
Computer Modeling in
Engineering & Sciences

echT PressScience

Doi:10.32604/cmes.2025.073239

ARTICLE

Numerical Study of Fluid Loss Impact on Long-Term Performance of Enhanced
Geothermal Systems under Varying Operational Parameters

Yongwei Li1, Kaituo Jiao2,*, Dongxu Han3, Bo Yu2 and Xiaoze Du1

1Key Laboratory of Power Station Energy Transfer Conversion and System (North China Electric Power University), Ministry of
Education, Beijing, 102206, China
2School of Petroleum Engineering, Yangtze University, Wuhan, 430100, China
3School of Mechanical Engineering, Beijing Institute of Petrochemical Technology, Beijing, 102617, China
*Corresponding Author: Kaituo Jiao. Email: ktbox@yangtzeu.edu.cn
Received: 13 September 2025; Accepted: 13 November 2025; Published: 23 December 2025

ABSTRACT: The permeability contrast between the Hot Dry Rock (HDR) reservoir and the surrounding formations is
a key factor governing fluid loss in Enhanced Geothermal Systems (EGS). This study thus aims to investigate its impact
on system performance under varying operating conditions, and a three-dimensional thermo–hydro–mechanical
(THM) coupled EGS model is developed based on the geological parameters of the GR1 well in the Qiabuqia region.
The coupled processes of fluid flow, heat transfer, and geomechanics within the reservoir under varying reservoir–
surrounding rock permeability contrasts, as well as the flow and heat exchange along the wellbores from the reservoir to
the surface are simulated. Then, the influence of permeability contrast, production pressure, injection rate, and injection
temperature on fluid loss and heat extraction performance over a 35-year operation period is quantitatively assessed.
The results show that increasing the permeability contrast effectively suppresses fluid loss and enhances early-stage heat
production, but also accelerates thermal breakthrough and shortens the stable operation period. When the contrast
rises from 1 × 103 to 1 × 105, the cumulative fluid loss rate drops from 54.34% to 0.23%, and the total heat production
increases by 132%, although the breakthrough occurs 5 years earlier. Meanwhile, higher production pressure delays
thermal breakthrough and slows transient temperature decline, but exacerbates fluid loss and reduces heat production
power. For instance, raising the pressure from 17 to 21 MPa increases the fluid loss rate from 33.17% to 54.34% and
reduces average annual heat production power from 25.43 to 14.59 MWth. In addition, increasing the injection rate (46
to 66 kg/s) lowers fluid loss rate but brings forward thermal breakthrough by 9 years and causes a 41 K temperature
drop at the end of operation. Notably, under high fluid loss, the dynamic response pattern of heat production power
shifts from a temperature-dominated “stable–breakthrough–decline” mode to a novel “rising–breakthrough–decline”
mode jointly governed by both production temperature and flow rates. These findings provide theoretical support and
engineering guidance for improving EGS performance.
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1 Introduction
Global efforts to decarbonize and transition toward sustainable energy systems have made the devel-

opment of deep, clean, and reliable geothermal resources increasingly critical [1]. Hot Dry Rock (HDR)
reservoirs possess enormous geothermal potential, offering the capability for large-scale power generation. It
is estimated that HDR reservoirs at depths of 3–10 km in China and the United States collectively hold a total
heat reserve exceeding 3.9 × 107 EJ [2]. In particular, the total HDR resources in China alone are equivalent
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to 260,000 times the nation’s annual energy consumption [3]. Efficient exploitation of HDR geothermal
resources is essential for meeting growing energy demand and enabling low-carbon development.

Enhanced Geothermal Systems (EGS) represent an open-loop heat extraction technology that activates
HDR reservoirs through hydraulic fracturing or similar techniques, thereby creating interconnected fracture
networks and stable heat exchange pathways. During operation, a cold working fluid is injected into the
reservoir via injection wells, heated by the high-temperature rock matrix, and then recovered through
production wells for power generation [4]. This concept was first proposed by the Los Alamos National
Laboratory in the United States in 1974 and has since become the core technology for HDR geothermal
resource development. Over the past several decades, a series of EGS field experiments have been conducted
in countries such as France [5,6], the United States [7], Germany [8,9], Australia [10,11], Japan [12], the United
Kingdom [13], and China [14].

Fig. 1 presents several major EGS projects worldwide, where blue boxes indicate currently operating
projects and red boxes represent those that have been closed. Although the feasibility of EGS technology has
been demonstrated and considerable advances have been made, nearly half of all EGS projects have failed
to achieve long-term stable operation, hindering large-scale commercialization. Fluid loss remains a critical
challenge that limits both the efficiency and operational stability of EGS systems. Excessive fluid loss results
in ineffective recovery of the working fluid, not only reducing heat extraction efficiency but also significantly
shortening the operational lifespan of the system [15]. For example, long-term circulation tests at the Hijiori
site in Japan reported fluid loss rates exceeding 70% in two key production wells, HDR-2a and HDR-3 [16].
An even more extreme case was observed in the Kakkonda (Koguchi) project in Japan, where fluid loss rates
approached 80%, eventually leading to project termination [17].

Figure 1: Operating and closed EGS projects worldwide

The mechanisms underlying fluid loss in EGS are inherently complex, resulting from the combined
effects of geological characteristics and coupled thermo–hydro–mechanical (THM) processes. Among these,
the dynamic evolution and spatial deviation of preferential flow paths within the reservoir are widely
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recognized as the primary drivers of fluid loss [18,19]. Existing studies have demonstrated that the injection
of cold fluid during EGS operation induces disturbances of temperature gradients and pore pressure, causing
the fluid to preferentially traverse low-resistance pathways [20]. This leads to the occurrence of “bypass
flow,” whereby the injected fluid circumvents high-temperature heat exchange zones. Such flow diversion
not only significantly reduces heat extraction efficiency but also results in substantial volumes of fluid
failing to participate in effective heat exchange [21,22]. Further numerical simulations by Zinsalo et al. [23]
revealed that as the heat extraction process continues, the originally limited preferential channels in the
reservoir dynamically evolve. In the later stages of EGS operation, these flow pathways become increasingly
concentrated, enabling the fluid to more readily bypass target heat exchange regions or migrate directly
toward reservoir boundaries. As a result, irrecoverable fluid loss intensifies, thermal output declines, and the
operational lifetime of the system is markedly shortened.

The permeability contrast between the reservoir and the surrounding formations is a key external driver
for the dynamic evolution and spatial deviation of preferential flow paths [24]. Cheng et al. [15] developed
a comprehensive EGS model, and conducted numerical simulations showing that when the permeability
of the surrounding formations approaches that of the reservoir, the working fluid can readily leak into the
adjacent strata under injection pressure, resulting in substantial fluid loss. Notably, when the permeability
ratio between the reservoir and the surrounding formations exceeds 10:1, the fluid loss rate can surpass
80%. Zeng et al. [25] further demonstrated that, even under gravitational effects, significant preferential
flow channels can form from the reservoir to the overlying caprock, directing fluids into non-heat-exchange
regions. Their results indicated that as the permeability ratio of the caprock to the reservoir increases from
1 × 10−3 to 1, more than 30% of the injected fluid can directly escape without sufficient heat exchange, leading
to a reduction in heat extraction efficiency of over 20%. In addition, Taron and Elsworth [26], using thermo-
hydro-mechanical-chemical (THMC) coupled model, showed that high-pressure injection can induce shear
slip, microfracture propagation, or chemical dissolution in the surrounding rock, dynamically increasing
its permeability. As a result, previously “sealed” formations may be activated as new flow channels, further
amplifying fluid loss. Collectively, these studies highlight that the permeability contrast between the reservoir
and surrounding formations not only significantly alters the distribution of fluid migration pathways, but
also acts as a major control on the evolution of flow paths and the occurrence of fluid loss.

Although previous studies have preliminarily revealed the mechanisms of fluid loss from the perspective
of formation permeability contrast, fluid loss rates still exhibit significant variation under different opera-
tional conditions [15]. In parallel, many investigations have explored the influence of operating parameters on
EGS system performance and have yielded valuable insights. For instance, Li et al. [27] conducted sensitivity
analyses on key parameters such as well spacing, injection temperature, and circulation rate, and found that
increasing the injection rate can enhance the heat recovery ratio, but also accelerate thermal breakthrough
and shorten system lifespan. Ma et al. [28] employed a coupled thermal–hydraulic EGS model to evaluate the
combined effects of injection flow rate and temperature on the heat extraction ratio and system stability. Their
results showed that increasing the injection flow rate from 80 to 160 kg/s improved the recovery ratio from
57.6% to 84.7%, whereas increasing the injection temperature from 10○C to 20○C reduced the heat extraction
ratio from 77.7% to 71.8%. Furthermore, Yin et al. [29] developed a coupled THM model to examine the
effects of varying injection pressure, and reported that raising the maximum injection pressure from 34 to
40 MPa increased reservoir permeability by approximately 13.45% and improved the total heat extraction by
about 3.5 × 1014 J. However, most of these studies focus on idealized heat extraction performance without
considering fluid loss, and rarely examine how operating parameters interact with fluid loss under conditions
of formation permeability contrast. The dynamic evolution of fluid loss and its impact on system efficiency
remain poorly understood. Therefore, further investigation is essential to clarify how varying permeability
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contrasts and operational parameters jointly affect fluid loss, and to uncover their implications for the
thermal performance and long-term stability of EGS systems.

To address this issue, a three-dimensional THM-coupled EGS model is developed based on the
geological parameters of the GR1 well region in the Qiabuqia area. The model incorporates injection and
production wells, and simulates coupled processes of fluid flow, heat transfer, and mechanical response in the
HDR reservoir under varying permeability contrasts between the reservoir and the surrounding formations.
The internal flow and heat exchange processes within the wellbores from the reservoir to the surface are
also simulated. Based on this model, a comprehensive evaluation is carried out to investigate the effects
of permeability contrasts and key operating parameters including production pressure, injection rate, and
injection temperature, on fluid loss and heat extraction performance during EGS operation. The present
study provides an alternative to achieve higher heat-extraction performance in EGS.

2 Model Description

2.1 Physical Model
Fig. 2 illustrates the configuration of the EGS, which mainly consists of an injection well, a HDR

reservoir, the surrounding formations, and a production well. The actual heat extraction process in EGS
involves complex multiphysics interactions [29–31]. This study focuses on the coupled THM processes that
are involved in practical EGS heat extraction.

Figure 2: Configuration of the EGS

Specifically, cold fluid is injected from the surface through the vertical section of the injection well and
flows laterally into the HDR reservoir. Driven by both the pressure difference between the injection and
production wells and gravity, the fluid migrates through the reservoir, absorbing heat from the surrounding
rock. The heated fluid then ascends via the vertical section of the production well and is extracted to the
surface for geothermal energy utilization. In addition to these transport processes, the model accounts for
thermal exchange between the injected/produced fluids and the surrounding formations along the vertical
wellbores. Furthermore, it incorporates the coupled mechanical response of the HDR reservoir and adjacent
formations under the combined effects of pore pressure, thermal gradients, and in-situ stress, including the
resulting evolution in porosity and permeability.
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2.2 Numerical Model Assumptions
In this study, water is used as the working fluid for heat extraction. To accurately capture the multiphysics

processes occurring within various components of the EGS system during operation, as described in
the previous section, a three-dimensional THM coupled EGS model incorporating both injection and
production wells is developed. The following assumptions are adopted in constructing the numerical model:

• Injection and production wells: Given that the wellbore diameter is significantly smaller than the
dimensions of the HDR reservoir and surrounding formations, the wellbores are treated as one-
dimensional line elements. The working fluid within the wells is assumed to be single-phase, with no
phase change occurring during flow. Gravity and frictional pressure losses are considered during the flow
process. For heat transfer, axial heat exchange between the fluid and surrounding formation is modeled
by coupling convective and conductive mechanisms across the wellbore wall, while thermal radiation is
neglected [32].

• HDR reservoir and surrounding formations: The HDR and its surrounding formations are modeled
as isotropic, continuous porous media with different porosities and permeabilities. Both geothermal
gradient and pore pressure gradient along depth are considered. Fluid flow within the porous media
is governed by the single-phase Darcy’s law [33]. Heat exchange between the fluid and rock matrix
is described as a coupled convective–conductive process based on the local thermal equilibrium
assumption and Fourier’s law. The thermal radiation is neglected. Mechanically, under the assumptions
of small deformation and linear elasticity, the stress–strain behavior of the reservoir–formation system
is described using a quasi-static equilibrium framework that linearly superimposes the effects of pore
pressure, thermal expansion, and gravity. Meanwhile, the thermophysical properties of water are treated
as functions of both temperature and pressure [34], and chemical interactions between water and the
rock matrix within the HDR and surrounding formations are neglected.

2.3 Governing Equations in HDR Reservoir
Based on the aforementioned assumptions, the governing equations of the THM coupled model for

EGS are presented in this subsection.
The mass and momentum conservation equations in the HDR and surrounding formations are

expressed as follows [35]:

ρ f S ∂p
∂t
= ∇ ⋅ {ρ f [

k
η
(∇p + ρ f g∇z)]} − ρ f αB

∂εV

∂t
− Q f (1)

where, ρf is the density, S is the storage coefficient, p is the pore pressure, k is the permeability of solid rock
matrix, η is the water viscosity and ρg∇z represents the gravity term. Qf is the fluid source term, which is used
to represent mass exchange between horizon well and HDR. αB is the Biot coefficient, εV is the volumetric
strain, calculated by εV = εx x + εy y + εzz .

The heat transfer process in the HDR and surrounding formations is described by the following energy
conservation equations [36]:

(ρcp)e f f
∂T
∂t
+ ρ f cp , f∇ ⋅ (Uw ⋅ T) − ∇ ⋅ (λe f f∇T) = −Q f ,T (2)

(ρcp)e f f = (1 − φ) ρs cp ,s + φρ f cp , f (3)

λe f f = (1 − φ) λs + φλ f (4)
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where, (ρcp)e f f = (1 − φ) ρs cp ,s + φρ f cp , f and λe f f = (1 − φ) λs + φλ f are respectively the effective heat
capacity and the effective thermal conductivity. φ is porosity, the subscripts “s” and “f ” refer to the solid rock
matrix and working fluid, respectively.

The stress distribution in the solid formation is influenced by pore-pressure, temperature variation, and
ground stress; the deformation and geometric equations can be formulated as follows [37]:

E
2 (1 + ν)ui , j j +

E
2 (1 + ν) (1 − 2ν)u j , ji − αB p, i − αT

E
(1 − 2ν)Ts , i + Fi = 0 (5)

εi j =
1
2
(ui j + u ji) (6)

where E is the Young’s modulus, ν is the Poisson’s ratio, ui,j denotes the displacement gradient, p,i is the
gradient of pore pressure, αT is the thermal expansion coefficient, Ts,i represents the temperature gradient.
Fi is the body force component, and εi,j is the strain tensor.

The static equilibrium equation can be expressed as [38]:

σ ′i j , j + Fi = 0 (7)

where σ ′i j , j is the divergence of the effective Cauchy stress tensor, and “Fi” is the body force per unit volume
in the i-direction (i = x, y, z in 3D).

In geothermal reservoirs, porosity is a dynamic property that changes with deformation induced by
crustal stress, fluid pressure, and temperature. It is, therefore, imperative to treat it as a variable rather than
a constant in computational models to avoid substantial inaccuracies [39]. Porosity is defined as:

dφ = d (
Vp

VB
) = −(1 − φ) × dVS

VS
+ (1 − φ) × dεV (8)

where VP and VB denote the total volume of the rock mass and the volume of the rock mass skeleton, respec-
tively.

The strain increment of rock mass skeleton is made up of two components: the strain increment
caused by fluid pressure compression of rock mass skeleton and the thermal strain increment caused by
thermoelastic expansion [40]. It can be described as:

dVS

VS
= −αB

Ks
d p + αT dT (9)

where Ks is the bulk modulus of the solid grains.
Then, by substituting Eq. (9) into (8) and integrating both sides, the porosity correction model is derived

as follows:

φ = 1 − (1 − φ0) exp [− α
Ks
(p − p0) + αT (T − T0) − (εV − εV 0)] (10)

where φ0 is the initial porosity of the solid rock matrix. p0, T0, and εV0 denote the initial pore pressure,
temperature, and volumetric strain, respectively. This correction model aims to describe the continuous evo-
lution of porosity under the combined effects of thermal stress, pore pressure, and mechanical deformation,
which together determine the spatial heterogeneity of permeability and heat transfer efficiency during the
production phase.
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Based on the cubic law, the correction model for the permeability of the HDR and surrounding
formation can be further derived as [40]:

k = k0 {1/φ0 − (1/φ0 − 1) exp [− α
Ks
(p − p0) + αT (T − T0) − (εV − εV 0)]}

3
(11)

where, k0 is the initial permeability.

2.4 Governing Equation in Vertical Borehole
Working fluid flow in vertical injection and production wells is modeled using the Navier–Stokes

equations, and the viscous shear-induced pressure losses are explicitly included. The governing equations
are expressed as follows [32]:

∂ρ
∂t
+ ∂ (ρw)

∂z
= 0 (12)

∂ (ρw)
∂t

+
∂ (ρw2)

∂z
+ ∂p

∂z
= − 1

2
fD (d , Re) ρ

d
∣w∣w + ρg (13)

where w is the axial velocity of the working fluid in the vertical well. f D is the Darcy friction factor, which is
determined based on the effective well diameter d and the corresponding Reynolds number Re [41].

The energy conservation equation for the working fluid in vertical injection and production wells,
including the effects of pressure work, is expressed as:

∂ρCpT
∂t

+
∂ (ρCpTw)

∂z
=

− ∂
∂z
(λ ∂T

∂z
) + 1

2
fi

ρ
d
∣w∣w2 − 1

ρ
( ∂ρ

∂T
)∣

p
T (∂p

∂t
+w ∂p

∂z
) + Qw al l

A f

(14)

where λ is the thermal conductivity, Af is the cross-sectional area of the flow region, calculated from its flow
diameter df . Qwall represents the heat exchanged between the working fluid and the surrounding formation
along the vertical well. The detailed equations can be found in our previous study [41].

2.5 System Performance Index
This subsection provides a detailed description of the specific performance index employed in this study

to enable quantitative evaluations of fluid loss and heat extraction performance.
The annual average fluid loss rate and cumulative fluid loss rate are adopted to quantitatively characterize

fluid loss behavior under conditions of permeability contrast between the reservoir and the surrounding
formations. The corresponding formulations are given as follows [42]:

ηloss, i =
ṁpro , i

ṁin j , i
(15)

ηloss =

N
∑
i=1

ṁpro , i

N
∑
i=1

ṁin j , i

(16)
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where ηloss, i denotes the annual average fluid loss rate in the ith year of EGS operation, while ηloss represents
the cumulative fluid loss rate over the entire heat extraction lifecycle. ṁpro , i is the actual production flow
rate and ṁin j , i is the injection flow rate in the ith year, and N is the operational years of the EGS system.

The heat extraction performance of the EGS system is quantitatively characterized using production
temperature, heat production power, and cumulative heat extraction, as defined by the following equations.

Pth , i = ṁpro , i (hpro , i − hin j , i) (17)

Qth ,cum (N) =
N
∑
i=1

Pth , i Hi (18)

where Pth,i denotes the heat production power in the ith year, and Qth,cum represents the cumulative heat
extraction over N years of operation. hpro,i and hinj,i denote the specific enthalpies of the produced and
injected water in the ith year, respectively, and Hi is the total operational hours in that year.

2.6 Model Solution and Verification
In this study, the governing equations of the THM coupled model for the EGS reservoir and the flow–

heat transfer model within the vertical wellbores are discretized using the finite element method (FEM). The
complete simulation is executed in two main stages: (i) computation of the initial fields and in-situ stress
equilibrium; and (ii) full-process simulation of the injection, heat extraction, and production operations.
All simulations are performed using the PARDISO direct solver embedded in COMSOL Multiphysics 6.2.
Furthermore, in the process of solving the THM coupled model, as well as in the post-processing stage
following the extraction of heat, the thermophysical properties of the working fluid are determined by
interfacing with the CoolProp database upon the calculation of temperature and pressure. Subsequently, the
system performance metrics described in Section 2.4 are calculated using MATLAB R2023b.

Due to the high complexity of experimentally realizing coupled thermal, hydraulic, and mechanical
boundary constraints, analytical and laboratory validation of a full 3D THM process is rarely feasible. To
validate the accuracy of the developed THM numerical model, a one-dimensional thermo-consolidation
problem is employed as a benchmark case. This problem characterizes the coupled interactions among
mechanical deformation, temperature variation, and fluid flow in a saturated porous medium, and serves
as a classical benchmark for verifying coupled THM processes. The analytical solution to this problem was
provided by Bai [43].

The corresponding numerical solution is obtained using the THM coupled model developed in this
study. The computational domain is defined as a rectangular region measuring 2 m in width and 7 m in
length. The initial temperature and pore pressure are set to 283.15 K and 1000 Pa, respectively. A constant
temperature of 333.15 K, an inlet pressure of 0 Pa, and a vertical compressive stress of 1000 Pa are applied
at the top boundary. The lateral and bottom boundaries are assumed to be adiabatic and impermeable, with
roller supports imposed for mechanical constraints. The domain configuration and boundary conditions are
illustrated in Fig. 3, and the key model parameters are summarized in Table 1.
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Figure 3: Illustration of the 1D thermal consolidation problem

Table 1: Modeling parameters for 1D thermal consolidation problem

Parameters Value Unit
Specific heat capacity of water 168.2 J/(kg⋅K)

Density of water 1000 kg/m3

Thermal conductivity of water 0.836 W/(m⋅K)
Density of soil 2000 kg/m3

Thermal conductivity of soil 0.836 W/(m⋅K)
Specific heat capacity of soil 171.5 J/(kg⋅K)

Porosity of soil 0.25
Elastic modulus 6 × 107 Pa
Poisson’s ratio 0.4

Hydraulic conductivity 6 × 10−6 m/s
Linear thermal expansion coefficient 6 × 10−7 1/K

Fig. 4 compares the analytical solutions provided by Bai [43] with the numerical results obtained from
the present THM coupled model in terms of temperature, pore pressure, and displacement. The results
demonstrate excellent agreement, with relative errors for all three variables remaining within 1%. Specifically,
the maximum deviations for temperature, pore pressure, and displacement are 0.85%, 0.92%, and 0.78%,
respectively. These findings further validate the accuracy and reliability of the THM coupled model employed
in this study for describing the THM coupled process involved in EGS.
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Figure 4: Comparison of analytical and numerical solutions for the one-dimensional consolidation problem:
(a) temperature; (b) pore pressure; (c) displacement

3 A practical EGS Project Case

3.1 Computational Model
The Qiabuqia region, located in the central part of the Gonghe Basin in Qinghai Province, covers an area

of approximately 15,200 km2 and serves as one of China’s key demonstration zones for EGS development [44].
Notably, this area possesses rich geothermal resources, as evidenced by the GR1 well, one of the most
prominent exploratory boreholes. The well reaches a depth of 3705 m and records a bottom-hole temperature
of up to 509.15 K. Based on well logging and geothermal gradient data, the vertical geothermal profile
exhibits a distinct three-layer structure: 5.0–6.3 K/100 m within the Quaternary–Neogene sedimentary strata
(0–1300 m), 3.0–4.2 K/100 m in the dense granite layer (1300–2900 m), and 5.4–7.1 K/100 m in the
plagiogranite formation (2900–3705 m) [45,46]. As one of the deepest and hottest HDR exploration wells
drilled in China to date, GR1 demonstrates exceptional potential for geothermal exploitation.

In this study, a three-dimensional THM coupled EGS model is developed for the purpose of investi-
gating the GR1 well and the surrounding reservoir–formation. The values of the geometrical properties of
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the reservoir and spacing between wells referenced from those employed in previous numerical studies on
typical EGS projects [38,47]. Therefore, as illustrated in Fig. 5, the HDR reservoir is defined as a cubic domain
measuring 500 m × 500 m × 500 m, located within the depth interval of 3205–3705 m. The surrounding
formation extends 250 m above and below the HDR zone along the z-axis, while the well configuration
consists of a horizontal injection well placed 50 m below the top of the reservoir, a horizontal production
well located 400 m apart, and a pair of vertical injection and production wells that penetrate from the surface
to 100 m inside the reservoir boundary.

Figure 5: Geological model of the GR1 reservoir

It should be noted that when calculating the temperature distribution of HDR reservoirs, if the
surrounding formation are not sufficiently large, boundary temperatures will significantly affect the inter-
nal thermal field. we introduce a geometric scale factor f g that uniformly enlarges the formation cube
relative to the reservoir cube and further conduct a sensitivity test for larger domains. The f g can be
expressed defined as:

fg =
Lcube_ f ormation

Lcube_ reservoir
(19)

where Lcube_i represent the length of formation cube and reservoir cube.
Then, we further evaluated formation size factors f g = 1.22, 1.23, 1.24 and 1.25 to conduct a sensitivity test

for larger domains, and tracked the relative temperature deviation at the production well within the reservoir.
As shown in Fig. 6, the relative temperature deviation at the production well within the reservoir falls

below 1% at f g = 1.24. Therefore, in the subsequent study, the dimensions of the formation in the x and y
directions are set to 1.24 times those of the reservoir domain.

The practical rock properties of formation and HDR are summarized in Table 2. Details regarding the
wellbore structure, geometry, and material parameters are provided in Ref. [48].
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Figure 6: The relative temperature deviation at the production well within the reservoir at varying formation domain
sizes

Table 2: Physical parameters of solid rock

Parameters Formation HDR Unit
Density 2693 2693 kg/m3

Specific heat capacity 725 725 J/(kg⋅K)
Thermal conductivity 3.07 3.07 W/(m⋅K)

Porosity 0.03 0.1 1
Permeability 1 × 10−17 1 × 10−14 m2

Young’s modulus 48.4 48.4 GPa
Poisson’s ratio 0.15 0.15 1
Biot coefficient 0.7 0.7 1

Thermal expansion coefficient 1 × 10−5 1 × 10−5 1/K

3.2 Initial Conditions and Boundary Conditions
In this study, the 35-year heat extraction process of the EGS system is simulated based on the geological

information described in Section 3.1. The initial temperature field is defined using a piecewise linear
geothermal gradient. The surface temperature is set to 296.55 K. And, from the surface to a depth of 2955 m,
a gradient of 5.17 K/100 m is applied, while below 2955 to 3955 m, the gradient increases to 7.1 K/100 m. The
reservoir is assumed to be fully saturated at the initial state, with a basal pore pressure of 35 MPa and a linear
pressure gradient of 9529 Pa/m in the vertical direction. The specific temperature and pressure distributions
are as follows:

T0 (z) = {
296.55 + 0.0517 × z, 0 ≤ z ≤ 2955
T0 (2955) + 0.071 × (z − 2955) , 2955 ≤ z ≤ 3955 (20)

p0 (z) = 3.5 × 107 − 9529 × (3955 − z) (21)

where z is the depth.
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Due to the extremely low permeability and thermal conductivity of the overlying and underlying
caprocks, both the top and bottom boundaries of the model are set as no-flow and adiabatic. The remaining
external boundaries are defined as pressure and temperature boundaries, with values of T0(z) and p0(z),
respectively. To realistically represent the in-situ stress field [48], a vertical stress of 95 MPa is applied
at the top boundary, while maximum and minimum horizontal stresses of 85 and 65 MPa are imposed
along the y- and x-normal faces, respectively. The remaining lateral faces are constrained using roller
boundary conditions.

Based on this setup, multiple sets of key operational parameters are selected for scenario simulation,
including the reservoir–formation permeability contrast (κ), production pressure (Ppro), injection flow rate
(Qinj), and injection temperature (Tinj), as summarized in Table 3. It should be noted that κ is defined as the
ratio of the initial permeability of the reservoir and surrounding formations, which is expressed as:

κ = k0,reservoir

k0,formation
(22)

where, k0,reservoir and k0,formation represent the initial isotropic permeability of reservoir and formation,
respectively. Under THM coupling the local permeability evolves, whereas κ remains a fixed label referring
to the initial contrast. In the present study, the simulated κ values are varied from 103 to 105, where 103 and 104

are consistent with field-observed ranges [11], while κ = 105 is introduced as an idealized theoretical stress-test
scenario to evaluate the robustness and sensitivity of the coupled THM model under extreme permeability
contrasts [49].

Table 3: The numerical simulation cases of the geothermal exploitation of EGS

Case κ Ppro (MPa) Qinj (kg/s) Tinj (K)
Case1 1 × 103 19 46 288.15
Case2 1 × 104 19 46 288.15
Case3 1 × 105 19 46 288.15
Case4 1 × 103 17 46 288.15
Case5 1 × 103 19 46 288.15
Case6 1 × 103 21 46 288.15
Case7 1 × 103 19 26 288.15
Case8 1 × 103 19 36 288.15
Case9 1 × 103 19 46 288.15
Case10 1 × 103 19 46 288.15
Case11 1 × 103 19 46 318.15
Case12 1 × 103 19 46 348.15

By comparing different operating conditions, this study systematically analyzes the effects of each
parameter on fluid loss and heat extraction performance over the 35-year operation period.

3.3 Simulation Mesh
In this study, the computational domain consists of a three-dimensional rock matrix, including both the

HDR reservoir and the surrounding formation, and one-dimensional wellbores. These components are dis-
cretized using tetrahedral and line elements, respectively (see Fig. 7a,b). To verify mesh independence, four
levels (Level 1–Level 4) of mesh refinement are applied to both the reservoir and wellbores, corresponding
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to total element counts of 48,700, 90,800, 168,774, and 264,600, respectively. Fig. 7c presents a comparison
of the 20-year production temperature and the associated computation time across all meshing strategies.
The results indicate that, while finer meshes significantly increase computational cost, the production
temperature stabilizes beyond Level 3. Therefore, Level 3 is adopted for all subsequent simulations to ensure
a balance between numerical accuracy and computational efficiency.

Figure 7: (a) The grid used for HDR and surrounding formation, (b) the grid used for vertical and horizontal wells,
(c) production temperature at 20th year and corresponding computational times

4 Results and Discussion
In this section, the impact of permeability contrast between reservoir and formation is first examined

by analyzing its influence on fluid loss and heat extraction performance in EGS systems. Subsequently,
under a fixed permeability contrast, the effects of key operational parameters, including production pressure,
injection flow rates, and injection temperature, are systematically investigated in terms of fluid loss and heat
extraction performance.

4.1 Effect of Reservoir–Formation Permeability Contrast
In this subsection, the effects of different reservoir–formation permeability contrasts (1 × 103,

1 × 104, and 1 × 105) on the cumulative fluid loss ratio, the evolution of production temperature, and the
variation in cumulative heat extraction over a 35-year operational period are systematically investigated. The
corresponding operational conditions are detailed in Table 3.

Fig. 8 illustrates the cumulative fluid loss rates after 35 years of EGS operation under different reservoir–
formation permeability contrasts. The results indicate that as the permeability contrast decreases (i.e., the
permeability of the surrounding formations increases), the cumulative fluid loss rate rises significantly.
Specifically, when the contrast drops from 1 × 105 to 1 × 103, the loss rate surges from 0.23% to 54.34%,
representing a 236-fold increase. This dramatic escalation is primarily attributed to the enhanced pressure
gradient between the reservoir and the surrounding formations caused by higher formation permeability,
which intensifies fluid leakage into the formation. These findings underscore the critical role of permeability
contrast in governing fluid migration behavior and are consistent with the conclusions reported by Cheng
et al. [15].
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Figure 8: Cumulative fluid loss rate over a 35-year operation period under different reservoir–formation permeability
contrasts

Fig. 9a,b illustrates the variations of production temperature and the cumulative heat extraction
after 35 years of operation under different reservoir–formation permeability contrasts. It is imperative to
elucidate that in this study, the temperature-based breakthrough is defined as the initial production cycle
in which the cycle-averaged production temperature declines by ≥1% relative to the average over the three
cycles immediately preceding that cycle. As shown in Fig. 9a, the production temperature in all scenarios
follows a characteristic “stable–thermal breakthrough–transient” dynamic response pattern: the temperature
remains relatively high and stable during the initial phase, followed by a rapid decline triggered by thermal
breakthrough. As the permeability contrast increases, the breakthrough occurs significantly earlier, and the
temperature decline during the transient stage becomes steeper. In the late stage of operation, the production
temperature under high permeability contrast may even fall below that of lower contrast conditions, despite
maintaining a higher overall level, particularly during the stable stage.

Figure 9: (a) Variations of production temperature over time and (b) cumulative heat extraction over 35 years under
different reservoir–formation permeability contrasts
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Fig. 9b further indicates that higher permeability contrast leads to a significantly greater cumulative
heat extraction output. This improvement is primarily attributed to the restricted fluid migration into the
surrounding formation under high contrast conditions, which effectively suppresses fluid loss and enhances
both production flow rate and heat recovery efficiency.

Based on the above results, it can be concluded that the reservoir–formation permeability contrast exerts
a dual influence on the heat extraction behavior of EGS systems. On one hand, a higher permeability contrast
enhances the initial production temperature and overall heat recovery capacity, but it also accelerates thermal
breakthrough and shortens the stable operational period. On the other hand, a lower permeability contrast
effectively delays thermal breakthrough and extends the thermal utilization lifespan, yet it leads to increased
fluid loss rates.

4.2 Effect of Production Pressure
In this subsection, the effects of production pressure (17, 19, and 21 MPa) on the fluid loss and heat

extraction performance over a 35-year operational period are systematically investigated. The corresponding
operational conditions are detailed in Table 3.

Fig. 10a illustrates the temporal evolution of fluid loss rate over a 35-year operation period under
different production pressure conditions. The results indicate that higher production pressures lead to a more
rapid decline in fluid loss rate during the early stage of operation. This trend can be attributed to the following
mechanism: at the initial stage, a large pore pressure differential exists between the HDR reservoir and the
surrounding formations, which drives working fluid to leak from the reservoir into the formation, resulting
in a high fluid loss rate. However, as leakage persists, the surrounding formation gradually accumulates
infiltrated fluid, thereby reducing the pore pressure gradient between the reservoir and the formation. This
attenuation of the driving force for outward leakage causes the fluid loss rate to decline progressively over
time. Specifically, when the production pressure is set to 17, 19, and 21 MPa, the cumulative reduction in fluid
loss rate over 35 years reaches 6.78%, 9.67%, and 12.48%, respectively.

Figure 10: Variations of (a) fluid loss rate and (b) production flow rate over time under different production pressures

Nevertheless, in terms of the overall operational period, increasing production pressure ultimately
intensifies the total fluid loss, as shown in Fig. 10a. Fig. 10b further depicts the variation in production
flow rate under different conditions. By the 35th year of operation, the actual production flow rate under a
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21 MPa condition decreases to only 22.83 kg/s, significantly lower than the 35.97 kg/s observed under the
17 MPa condition.

To further elucidate the physical mechanism underlying the increase in fluid loss with higher production
pressures, Fig. 11a–c presents the pressure distribution and equipotential pressure contour maps within the
reservoir after 35 years of operation under different production pressures (17, 19, and 21 MPa). The results
reveal that as production pressure rises, the equipotential lines around the production well become markedly
denser, reflecting a steepened pressure gradient between the reservoir and the surrounding formations. This
steepened gradient enhances the driving force for lateral fluid migration, promoting the expansion of leakage
pathways and leading to greater overall fluid loss.

Figure 11: Pressure distributions within the reservoir after 35 years of operation under different production pressures:
(a) Ppro = 17 MPa, (b) Ppro = 19 MPa and (c) Ppro = 21 MPa

These findings quantitatively and visually confirm that the observed increase in fluid loss with pro-
duction pressure is primarily governed by the evolution of local pressure gradients and associated leakage
dynamics near the production well.

Fig. 12a illustrates the variation of production temperature under different production pressure con-
ditions. The results indicate that all cases exhibit a typical dynamic response mechanism: an initial stable
stage, followed by a transient stage characterized by a rapid temperature decline after the occurrence of
thermal breakthrough. Notably, as the production pressure increases, the onset of thermal breakthrough
is progressively delayed, and the rate of temperature decline during the transient stage becomes slower.
However, this benefit is accompanied by a reduction in the average production temperature during the stable
stage. It should be noted that in this study, the power-based breakthrough is defined as the initial production
cycle in which the cycle-averaged heat-production power declines by ≥1% relative to the average over the
three cycles immediately preceding that cycle. Fig. 12b further presents the variation of heat production
power under different production pressure conditions. The results reveal that increasing the production
pressure significantly reduces the heat production power of the EGS system. In addition, compared to
the production temperature, the critical thermal breakthrough point of heat production power exhibits a
noticeable time delay.
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Figure 12: Variations in (a) production temperature and (b) heat production power over time under different
production pressures

From Fig. 12b, it should also be noted that under the 17 and 19 MPa conditions, where fluid loss
is relatively limited, the heat production power exhibits a dynamic response pattern synchronized with
the production temperature, transitioning from a “stable stage” to a “transient stage.” This indicates that
temperature decline is the dominant factor driving the reduction in heat production power. However, under
the 21 MPa condition, characterized by significant fluid loss, the overall extraction flow rate is much lower,
and its relative rate of increase becomes more pronounced (see Fig. 10b). As a result, the heat production
power does not exhibit a typical stable stage prior to thermal breakthrough. Instead, it undergoes an “increase
stage” followed by a “decrease stage” triggered by the rapid temperature drop. These observations suggest that,
as the effect of fluid loss becomes more pronounced, the dynamic response mechanism of heat production
power transitions from a temperature-dominated pattern to a temperature–flow rate coupled mechanism,
reflecting more complex thermo-hydraulic interactions within the system.

In summary, under the influence of reservoir–formation permeability contrast, increasing the pro-
duction pressure accelerates the early-stage decline in fluid loss rate but leads to a higher overall loss,
thereby reducing the effective production flow. Meanwhile, higher pressures result in a lower average
production temperature. Although elevated pressure delays thermal breakthrough and improves stability, it
also reduces overall heat production power and alters its dynamic response from “stable–transient” to an
“increase–decrease” trend due to the combined effects of production flow rate and temperature.

4.3 Effect of Injection Flow Rates
In this subsection, the effects of injection flow rates (46, 56, and 66 kg/s) on the fluid loss and heat

extraction performance over a 35-year operational period are systematically investigated. The corresponding
operational conditions are detailed in Table 3.

Fig. 13a,b illustrates the variations in fluid loss rate and actual production flow rate under different
injection flow rate conditions during the 35-year EGS operation. As shown in Fig. 13a, although the injection
flow rate has a limited effect on the decline rate of fluid loss, it significantly influences its overall magnitude. A
lower injection rate results in a higher average fluid loss, thereby substantially reducing the actual production
flow, as seen in Fig. 13b. For instance, under the 66 kg/s condition, the average fluid loss rate is 37.53%, which
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is 16.81% lower than the 54.34% observed at 46 kg/s. Accordingly, the actual production flow rate at 66 kg/s
is nearly 1.96 times that at 46 kg/s.

Figure 13: Variations of (a) fluid loss rate and (b) production flow rate over time under different injection flow rates

Fig. 14a presents the variations in production temperature under different injection flow rate conditions
during the 35-year EGS operation. The results indicate that while the dynamic response pattern, character-
ized by a “stable–thermal breakthrough–transient”, remains consistent across all scenarios, increasing the
injection flow rate elevates the average production temperature during the stable stage. This improvement
arises from reduced conductive heat loss along the vertical wellbore, as higher flow rates shorten fluid
residence time and thereby limit thermal attenuation. However, elevated injection flow also significantly
advances the thermal breakthrough, accelerates the transition into the transient stage, and intensifies produc-
tion temperature decline, ultimately impairing long-term thermal performance. This trend is consistent with
the findings of Li et al. [27]. For instance, under the 66 kg/s condition, the average stable-stage production
temperature reaches 473.94 K—approximately 11 K higher than that of the 46 kg/s case. Nonetheless, the
breakthrough time occurs 8 years earlier, and by year 35, the production temperature falls 41.15 K below that
of the lower flow scenario, highlighting the thermal efficiency trade-offs associated with high injection rates.

Figure 14: Variations in (a) production temperature and (b) heat production power over time under different injection
flow rates
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Fig. 14b further illustrates the variations of heat production power under different injection flow rate
conditions. The results show that decreasing the injection flow rate leads to a significant rise in fluid loss,
thereby shifting the dynamic response of heat production power from a “increase–breakthrough–decrease”
pattern to a “stable–breakthrough–transient” pattern, similar to the trend observed in Fig. 11b. In addition,
the overall heat production power level drops markedly under low injection flow scenarios due to the reduced
production flow rates. However, compared to higher injection flow rates, lower injection flow rates help delay
the thermal breakthrough of heat production power, enhancing the operational stability of EGS, for instance,
the breakthrough under 46 kg/s is delayed by 9 years compared to that under 66 kg/s.

In summary, under the influence of fluid loss induced by reservoir–formation permeability contrast,
reducing the injection flow rate can effectively delay thermal breakthrough and enhance system stability.
However, it also intensifies fluid loss and weakens heat production power. Moreover, a lower injection
flow rate drives a shift in the dynamic response of heat production power from a temperature-dominated
“stable–breakthrough–transient” pattern to an “increase–breakthrough–decrease” pattern governed by both
production temperature and flow rate.

4.4 Effect of Injection Temperature
In this subsection, the effects of injection temperature (288.15, 318.15, and 348.15 K) on the fluid loss

and heat extraction performance over a 35-year operational period are systematically investigated. The
corresponding operational conditions are detailed in Table 3.

Fig. 15a presents the temporal evolution of fluid loss rate under different injection temperature condi-
tions during the 35-year EGS operation. The results indicate that, under the influence of reservoir–formation
permeability contrast, injection temperature has a relatively limited effect on fluid loss compared to other key
factors such as injection flow rate and production pressure, though its influence is still noticeable. Specifically,
lower injection temperatures lead to a faster decline in fluid loss rate, thereby mitigating the extent of fluid loss
and contributing to a higher actual production flow rate. This behavior is due to the fact that higher injection
temperatures reduce fluid viscosity within the HDR reservoir, facilitating its seepage into the surrounding
formation under existing pressure and permeability gradients, and thus aggravating overall fluid loss.

Figure 15: Variations of (a) fluid loss rate and (b) production flow rate over time under different injection temperature
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Fig. 15b further illustrates the variations in actual production flow rate under different injection tem-
perature conditions throughout the 35-year EGS operation. The results show that, although the differences
in production flow rates are minimal during the initial heating stage, they become progressively more
pronounced over time. For instance, by year 35, the production flow rate under the 348.15 K condition is
4.55% lower than that under the 288.15 K case.

Fig. 16a,b shows the variations of production temperature and heat production power under varying
injection temperature conditions. As shown in Fig. 16a, changes in injection temperature do not affect the
dynamic response pattern of production temperature, which consistently follows the typical “stable–thermal
breakthrough–transient” behavior. In contrast, injection temperature has a more pronounced impact on
heat production power, as illustrated in Fig. 16b. Under fixed conditions of 21 MPa production pressure and
46 kg/s injection flow rate, all cases exhibit a “increase–breakthrough–decrease” trend, consistent with the
results in Figs. 12b and 15b. This consistent trend suggests that injection temperature plays a limited role in
altering the fundamental dynamic regime of heat production power. Nevertheless, appropriately lowering the
injection temperature can enhance the system’s thermal performance. For example, decreasing the injection
temperature from 348.15 to 288.15 K increases the 35-year average heat production power by 2.83 MWth and
delays the thermal breakthrough by 3 years.

Figure 16: Variations in (a) production temperature and (b) heat production power over time under injection
temperature

Overall, compared to other control variables, injection temperature has a relatively limited impact on
fluid loss and heat extraction performance. In addition, moderately reducing the injection temperature can
enhance heat production power and delay the thermal breakthrough time, thereby improving the system’s
dynamic response characteristics and medium-to-long-term operational stability.

5 Limitations and Outlook
This study adopts a local thermal equilibrium (LTE) assumption for heat exchange between the pore

fluid and the rock matrix. LTE is widely used and often adequate when interfacial exchange is sufficiently
fast relative to advection. However, high-rate injection, low-porosity or strongly heterogeneous media,
and fracture-dominated transport may lead to measurable fluid–solid temperature offsets over operational
timescales, for which local thermal non-equilibrium (LTNE) can influence early-time thermal responses
(e.g., thermal-front timing and short-term production temperatures) [50,51].
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In parallel, the distribution and morphology of fracture networks (aperture, connectivity, and specific
surface area) can markedly modulate coupled flow–heat–mechanical behavior during EGS operation.
Under high-pressure injection conditions, hydraulic fracturing may further induce fracture propagation
and aperture evolution, generating spatial variations in heat-transfer areas and fluid pathways. These effects
can enhance local convective heat exchange while introducing heterogeneity in the overall water–rock
thermal interaction.

Moreover, while this study emphasizes the effects of permeability contrast and operational parameters,
the thermophysical and mechanical parameters of the reservoir and surrounding formations, such as thermal
conductivity, elastic modulus, and porosity, also exhibit substantial natural variability and uncertainty. There-
fore, a more systematic sensitivity and uncertainty analysis is still required to quantify the influence of these
geologic properties on the reliability and stability of the predicted fluid loss and heat extraction performance.

In future research, targeted numerical simulations will be performed to explicitly incorporate LTNE
effects, fracture evolution, and geologic parameter uncertainties within the coupled THM framework. This
will allow a more rigorous assessment of how evolving fracture geometry and rock heterogeneity dynamically
affect flow redistribution, heat extraction, and long-term reservoir performance.

6 Conclusions
In this study, based on the geological parameters of the GR1 well in the Qiabuqia region, a three-

dimensional THM coupling numerical model of an EGS system with injection and production wells is
developed. This model comprehensively simulates the multiphysics coupling processes of fluid flow, heat
transfer, and geomechanics within the HDR reservoir under varying permeability contrasts between the
reservoir and the surrounding formations, as well as the flow and heat exchange processes along the wellbores
from the reservoir to the surface. On this basis, the impacts of permeability contrast, production pressure,
injection flow rate, and injection temperature on fluid loss and thermal performance over a 35-year operation
period are systematically evaluated. The main conclusions are summarized as follows:

1. A higher reservoir–formation permeability contrast effectively suppresses fluid leakage and enhances
early-stage heat extraction performance; however, it also accelerates thermal breakthrough and shortens
the stable operation period of the system;

2. Although increasing the production pressure can delay thermal breakthrough and mitigate the transient
decline rate of production temperature, it also intensifies fluid loss and compromises heat extraction
performance. When the production pressure increases from 17 to 21 MPa, the overall fluid loss
rate rises from 33.17% to 54.34%, the average production temperature during the stable stage drops
by approximately 9.68 K, and the annual average heat production power decreases from 25.43 to
14.59 MWth;

3. Increasing the injection flow rate helps suppress fluid loss and enhance early-stage heat extraction;
however, it also causes earlier thermal breakthrough and a more rapid decline in late-stage heat
production performance. When the injection rate increases from 46 to 66 kg/s, the average fluid
loss rate decreases from 54.34% to 37.53%, and the cumulative net electricity generation and CO2
emission reductions over 35 years increase by 85.73% and 265.04%, respectively. Nonetheless, the
thermal breakthrough occurs 9 years earlier, and the production temperature at the end of the heating
period drops by approximately 41.15 K;

4. The effect of injection temperature on fluid loss in the EGS system is relatively limited; however, it still
has a pronounced influence on thermal performance and emission reduction potential. Lower injection
temperatures promote a faster decline in fluid loss rate, and prolong thermal breakthrough.
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5. The dynamic response pattern of heat production power varies markedly under different fluid loss
conditions. Under low fluid loss cases, such as low production pressure or high injection flow rates, the
system follows a “stable–thermal breakthrough–transient” pattern dominated by production tempera-
ture. In contrast, under high fluid loss cases, such as high production pressure or low injection flow rates,
the pattern shifts to a “increase–thermal breakthrough–decrease” jointly governed by both production
temperature and flow rates.

In summary, this study systematically elucidates the combined effects of various operational parameters
on EGS system performance under fluid loss–coupled conditions, providing quantitative insights and
engineering guidance for the design and optimization of EGS.
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Nomenclature
Af Cross-sectional area of the flow region m2
c Specific heat capacity J⋅kg−1⋅K−1
d Effective flow diameter m
E Young’s modulus of the solid matrix Pa
Fi Body force per unit volume in direction i N⋅m−3
f D Darcy friction factor –
Hi Operational hours in year i h
hinj,i Specific enthalpy of injected fluid J⋅kg−1
hpro,i Specific enthalpy of produced fluid J⋅kg−1
k Permeability of the rock matrix m2
k0 Initial permeability m2
KS Bulk modulus of solid grains Pa
Lcube Length of cube m
minj,i Actual injection flow rate kg⋅m−1

mpro,i Actual production flow rate kg⋅m−1

p Pore pressure Pa
p0 Initial pore pressure Pa
Pth,i Heat production power in year i W
Qf Fluid source or sink term kg⋅m−3⋅s−1
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Qth,cum Cumulative heat extraction J
Qwall Heat exchanged through borehole wall W
Re Reynolds number –
S Storage coefficient –
T Temperature K
T0 Initial temperature K
ui Displacement component in i-direction m
VB Volume of rock mass skeleton m3
VP Volume of rock mass m3
w Axial velocity of working fluid in wellbore m⋅s−1
z Depth coordinate m

Greek letters
αB Biot coefficient –
αT Thermal expansion coefficient K−1
εi,j Strain tensor component –
εV Volumetric strain –
εV0 Initial volumetric strain –
η Dynamic viscosity of fluid Pa⋅s
ηloss Annual average fluid loss rate –
κ Permeability contrast between reservoir and formation –
λ Thermal conductivity W⋅m−1⋅K−1
λeff Effective thermal conductivity W⋅m−1⋅K−1
ν Poisson’s ratio –
ρ Density kg⋅m−3
Cp Effective volumetric heat capacity J⋅m−3⋅K−1
σ ′i j Effective Cauchy stress tensor Pa
φ Porosity –
φ0 Initial porosity –

Superscripts and subscripts
f Fluid phase
s Solid phase
i, j Spatial indices or directional components
0 Initial state
eff Effective property
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