothermal systems is
of particular concern. This motion increases the risk of
molecules desorbing from the reservoir rock surface.
Additionally, the increasing intermolecular repulsion
at high temperatures leads to an increased probability
of medium molecules desorbing. Consequently, the
smaller adsorption and larger molecular desorption
capacity formed by high-temperature geothermal
reservoirs help reduce flow resistance, providing
practical basic data for the efficient exploitation of
geothermal resources.

Consequently, the temperature environment of the
geothermal reservoir exerts an adverse effect on
the viscosity of the medium fluid. However, the
reduction in friction caused by the continuous decrease
in fluid viscosity significantly accelerates the fluid
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Figure 4. Microscopic morphological changes and adsorption behavior of heat transfer media in geothermal reservoir
fractures.

flow rate. It is possible to bring more geothermal
heat into the production well through material heat
transfer as a heat transfer medium [28]. This can be
used to achieve efficient exploitation of geothermal
resources. Furthermore, the low adsorption of the
medium at high geothermal temperatures also helps to
achieve reservoir protection and smooth transmission
fractures.

3.2 Filtration Behavior of heat transfer fluid
Geothermal reservoirs bear a resemblance to
conventional oil reservoirs in that the working fluids
also exhibit filtration behaviour in reservoir rocks.
This phenomenon exerts a substantial influence on the
heat transfer of heat transfer media and the efficiency
of geothermal extraction. As illustrated in Figure 5, the
filtration behaviour of heat transfer fluids in different
geothermal reservoirs is shown to be dependent on

porosity. Furthermore, an analysis and exploration of
the geothermal distribution of geothermal reservoirs
is also presented. As demonstrated in Figure 5, an
evident inverse correlation exists between the porosity
of geothermal reservoirs and the filtration amount of
heat transfer fluids. This indicates that an increase
in porosity is not conducive to the migration of
heat transfer fluids along reservoir fractures. It is
hypothesised that the presence of more heat transfer
media in larger pores will impede the process of
extracting geothermal heat from the production well
by the heat transfer fluid. However, the fluid filtration
caused by smaller porosity is relatively weak, and
larger fluid filtration is shown in reservoir porosity
above 15%. It has been demonstrated that a reduction
in porosity can impede the permeation of heated
transmission medium through the reservoir rock
pores. This phenomenon can result in a substantial
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volume of fluid being compelled to traverse the
reservoir fractures, ultimately reaching the production
well. However, the larger reservoir porosity will cause
a large amount of transmission medium that originally
flowed to the production well to flow into the surface
pores. This will inevitably result in fluid filtration,
which will have a negative impact on the transmission
and exploitation of geothermal fluids.

Figure 5. Effects of geothermal reservoirs on filtration
behavior and microscopic parameters of heat transfer

fluids.

Furthermore, the geothermal reservoir temperature
exerts a substantial influence on the medium filtration,
which, to a certain extent, also modifies the efficiency
of reservoir geothermal extraction. The relationship
between reservoir temperature and fluid filtration
has been the subject of numerous studies, including
those focusing on geothermal reservoirs. The
positive proportional relationship between geothermal
reservoir temperature and fluid filtration (Figure 6)
is of significance for the efficient exploitation of
geothermal resources [29]. However, adjusting the
material composition of the heat transfer medium is
also an important measure to alleviate high filtration.
The relationship between geothermal reservoir
temperature and the filtration behaviour of heat
transfer medium can be explained and analysed by
the interaction of heat transfer medium molecules
and the change of microscopic chemical bonds.
The molecules of the heat transfer medium form
a three-dimensional grid model based on van der
Waals force, which helps to bind the molecules of
the heat transfer medium to each other and produce
many macroscopic parameters, such as excellent
fluid viscosity and low filtration behaviour. At low
geothermal temperatures, the energy transferred
to the medium molecules is insufficient to facilitate

substantial molecular activity. This, in turn, can
impede the occurrence of excessive Brownian motion
of molecules, thereby preventing the drag or stretching
of intermolecular bonds. Furthermore, the weaker
intermolecular repulsion between medium molecules
with reduced molecular activity serves to mitigate the
propensity for molecules to displace from one another.
Consequently, intermolecular bonds are unable to
be subjected to significant dragging and stretching.
The two aforementioned weaker interactions serve
to reduce the possibility of medium molecules
breaking bonds and presenting a free state at low
geothermal temperatures. This, in turn, reduces
the probability of free medium molecules achieving
fluid filtration through the pores on the fracture
surface. However, an increase in geothermal reservoir
temperature will result in a molecular state that
is completely different from the low geothermal
temperature. This can be revealed by the Arrhenius
equation [26] (Figure 6). At elevated temperatures,
reservoir rocks have been observed to transfer more
heat to medium molecules. This transfer invariably
causes the medium molecules to move more violently.
The irregular movement of medium molecules,
characterised by elevated molecular activity, has
been shown to accelerate the stretching or even
breaking of intermolecular chemical bonds. At
elevated temperatures, high-activity molecules are
observed to form more free molecules by pulling off
chemical bonds. Furthermore, the elevated thermal
conditions within geothermal reservoirs not only
intensify molecular activity within the heat transfer
medium but also induce progressive alterations in
fracture aperture and reservoir permeability through
thermo-hydro-mechanical coupling effects, which
collectively amplify the filtration of the heat transfer
medium into the surrounding reservoir rock [30]. This
will inevitably increase the risk of stretching or even
breaking chemical bonds between medium molecules
at high temperatures. The two aforementioned
forces will inevitably result in the dissolution of
additional chemical bonds due to elevated geothermal
temperatures, thereby exposing a greater number
of free molecules. It has been demonstrated by
preceding studies that the filtration of free molecules
into reservoir rocks is most efficient when these
molecules pass through the pores on the surface of
the fracture. It can thus be concluded that, despite
the attainment of higher flow speeds (Figure 3) and
reduced adsorption amounts (Figure 4) at elevated
geothermal temperatures, the substantial fluid
filtration behaviour hinders the effective utilisation of
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Figure 6. Filtration behavior and microscopic molecular distribution of heat transfer media.

geothermal energy.

3.3 Analysis of factors affecting geothermal
extraction efficiency

3.3.1 Influence of reservoir pressure on geothermal
extraction efficiency

The internal pressure of the geological reservoir
exerts a substantial influence on the fluid parameters
of the heat transfer medium and the extraction
efficiency of geothermal resources, as demonstrated in
Figure 7. As demonstrated in Figure 7 and Table 2,
it is evident that an increase in reservoir pressure
does not contribute to the effective extraction of
geothermal resources. Furthermore, a substantial
inverse proportional relationship is observed between
reservoir pressure and geothermal extraction efficiency.
The determination of the aforementioned relationship
can be attributed to the influence of geothermal
reservoir pressure on the rheological parameters of
the heat transfer medium, which directly changes
fluid flow resistance (Equation 15) and fluid viscosity.
However, it is important to note that a decrease in
reservoir pressure will not have a significant impact
on the extraction efficiency of geothermal energy.
Conversely, an increase in reservoir pressurewill result
in a substantial reduction in extraction efficiency.
Table 2. Effects of reservoir pressure on viscosity, filtration

and adsorption of geothermal fluids.
Evaluation parameters 12MPa 14MPa 16MPa 18MPa
Fluid viscosity/ mPa·s 52 54 57 62
Filtration volume/ mL 1.2 1.1 0.95 0.7

Adsorption quality/ mg/m3 0.6 0.65 0.75 0.9

The impact of reservoir pressure on geothermal
energy extraction is predominantly influenced by

alterations in fluid viscosity, which in turn directly
dictates the transmission rate of geothermal energy.
It has been demonstrated by preceding studies that
an elevation in reservoir pressure can result in an
augmentation of fluid viscosity, a phenomenon that
is predominantly facilitated by the extrusion and
formation of microscopic chemical bonds. In the
context of low reservoir pressure, the separation
between molecules in the heat transfer medium is
substantial, thereby impeding the formation and
interaction of intermolecular chemical bonds. On
the macroscopic level, it is impossible to promote
an increase in fluid viscosity, which will inevitably
result in a decrease in fluid resistance. Concurrently,
the reduction in reservoir pressure also diminishes
the adsorption of medium molecules on the fracture
surface, thereby establishing the necessary conditions
for the rapid flow of heat transfer medium in
geothermal reservoir fractures. Consequently, in
circumstances where reservoir pressure is low, a
comparatively substantial fluid velocity may be
established due to the diminished fluid viscosity and
resistance. This, in turn, facilitates the transportation
of geothermal heat from the heated heat transfer
medium to the production well. However, the
reduced formation of intermolecular bonds under low
reservoir pressure is likely to impede the connectivity
of additional freemolecules, potentially leading to rock
filtration of the heat transfer medium. Despite the
fact that greater fluid filtration under low pressure is
not conducive to fluid flow and medium heat transfer
rate, the relevant laws in Figures 3 and 5 demonstrate
that the effect of fluid filtration on medium flow is
significantly weaker than the effect of fluid viscosity
and molecular adsorption on fluid flow. Consequently,
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Figure 7. Geothermal temperature distribution under different reservoir pressures.

while fluid filtration behaviour can be established
under low pressure, this does not impede the larger
flow rate and medium heat transfer flow capacity.

The presence of high geothermal reservoir pressure
has been shown to result in a markedly divergent fluid
flow and heat transfer efficiency in comparison to the
low-pressure state. This has been demonstrated to
be disadvantageous to the flow of geothermal energy
and its development. Firstly, high pressure exerts a
compressive force onmolecules, thereby reducing their
distance and consequently generating intermolecular
forces. It has been established that, under conditions
of elevated pressure, a significant quantity of
free medium molecules form chemical bonds and
microscopic three-dimensional grid structures with
one another. This process invariably results in
a reduction in the number of free molecules and

macroscopic fluid viscosity. The reduction of a large
number of free molecules weakens the rock filtration
of the medium, which is evidently a favourable
aspect for promoting the development of geothermal
resources. Nevertheless, the rising fluid viscosity
in the presence of elevated pressure represents the
primary impediment to geothermal heat transfer and
energy development. This phenomenon can lead to
the formation of a substantial adsorption layer and
the subsequent resistance to flow of medium-sized
molecules on the surface of geothermal reservoir
rocks. Additionally, the geological environment of
the geothermal reservoir can be subject to significant
damage and the formation of fractures due to
the adsorption of medium-sized molecules. In
summary, although an increase in reservoir pressure
can significantly increase the viscosity of the medium,
the large flow resistance is not conducive to the
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Figure 8. Effect of deflection angle on temperature distribution of heat transfer medium in geothermal reservoir.

fracture flow of heat transfer medium and geothermal
exploitation. While reservoir pressure can facilitate
the effective utilisation of geothermal energy with
regard to fluid viscosity and filtration behaviour,
high adsorption has the potential to result in flow
resistance and fracture pollution. This, in turn, will
impede the exploitation and expansion of geothermal
energy. Consequently, the selection of a heat transfer
medium comprising a reduced number of polar groups
will invariably result in the occurrence of surface
adsorption of cracks that is of an extremely weak
nature. Overall, despite the beneficial reduction in
fluid filtration under elevated reservoir pressure, the
concurrent increases in fluid viscosity and molecular
adsorption collectively outweigh this advantage,
rendering high reservoir pressure detrimental to the
overall efficiency of geothermal energy extraction.

3.3.2 Influence of deflection angle of reservoir fracture on
geothermal extraction efficiency

Efficient energy conversion in geothermal reservoirs
requires the heat transfer medium to transport thermal
energy through both solid and liquid phases within
reservoir fractures, necessitating consideration of the
influence of fracture morphology on heat transfer
performance. As a nonnegligible geological parameter,
the fracture deflection angle significantly affects
various fluid properties—such as shear behavior,
fluid filtration, and flow resistance—which in turn
directly influence the efficiency of geothermal energy
transmission. Figure 8 and Table 3 illustrate the
variation in fluid filtration and flow resistance as a
function of fracture deflection angle across different
geothermal reservoirs. These curves provide a
fluid-dynamic perspective for analyzing changes in
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geothermal energy extraction efficiency.

Table 3. Effects of deflection angle on viscosity, filtration
and adsorption of geothermal fluids.

Evaluation parameters 0° 15° 30° 45°
Fluid viscosity/ mPa·s 52 50 47 40
Filtration volume/ mL 2 2.5 3.2 4.4

Adsorption quality/ mg/m3 0.72 0.81 0.92 1.1

As demonstrated in Figure 8, the fracture deflection
angle of the geothermal reservoir has the capacity
to induce two phenomena: firstly, the continuous
increase of the reservoir fluid loss volume, and
secondly, the rock adsorption amount of the medium
molecules. However, the apparent viscosity of the
heat transfer medium gradually decreases due to
the increase of the fracture deflection angle of the
geological reservoir, which may be attributed to the
severe external shear of the fluid under a large
deflection angle. The deflection angle and the heat
transfermedium loss demonstrate a roughly consistent
sine function (sin), indicating minimal fluid loss in the
absence of bending (sin0=0). It is important to note
that the slight loss of vertical fractures is attributable
to the normal loss caused by the fracture pressure
of the heat transfer medium itself, which is present
in most reservoir fractures. However, an increase in
the fracture deflection angle will result in a significant
quantity of heat transfer medium being compressed
into a specific volume of liquid under the influence
of injection pressure. This process directly releases
the fluid content and flow energy in the reservoir
fracture. It has been established that a 15° fracture
deflection angle will cause the heat transfer medium
flowing in the reservoir fracture to be blocked due
to a change in flow direction. This will inevitably
result in a small amount of medium fluid being
squeezed into the fracture rock after touching the
deflected reservoir fracture surface (sin15°=0.258).
Concurrently, reservoir fractures exhibiting larger
deflection angles will invariably precipitate enhanced
filtration of the heat transfer medium into the
geothermal reservoir, concomitantly engendering a
reduction in flow capacity. Consequently, a diminished
quantity of heat transfer medium will be able to
enter the production well along the reservoir fracture,
thereby enabling geothermal exploitation.

3.4 Sustainability of Geothermal Resource
Extraction

The sustained temperature of geothermal reservoirs
has become an important indicator for evaluating

Figure 9. The trend of development life of geothermal
reservoirs with reservoir pressure.

the sustainability of geothermal energy extraction,
with the production temperature in production wells
at different extraction stages serving as a crucial
reference point for assessing the long-term geothermal
energy supply potential of the corresponding reservoir
zone. As demonstrated in Figure 9, the production
temperature of the heat transfer medium exhibits
a progressively diminishing trend throughout the
course of geothermal energy development under
all reservoir pressure conditions investigated. The
continuous decline in production temperature is
attributed to the gradual depletion of thermal energy
stored in the geothermal reservoir, reflecting the
non-renewable nature of geothermal resources. The
discrepancy in production temperature among cases
of varying reservoir pressure is primarily governed
by the interplay between medium filtration into
the surrounding rock and thermal energy recovery
within reservoir fractures. Under conditions of
elevated reservoir pressure, a greater quantity of
heat transfer medium infiltrates the reservoir rock
matrix, thereby reducing the thermal energy carried by
the produced medium and consequently diminishing
both the geothermal extraction efficiency and the
total productive lifespan of the reservoir. Under
conditions of low reservoir pressure, although a
relatively higher extraction efficiency is achieved
in the short term due to reduced flow resistance,
the accelerated decline in production temperature
similarly shortens the effective geothermal mining
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period. Consequently, despite the clean energy
nature of geothermal resources, their non-renewable
characteristic necessitates careful management of
reservoir pressure and fluid injection parameters
to mitigate energy attenuation and optimise the
long-term development of geothermal resources.
Therefore, in view of the non-renewable characteristics
of geothermal energy, external clean energy sources
such as wind or solar energy can be stored in
geothermal reservoirs as high-temperature fluids. This
would serve to supplement the shortcomings caused
by the continuous reduction of geothermal resources.
The bidirectional development of geothermal resource
exploitation and energy storage projects, as previously
mentioned, has the potential to achieve closed-loop
energy utilisation, thereby contributing to the
maintenance of ecological sustainability through the
aforementioned measures.

4 Conclusion
This study contributes to mitigating the growing
scarcity of conventional fossil energy by exploring
geothermal energy extraction from reservoirs
in abandoned oil fields, which holds significant
implications for ensuring energy security and
sustaining economic growth. The geothermal
reservoir energy development coupling model
proposed herein more accurately represents the
real-world conditions of geothermal exploitation.
Furthermore, the efficiency of geothermal energy
extraction is primarily governed by the fluid
properties and filtration behavior of the heat transfer
medium, which are effectively characterized using a
three-dimensional grid-based theoretical framework.
Additionally, analysis of various influencing factors
on the outlet temperature of geothermal fluids
indicates that fluid viscosity and molecular adsorption
exert a considerably more pronounced influence on
geothermal development than permeability effects
under the conditions investigated in this study.
Therefore, utilizing heat transfer media with low
viscosity and minimal adsorption characteristics can
significantly enhance geothermal energy recovery.
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