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Abstract 

The development of a novel method for modelling fluid flow and heat transfer in natu-
rally fractured geothermal reservoirs represents a significant advancement in geo-
thermal energy research. This Study presents a hybrid approach, which combines 
discrete fracture and single continuum techniques, to effectively capture the complex 
interactions between fluid flow and heat transfer in geothermal fractured reservoirs. In 
addition, the incorporation of the local thermal nonequilibrium method for simulating 
heat transmission accounts for the disparities in temperature between the rock matrix 
and the fluid, providing a more realistic representation of heat transfer processes. The 
study also presents a fully coupled thermo-poro-elastic framework that integrates fluid 
flow and heat transfer to comprehensively evaluate reservoir responses to injection/
production scenarios. This coupled approach allows for the prediction of changes 
in reservoir properties, such as permeability and porosity, under varying fluid pressure 
and temperature conditions. The application of the proposed model to evaluate a geo-
thermal reservoir’s long-term response to injection/production scenarios provides 
valuable insights into the reservoir’s behaviour and potential energy production capac-
ity. The sensitivity analysis further enhances the model’s utility by identifying the key 
reservoir parameters that significantly influence the thermal depletion of the reservoir. 
Overall, this novel modelling approach holds promise for improving the understand-
ing and management of naturally fractured geothermal reservoirs, contributing 
to the optimization of geothermal energy extraction strategies.

Introduction
Enhanced geothermal systems (EGS) have the potential to increase the supply of geo-
thermal electricity. An EGS functions by forcing water through fractures in hot dry rock, 
which warms the water. The hot water can then be utilized in a geothermal power plant 
to produce energy (Breede et al. 2013; Kelkar et al. 2016). Fractured geothermal reser-
voirs are complex systems that require in-depth understanding and analysis to maximize 
energy extraction. By delving into the characterization of fracture networks, we can gain 
insights into the connectivity, orientation, and permeability of the fractures, which play 

*Correspondence:   
reda.abdulrasoul@auk.edu.krd

1 Petroleum Engineering 
Department, American University 
of Kurdistan, Kurdistan Region of 
Iraq, Duhok, Iraq
2 Department of Petroleum 
Engineering Technology, College 
of Technological Studies, PAAET, 
70654 Kuwait City, Kuwait
3 Faculty of Earth Sciences, 
King Abdulaziz University, 
21589 Jeddah, Saudi Arabia

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40517-024-00305-6&domain=pdf
http://orcid.org/0000-0003-3793-3560


Page 2 of 33Abdel Azim et al. Geothermal Energy           (2024) 12:26 

a significant role in the flow of geothermal fluids. To efficiently produce from such res-
ervoirs, a comprehensive understanding of flow behaviour is necessary, which involves 
integrating various static as well as dynamic geological, geophysical, and engineering 
data (Azim 2016; Gholizadeh Doonechaly et  al. 2016; Hussain et  al. 2021). Static data 
can reveal details on the geometry and orientation of the fracture network. Examples of 
these data include seismic data, well logs, core descriptions, and borehole images. On 
the other hand, changes in fracture properties, such as their permeability and roughness, 
with time can be inferred from dynamic data, such as well test results and production 
history. These static and dynamic data are utilized as input for reservoir simulation to 
precisely forecast the behaviour of the fractured reservoir under various production sce-
narios, contributing to informed decision-making and efficient management. However, 
including all fractures or fracture networks in standard reservoir simulators is compu-
tationally expensive or even technically unfeasible. As a result, numerous studies have 
been conducted to suggest various methods for representing natural fractures in reser-
voir simulators (Kazemi 1969; Thomas et al. 1983; Noorishad and Mehran 1982; Sudicky 
and McLaren 1992; Kim and Deo 2000; Berre et al. 2019). These approaches can be cat-
egorized into three groups based on how they address the existence of natural fractures: 
1—single-continuum approach, 2—dual continuum approach, and 3—discrete fracture 
network. A fractured medium can be depicted in single-continuum models (Gupta et al. 
2001; Teimoori et al. 2004) as a single continuum with an average permeability that takes 
the influence of the fractures into account, whereas dual-porosity approach models the 
matrix and fractures independently by splitting the fractured medium into two continua. 
The matrix-fracture media interact with each other through transfer functions which 
control their cross-flow and fluid exchange (Kazemi et al. 1976; Quandalle and Sabathier 
1989; Ramirez et al. 2016; Bourbiaux 2010). The discrete fracture (DFN) approach (Sun 
et al. 2017; Abdel Azim et al. 2023; Gong et al. 2020; Zhou et al. 2022) involves repre-
senting each fracture and matrix as 3D tetrahedral elements for the matrix and triangle 
elements in 2D space for fractures, mathematical flow equations through the matrix and 
fractures are modelled using various numerical methods such as finite element, finite 
volume, mixed finite element, and boundary element approaches. Each of these mod-
elling methods has its own strengths and weaknesses. Single-continuum models, while 
efficient in computation, may not fully represent the complex flow patterns present in 
fractured reservoirs. Dual-porosity models can depict the distinct flow regimes in the 
matrix and fractures, but their capacity to depict the intricate interconnectedness of 
the fracture network is still restricted. DFN models can offer the most comprehensive 
description of the fracture network, however, implementing this approach is complex 
with high computational costs due to local refinement requirements during mesh dis-
cretization. To address these challenges, this study adopted a hybrid approach where 
short and long fractures are identified based on a predetermined cut-off value of fracture 
length. Short fractures are replaced by homogenous grid blocks with an equivalent 3D 
permeability tensor (i.e., the short fractures are considered as a local spatial heterogene-
ity within the matrix block) while long fractures are explicitly discretized and coupled 
with the 3D permeability tensor within the matrix block.

Furthermore, energy extraction from fractured geothermal reservoirs involves a com-
plex interplay of diverse processes, including stress sensitivity, variations in temperature, 
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and rock deformations. These various impacts are commonly combined and referred to 
as the coupled thermo-hydro-mechanical (THM) process in fractured geothermal reser-
voirs (Soltani et al. 2019; Olasolo et al. 2016). A fractured geothermal reservoir experi-
ences a decrease in temperature and an increase in pore pressure when water is injected 
into it. As a result, there is an increase in thermal stress and a decrease in the effective 
stress in the solid matrix and fractures. These modifications lead to changes in perme-
ability and a widening of the fracture aperture. Therefore, neglecting these mechanical 
effects will overestimate the amount of thermal recovery from geothermal reservoirs 
(Zhang and Xie 2020a; Mortazavi et al. 2023). Moreover, it is important to highlight that 
the impact of chemical reactions, mineral precipitation, and dissolution on the perme-
ability of fracture networks was not taken into account in this study. For further insights 
into these effects on geothermal reservoirs, readers are referred to studies by Sudicky 
and Frind (1982); Bolton et al. 1996; Steefel and Lichtner 1998).

The introduction of thermal stress simulation in fractured geothermal reservoirs has 
been primarily addressed using analytical models and uncoupled approaches. This is 
due to the complexity of the coupled THM processes involved and the computational 
challenges associated with simulating these interactions. Analytical models, such as the 
one developed by Turcotte and Schubert (Turcotte and Schubert 1982), provide a simpli-
fied representation of the problem, assuming one-dimensional linear thermo-elasticity. 
This approach simplifies the calculations and allows for analytical solutions, but it may 
not capture the full complexity of the reservoir. Uncoupled approaches, where the THM 
processes are treated separately, have also been widely used. This approach involves 
solving the governing equations for each process independently and then combining 
the results to obtain an overall solution. Although this approach is computationally less 
demanding than fully coupled models, it may not accurately represent the interactions 
among the THM processes.

The limitations of analytical models and uncoupled approaches have led to the devel-
opment of more sophisticated numerical models that can capture the full complexity of 
the THM processes in fractured geothermal reservoirs. These models, such as the ones 
developed by Zhao et al. (2015); Varnosfaderani et al. 2017; Salimzadeh et al. 2018; Wei 
et al. 2019; Khoei and Mortazavi 2020; Zhang and Xie  2020b; Li et al. 2021; Wu et al. 
2021), use numerical techniques to solve the coupled governing equations, allowing for 
a more realistic representation of the physical processes involved. These coupled model-
ling approach provides a valuable tool for evaluating the long-term effects of THM on 
reservoir properties and present important implications for the development and man-
agement of geothermal reservoirs.

Generally speaking, the three main algorithms for modelling THM and multiphase 
flow in porous media are one-way coupling, iterative coupling, and full coupling. Each 
approach has its pros and cons, and the choice of algorithm depends on the specific 
application. One-way coupling involves solving the pressure and displacement equa-
tions separately. The pressure equation is first solved, and the resulting pressure field is 
then input into the displacement equation. This approach is computationally efficient 
and can be effective in some cases. However, this can also lead to inaccuracies if the cou-
pling between pressure and displacement is strong. Iterative coupling is a more sophis-
ticated approach that iteratively solves the pressure and displacement equations. This 
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approach is more computationally demanding than one-way coupling, but it can provide 
more accurate results. The iterative coupling method is not based on the Newton‒Raph-
son (N–R) method. The N-R method is a fully coupled and monolithic approach, and 
its optimum rate of convergence is 2, while the two-way iterative coupling method is at 
most first-order convergent. Full coupling involves solving the pressure, displacement, 
and temperature equations simultaneously. This approach is the most computationally 
demanding of the three, but it can provide the most accurate results. Full coupling is 
typically used for applications where the coupling between pressure, displacement, and 
temperature is strong.

In this study, fluid flow simulation is carried out using a hybrid methodology that 
combines discrete fracture and single continuum approaches using a fully coupled 
thermo-poro-elastic framework to evaluate the production potential of geothermal res-
ervoirs. In addition, a sensitivity analysis study is carried out to assess the parameters 
that affect the produced fluid temperature and heat recovery factor. A fracture length 
less than the threshold value is specified. The periodic boundary method is used to cal-
culate the permeability tensor from fractures that are lower than the threshold value. 
The reservoir domain is divided into several grid blocks, and in the selected blocks, the 
single continuum technique is used to simulate fluid flow. In the domain, fractures that 
are longer than the threshold length are explicitly discretized. The structure of this study 
is as follow: the derivation of the proposed coupled thermos-poro-elastic mathematical 
model is presented in "Methodology" section. Then, validation of the in-house simula-
tor against an exact analytical solution of a 2-D thermo-poro-elasticity problem [Kirsch’s 
Problem (Kirsch 1898)], and an application of the in-house model for real field case 
study of a fractured geothermal reservoir (the Soultz-Sous-Forets geothermal reservoir); 
are presented in "Results and Discussion" section of this study. Finally, conclusions of the 
study findings are presented in "Conclusion" section.

Methodology
This study adopted a hybrid approach where short and long fractures are identified 
based on a predetermined cut-off value of fracture length. Short fractures are replaced 
by homogenous grid blocks with an equivalent 3D permeability tensor (i.e.; the short 
fractures are considered as a local spatial heterogeneity within the matrix block). The 
matrix is discretized using tetrahedral elements in 3D space, while long fractures are 
explicitly discretized using triangle elements in 2D space.

Effective permeability tensor calculations

Equations (1) and (2), which are based on the assumptions of single-phase and incom-
pressible flow, include Darcy’s law and the continuity equations utilized for permeability 
tensor calculations in a three-dimensional environment:
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where −→u  is the fluid velocity vector, [ux, uy, uz] are the fluid velocities in x–y– and z 
directions, 

−→−→
k  is the permeability tensor and p is the pressure.

Figure 1 shows that each fracture is represented as a 2D triangular element sandwiched 
between 3D tetrahedral elements that represent the porous matrix (Park and Sung 2000).

Darcy’s law is used to simulate fluid flow via a matrix system in a single-phase steady state 
as follows:

where 
⇀

⇀

k is the permeability tensor in md, µ is the fluid viscosity in cp, QH is the fluid 
source/sink term, which represents fluid exchange between the matrix and fractures or 
fluid extraction (injection) from the wellbore, and p is the pressure inside the matrix.

Fluid flow through a single fracture is described by Darcy’s law, as shown in the following 
equation:
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Fig. 1  Schematic diagram and workflow illustrating how the 3D matrix for the fractured system was created 
for use in the simulation. Fracture is represented as (Sandwich elements) between 3-D tetrahedral matrix 
elements (Elements 1&2) assembled to be used during the simulation process
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where q+ and q− are the leakage fluxes across the boundary interface, ∇  is the diver-
gence operator in the local coordinate system (Watanabe et al. 2010a) and Pf is the pres-
sure inside the fracture.

Since it was assumed in this study that the fracture surface is uniform and that fluid 
flow through a single discrete fracture is laminar, the permeability of the fracture is rep-
resented by the cubic law (Snow 1969):

where b is the fracture aperture and kf is the fracture permeability.
The weak formulations of fluid flow through a fractured system are derived using a 

weighted residual approach, and the weak forms are then discretized with suitable 
boundary conditions using the conventional Galerkin method (Snow 1969). Following 
the superimposition of the flux contributions from both the matrix and fracture element 
types at each node, the fluid exchange terms q + and q- balance, opposing the need for 
explicit computations (Zienkiewicz and Taylor 2000). Equations 3 and 4 are written sep-
arately for the matrix and fractured media. The matrix will be discretized in 3D form, 
and fractures will be discretized in 2D form.

For the fluid exchange terms q + and q- to balance, the following must be true:

•	 The incoming and outgoing fluxes at each node are equal, resulting in no net accu-
mulation or depletion of fluid at any point.

•	 The matrix and fractures are perfectly connected,  allowing fluid to flow freely 
between them in both directions.

•	 The fluxes of q + and q- are equal at each node, indicating a state of equilibrium in 
terms of fluid exchange between the matrix and fractures.

CFEQ represents the control flow Eqs. (3) and (4). The integral of these equations for 
the discrete fracture model is written as

�f  indicates the 2D entity that is the fracture portion of the domain, and �m stands for 
the matrix domain; the entire domain is represented by � , the integral form of the 2D 
fracture equation is consistent when it is multiplied by the fracture aperture b. One way 
to express the hydraulic process’s governing equation in matrix and fracture system form 
using finite elements is as follows:
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where N is the corresponding shape function for the matrix and fracture elements and Ŵ 
is a domain boundary.

Upscaling using periodic boundary conditions

Equation (1) uses the periodic boundary conditions presented by (Durlofsky 1991) to solve 
the permeability tensor’s elements. Equations  (12) through (17) specify the pressure and 
flux boundaries, as Fig. 2 illustrates:
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Fig. 2  Single-phase flow model is utilized to compute the elements of the permeability tensor in three 
dimensions with periodic boundary conditions
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where n is the outwards normal vector at the boundaries, Ŵ is the domain boundary, and 
G is the pressure gradient.

First, by assuming a zero-pressure gradient (G = 0.0) along the y and z directions and 
by solving Eq.  8 subject to Eqs.  (12)–(17), the average velocities along the x, y and z 
directions are calculated via Eqs. (18)–(20):

Equation (1) is expressed in an explicit form as follows:

where ux , uy and uz are the velocities in the x, y, and z directions, respectively. Since the 
pressure gradient in the y and z directions is assumed to be zero and ux , uy and uz are 
known, kxx , kyx and kzx can be easily determined.

The rest of the permeability tensor elements can be calculated by using the same 
boundary conditions as mentioned above but in other directions.

Fluid flow in long fractures (with a length greater than the threshold length) is coupled 
with an element-based permeability tensor in a poroelastic environment. A finite ele-
ment technique is used in this study to formulate governing equations for hydraulic and 
mechanical processes (poroelastic processes). The coupled form of the fluid momentum 
equation is presented below:

where u is the displacement vector in three-dimensional space, ct is the total compress-
ibility (1/psi), α′ is the Biot constant and φ  is the porosity. The equation for describing 
fluid flow through a matrix in the finite element method is expressed as follows:
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Introducing the weak formulation, Eq.  (24) for fluid flow through the matrix is 
described as follows:

where (w = w (x, y, z)) is a trial function.
Using the finite-element method for discretization with respect to time and space 

results in

where

NpandNu are the shape functions for pressure and displacement, respectively; n is 
the number of nodes; Ŵ is the domain boundary; and u and P are the nodal values of 
displacement and pressure, respectively.

Equation (25) for fluid flow through discrete fractures is described as follows:

where Nf andNu are the shape functions for pressure and displacement, respectively, for 
the fracture domain; Ŵf  and is the fracture boundary domain; and u and P are the dis-
placement and pressure fracture nodal values, respectively.

The integration of discrete fracture spaces requires a coordinate transformation 
(Watanabe et al. 2010a).
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Coordinate transformation

The coordinates of fractures should be transformed from local coordinates to global 
coordinates by using the rotational matrix R.

where S is the vector of global coordinates (x–y–z) and S’ is the vector of local coor-
dinates (x’-y’-z’). The transformation from local to global coordinates is as follows:

where

where Cos(x′, x) is the angle between the axes x′, x.

Permeability tensor transformation

An evaluation of the permeability tensor in appropriate coordinate systems is neces-
sary. The permeability in local coordinates can be transformed into global coordinates 
as follows:

where k and k’ are the permeabilities in global and local coordinates, respectively.

Shape function transformation

Fracture shape functions can be transformed into global coordinates as follows:

where N and N’ are the shape functions in global and local coordinates, respectively.

Thermo‑poroelastic coupled model

The following are the governing constitutive equations for the conservation of mass, 
momentum, and energy. The momentum balance equation for the linear elastic defor-
mations can be written as

where ρ is the density of the porous medium, which can be written as in Eq. (33), and g is 
the gravity constant:

In addition, Eq. (32) can be written in terms of the effective stress as follows:

where σ ′ is the effective stress, p is the pore pressure, and I is the identity matrix:

(28)S = RS
′

(29)R =





Cos(x′, x)Cos(x′, y)Cos(x′, z)
Cos(y′, x)Cos(y′, y)Cos(y′, z)
Cos(z′, x)Cos(z′, y)Cos(z′, z)





(30)k = RkRT

(31)N = RN’R
T

(32)∇ · σ + ρg = 0

(33)ρ = ϕρl + (1− ϕ)ρs

(34)∇ ·
(

σ ′ − pI
)

+ ρg = 0
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where D is the operator matrix (Zienkiewicz 2000), εT is the thermal strain, ε is the total 
strain, αT is the thermal expansion coefficient, �T  is the temperature difference and C is 
the fourth-order material tensor, as shown in the following equation:

In Eq.  (37), δ is the Kronecker delta function, G is the shear modulus of elasticity, 
and � is the Lame coefficient:

The mass balance equation for the fluid phase in a deformable non-isothermal 
porous medium describes the conservation of mass of the fluid within the porous 
medium as it deforms and experiences temperature changes. It is a fundamental equa-
tion used to model and analyse fluid flow and heat transfer in geothermal reservoirs, 
subsurface hydrology, and other applications involving fluid flow in porous media.

The mass balance equation for the fluid phase can be expressed as follows:

where αT is the thermal expansion coefficient, T is the temperature, q is the fluid flux, Q 
is the sink/source term, and S is the specific storage, which is given in Eq. (40):

Introducing Eqs. (40) and (40) into Eq. (39) results in the following equation:

The thermal expansion coefficient αT  of the medium is given in Eq. (43) and can be 
calculated with the following formula:

where ϕ is the porosity of the medium, αTsolid
 is the thermal expansion coefficient of the 

solid phase and αTliquid
 is the thermal expansion coefficient of the liquid phase.

The energy balance equation for a saturated porous medium describes the conser-
vation of energy within the porous medium as it undergoes temperature changes and 

(35)dσ ′ = D
(

dε − dεT
)

(36)σ ′ = C(ε − αT�T × I)

(37)C = �δijδkl + 2Gδikδjl

(38)ε =
1

2

(

∇u+ (∇u)T
)

(39)Ss
∂p

∂t
+∇ · q + ∇ ·

(

∂u

∂t

)

− αT
∂T

∂t
= Q

(40)S =

(

1− ϕ

Ks

)

+

(

ϕ

Kl

)

(41)q = −
k

µ

(

∇p− ρg
)

(42)
[

(
1− ϕ

Ks
)+ (

ϕ

Kl
)

]

∂p

∂t
+ ∇ · (

∂u

∂t
)− αT

∂T

∂t
+ ∇T

[

−
k

µ
(∇p− ρg)

]

= 0

(43)αT = (1− ϕ)αTsolid
+ ϕαTliquid
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fluid flow. It is a fundamental equation used to model and analyse heat transfer in 
geothermal reservoirs, subsurface hydrology, and other applications involving heat 
transport in porous media.

The form of the energy balance equation for a saturated porous medium is

where (ρcp)eff  is the effective heat storage of the porous medium, which is defined in 
Eq. (45); q is the heat flux; and QT is the heat sink/source term:

In addition, this analysis takes into account both convection and conduction heat 
fluxes, which allows us to write the heat flux term in Eq. (46) as follows:

where �eff  is the effective heat conductivity of the porous medium, which can be defined 
as Eq. (47), and v is the velocity of the fluid:

By introducing Darcy’s law into Eq. (44), the general energy conservation

In this study, the basic two-equation model for local thermal nonequilibrium heat 
transfer is used in a numerical thermo-poroelastic framework to consider the effect of 
LTNE on estimating potential recoverable energy from geothermal reservoirs. For this 
purpose, the continuous solid model is used (Demirel 2007). The two-equation model 
for the solid/liquid phases is expressed as

where hsf  is the heat transfer coefficient between the solid and the liquid phases, As is 
the specific surface area, ϕ is the porosity of the porous medium, Tf  and Ts are the fluid 
and the solid temperature at the fluid/solid interface, � is the heat conductivity and ρcp 
is the heat storage of the corresponding medium. As shown in Eqs. (49) and (50), heat 
transfer is assumed to occur by conduction in the solid phase and by conduction and 
convection in the liquid phase. The axial conduction in both phases is also included in 
the calculation using the thermal conductivities of both the solid and liquid phases ( � ), 
Table 1.

(44)(ρcp)eff
∂T

∂t
+∇ .qT = QT

(45)(ρcp)eff = ϕ(cpρ)liquid + (1− ϕ)(cpρ)solid

(46)QT = −�eff ∇T + (cpρ)liquidv · T

(47)�eff = ϕ�liquid + (1− ϕ)�solid

(48)(ρcp)eff
∂T

∂t
+

[

(cpρ)liquid ×
k

µ
× (−∇p+ ρg)

]

· ∇T −∇T (�eff ∇T ) = Q

(49)
∂T

∂t

∣

∣

∣

∣

f

+ v · ∇Tf =

[

hsf ×
As

ϕ × (ρcp)f
× (Ts − Tf )

]

+ ∇T (�f ∇T )

(50)
∂T

∂t

∣

∣

∣

∣

s

=

[

hsf ×
As

(1− ϕ)× (ρcp)s
× (Tf − Ts)

]

+ ∇T (�s∇T )
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To discretize the abovementioned mass, momentum and energy conservation equa-
tions, the weighted residual method and Green’s theorem are applied (Bathe 1996):

where N is the corresponding shape function and u , p and T  are the nodal values of the 
corresponding state variables. By applying Galerkin’s method and replacing the weight-
ing functions with the shape functions of the corresponding variables, the weak form of 
the conservation equations can be written as follows:

(51)u = Nuu

(52)p = Npp

(53)T = NTT

(54)

∫

�

wSs
∂p
∂t

d�+

∫

�

wTα∇ ·
∂u
∂t

d�+

∫

�

wβ
∂T
∂t

−

∫

�

∇wT
· qHd�

+

∫

�
q
H

w(qH · n)d� −

∫

�

wQHd� = 0

Table 1  Typical range of reservoir data for Soultz geothermal reservoir used for the fluid flow 
and heat transfer simulation (Kohl et al. 1995; Baria et al. 1999; Andre et al. 2006; Tenzer et al. 2010; 
Watanabe et al. 2010b; Koh et al. 2011)

Rock Properties

 Young’s modulus (GPa) 40

 Poisson’s ratio 0.3

 Density (Kg/m3) 2700

 Matrix permeability (m2) 9.8 × 10–18

Stress data

 Vertical stress (MPa) 40

 Maximum horizontal stress (MPa) 40

 Minimum horizontal stress (MPa) 38

Fluid Properties

 Viscosity (Pa s) 2 × 10–4

 Compressibility (MPa−1) 2.5 × 10–8

 Density (Kg/m3) 1000

 Injector Temp, stimulation (K) 350

 Injector pressure, production (MPa) 38

 Producer pressure, production (MPa) 7

 Producer temp, production (K) 320

Reservoir data

 Wellbore radius (m) 0.1

 Reservoir depth (m) 4065

 Specific heat (rock) (Jkg−1 K−1) 1.098 × 103

 Specific heat (fluid) (Jkg−1 K−1) 4.05 × 103

 Thermal Conductivity (rock) (Wm−1 s−1) 3.58

 Thermal Conductivity (fluid) (Wm−1 s−1) 0.62
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where w is the test function, � is the model domain, Ŵ is the domain boundary, t is the 
traction vector and d is the fracture plane.

Using the Galerkin weighted residual method and the implicit finite difference method 
for time discretization, the finite element formulation of the field equations is given by

where i is the time step and

(55)

∫

�d

wbmSs
∂p
∂t

d� +

∫

�d

wα
∂bm
∂t

d� +

∫

�d

wβ
∂T
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d� −

∫

�d
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· (bhqH )d�

+

∫

�
q
H

wbh(qH · n)d� +

∫

�d

wq+Hd� +

∫

�d

wq−Hd� = 0

(56)

∫

�

wcpρ
∂T
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d�+

∫
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∫

�

∇wT
· (−�∇T )d�

+

∫

�
q
T
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∫

�
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(57)
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∫
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wclpρ
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�d

wq+T d� +

∫
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wT · tdŴ − ∫
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(64)F =

∫

�

NT
P SNPd�

(65)HF =

∫

�

(�NP)
Tk(�NP)d�

(66)C =

∫

�

NT
P βNPd�

(67)HT =

∫

�

(�NP)
TαT (�NP)d�

(68)M =

∫

�

NT
T (ρc)sNTd�

(69)

HD = ∫
�

(�NP)
T
�eff (�NT )d�− (�NT )

T (ρc)f

(

k

µ
×

(

−∇p+ ρg
)

)

(�NT )d�

Fig. 3  Two dimensions Circular reservoir shape used for validation of Thermo poroelastic numerical model 
with σH = 40 MPa and σh = 38 MPa, Pinj = 38 MPa, Ppro = 7 MPa, Ts = 350 oK, Ti = 320 oK
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D is the anisotropic drained elastic stiffness tensor, B is Skempton coefficient, NP is a 
pressure shape function, α is Biot’s coefficient, and k is the permeability.

According to the fundamentals of poro-elasticity, porosity is related to the average 
effective stress σii and the shear modulus of the solid phase Gs. φ o is the porosity in the 
unstressed state:

Permeability is considered to be a stress-independent functional relationship, so 
Eq. (71) indicates the exponential function for the absolute flow permeability consider-
ing porosity changes:

(70)φ = φoe
(σii/4Gs)

(71)k = �ko

Table 2  Typical range of reservoir data for Soultz geothermal reservoir used for the fluid flow 
and heat transfer simulation (Kohl et al. 1995; Baria et al. 1999; Andre et al. 2006; Tenzer et al. 2010; 
Watanabe et al. 2010b; Koh et al. 2011)

Value

Rock properties

 Rock Young’s modulus (GPa) 42

 Rock Poisson’s ratio 0.26

 Water density (kg/m3) 2700

 Matrix permeability (m2) 32 × 10–16

 Coefficient of heat transfer (W/m2.K) 0.8

Fracture properties

 Reservoir fractal dimension, D 1.3

 Reservoir fracture density (m2/m3) 0.18

 Minimum fracture radius (m) 10

 Maximum fracture radius (m) 175

Stress data

 Minimum horizontal stress (MPa) 17

 Maximum horizontal stress (MPa) 55

 Vertical stress (MPa) 57

Fluid properties

 Density (kg/m3) 1000

 Viscosity (Pa.s) 3 × 10–4

 Injector well pressure (MPa) 42

 Producer well pressure (MPa) 31.7

Other reservoir data

 Well radius (m) 0.1

 Number of injector wells 1

 Number of producer wells 1

 Reservoir thickness (m) 100

 Rock specific heat (Jkg−1 K−1) 1.2 × 103

 Fluid specific heat (Jkg−1 K−1) 3.5 × 103

 Rock thermal conductivity (Wm−1 s−1) 2.258

 Fluid thermal conductivity (Wm−1 s−1) 0.78
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where ko is the initial permeability and k is the current permeability under nonzero 
stress conditions. The � parameter is a function of porosity and can be expressed by

Results and discussion
Validation of thermo‑poro‑elastic numerical model using Kirch’s problem

The verification of thermos-poro-elastic numerical model against analytical solutions 
is presented in this section. A 2D model of circular shaped reservoir with an intact 
wellbore is used during the validation process. The model is presented in Fig. 3 with 
reservoir drainage radius of 1000 m and wellbore radius of 0.1 m. The reservoir input 
data used is presented in Table 2. The numerical model is initiated with drained con-
ditions and these conditions obtained by using Kirsh’s problem. The analytical solu-
tion of thermal stress is presented in the following formulas:

Analytical temperature
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Fig. 4  Rock temperature as a function of time and radius in poroelastic medium with σH = 40 MPa psi and 
σh = 38 MPa, Pinj = 38 MPa, Ppro = 7 MPa, Ts = 350 oK, Ti = 320 oK
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where, g̃ is the Laplace transformation of g and

K0 and K1 are the first order modified Bessel function of the first and second kind. 
Laplace inversion is solved using the method presented by Stehfest (1970). The solu-
tion in time is achieved by following formula:

The Laplace transformation can be inverted using

where ( ln ) represents the natural logarithm and

(73)T (r, t) = T0 + (Tw − T0)L
−1

{

1

s

K0

(

r
√
s/c0

)

K1

(

rw
√
s/c0

)

}

(74)ξ = r

√

s

c

(75)β = rw
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s

c

(76)f (r, t) ≈
ln2

t

N
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n=1
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≈

f

(

r, n
ln2

t

)

Fig. 5  Rock temperature contour map after 1 h of fluid production with σH = 40 MPa psi and σh = 38 MPa, 
Pinj = 38 MPa, Ppro = 7 MPa, Ts = 350 oK, Ti = 320 oK
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Fig. 6  Schematic representation of the discrete fracture network of the Soultz geothermal reservoir

)b()a(

(c)
Fig. 7  a Discrete fracture network and b computed permeability tensor of the Soultz geothermal reservoir 
at a depth of 3650 m in 2D space and c computed permeability tensor of the Soultz geothermal reservoir in 
3D space.
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(a)

(b)
Fig. 8  Pore pressure distribution (top) after 2 years a and 7 years b of fluid injection for σH = 55 MPa (8000 
psi), σh = 57 MPa (8276 psi), Pinj = 42 MPa (6100 psi), Pprod = 31.7 MPa (4700 psi), and Tinj = 80 °C
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The numerical results obtained were plotted against the analytical solutions in Figs. 4 
and 5. The results present a good match between numerical and analytical solutions 
which endorses that the developed thermos-poro-elastic numerical model can be used 
in different field applications, (for more details about validation, see (Azim 2016).

Application of the in‑house Simulator for real‑field case study of Soultz geothermal

This study utilizes a novel methodology for creating a subsurface fracture map of the 
Soultz-Sous-Forets geothermal reservoir to understand the characteristics and fluid flow 
patterns of the reservoir (Baujard et al. 2021). By integrating various types of field data, 
including field and wellbore image data, the authors constructed a detailed representa-
tion of the reservoir fracture network (refer to Reda Abdel Azim (2021) for more details 
on the frame work used for development of reservoir fracture networks).

The depth of 3650  m for the fracture pattern indicates the extent of the fracture 
network within the geothermal reservoir. The presence of fractures at this depth 
suggests that the reservoir may extend to a significant depth, potentially increasing 
its heat reserves and longevity. The findings of this study on the long-term effects 
of cold fluid circulation on the Soultz-Sous-Forets geothermal reservoir are essential 

(77)Cn = (−1)n+
N
2

∑min(n,N/2)

k=(n+1)/2

kN/2(2k)!

(N/2− k)!k!(k − 1)!(n− k)!(2k − n)!

(a)

(b)
Fig. 9  Reservoir temperature drawdown (top) and thermal vertical stress (bottom) after a 2 years and 
b 7 years of production for σH = 55 MPa (8000 psi), σh = 57 MPa (8276 psi), Pinj = 42 MPa (6100 psi), 
Pprod = 31.7 MPa (4700 psi), and Tinj = 80 °C
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for optimizing its management and maximizing its energy production potential. By 
understanding the impact of cold fluid circulation on reservoir properties, such as 
temperature distribution, geothermal operators can design injection and production 
strategies that minimize adverse effects and enhance heat extraction.

Moreover, Fig.  6 shows the discretized mesh (triangular elements) of the domain. 
As stated in the earlier sections, the permeability tensors are calculated by consider-
ing short fractures (less than 40 m). Figure 7 shows how permeability tensors are com-
puted for the Soultz reservoir. After the permeability tensors are computed, they are 
utilized to discretize long fractures (> 40 m) and simulate fluid flow and heat transfer 
to evaluate the reservoir’s long-term response over a 14-year production period. The 
reservoir characteristics that are considered for this investigation are listed in Table 2.

Figure 8a, b clearly illustrates the evolution of fluid flow patterns within the Soultz 
geothermal reservoir over time. After two years of production, the pore pressure dis-
tribution indicates that the fluid primarily flows through a network of long, intercon-
nected fractures. This suggests that the reservoir fracture network plays a dominant 
role in facilitating fluid movement during the initial production phase.

However, after 7 years of production, the injection pressure distribution shows a sig-
nificant shift, with the pressure front advancing considerably closer to the producing 
well. This indicates that the fluid has spread more extensively throughout the reservoir 
and is no longer confined to the primary fracture network. This increase in fluid flow 
suggests that the reservoir’s permeability has increased over time, allowing fluid to per-
meate through a broader area of the reservoir.

The observed changes in fluid flow patterns over time highlight the importance of con-
sidering the long-term effects of production on geothermal reservoirs. Understanding 
how fluid flow evolves over time is crucial for optimizing injection and production strat-
egies to maximize heat extraction and extend a reservoir’s lifespan.

The results presented in Fig.  9a, b provide valuable insights into the heat transfer 
dynamics within the Soultz geothermal reservoir during production. The observed tem-
perature drop in the vicinity of the wellbore during the two years of production is con-
sistent with the initial fluid flow patterns, where fluid circulation was primarily focused 
on the fracture network near the wells.

As production progressed over a 7-year period, the fluid movement occurred in an 
increasing portion of the reservoir, leading to more extensive heat exchange between the 
rock matrix and the fluid. This increased heat transfer is reflected in the broader tem-
perature drop observed across the reservoir.

A comparison of these results with those from an earlier study by Koh et al. (2011) 
highlights the significance of considering local thermal nonequilibrium (LTNE) in 
modelling heat transfer processes. The LTNE approach, employed in the current 
study, accounts for the temperature differences between the rock matrix and the fluid, 
providing a more accurate representation of heat transfer in geothermal reservoirs.

The substantial decrease in the average matrix temperature from 200 to 180 °C after 
7 years of production demonstrates the impact of fluid circulation on the reservoir’s 
thermal state. This temperature drop is a crucial factor to consider when evaluating 
the long-term energy production potential of reservoirs and designing sustainable 
management strategies. In addition, the effective stresses (see Fig. 9a, b, bottom) can 
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be significantly affected by cold water circulation after 2 and 7  years of cold-water 
injection due to the thermal stresses. The thermal stresses can also cause tensile 
stresses to develop in the rock matrix, which can lead to tensile fractures. The over-
all effect of cold-water circulation on the effective stresses in a fractured reservoir is 
that it increases the compressive stresses in the cooled zones and reduces the effective 
stresses in the surrounding rock matrix. Thermal stresses can play a significant role in 
this process, especially in the early stages of cold-water injection.

Three distinct average fracture permeability values (150, 250, and 350 mD) of the 
Soultz geothermal reservoir are considered to investigate the impact of the hot water 
flow rate on pressure loss between the injector and producers. Figure 10 presents the 
pressure loss as a function of different fracture permeability. The figure illustrates 
how the rate of hot water generation can be considerably increased for a given pres-
sure loss by increasing the average fracture permeability. For instance, a hot water 
production rate of 20 l/s can be attained for an average fracture permeability of 150 
mD, given a pressure loss of 7 MPa between an injector and a producer (separated at 
a distance of 700 m). For a given average fracture permeability of 350 mD, the pro-
duction rate increases to 55 l/s.

The findings presented in Fig. 10 highlight the critical role of reservoir permeabil-
ity in influencing fluid production rates and pressure drops in geothermal reservoirs. 
The results indicate that a higher average fracture permeability of 350 mD leads to a 
significant increase in hot water production, reaching up to 90  l/s, compared to an 
inadequate 30 l/s with an average fracture permeability of 150 mD.

This observation emphasizes the importance of accurately characterizing reser-
voir permeability to optimize production strategies and maximize energy extraction. 
A higher permeability facilitates more efficient fluid flow, reducing the pressure drop 
between injection and production wells and enabling higher production rates. This 
study also suggests that a commercial flow rate of 60–90  l/s can be achieved with an 

Fig. 10  Pressure loss as a function of flow rate at different fracture permeabilities
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appropriate pressure loss of 14 MPa, provided that the average reservoir fracture per-
meability exceeds 150 mD. This information is valuable for geothermal operators when 
evaluating the potential of geothermal reservoirs and designing production plans.
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Fig. 11  Temperature of the produced fluid versus production time at different injection flow rates for a 
k = 150 md, b k = 250 md, and c k = 350 (md) with σH = 55 MPa (8000 psi), σh = 57 MPa (8276 psi), and 
Tinj = 80 °C
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The technical feasibility of achieving a 14 MPa pressure loss between injection and 
production wells depends on several factors, including the wellbore configuration, 
pumping capacity, and reservoir characteristics. Careful consideration of these fac-
tors is essential for designing efficient and cost-effective geothermal energy produc-
tion systems.

Several numerical experiments are carried out to investigate the impact of the aver-
age fracture permeability and water flow rate on heat transfer from the matrix into 
the fluid and the resulting increase in the produced water temperature. Three aver-
age fracture permeabilities—150, 250, and 350 mD—are considered throughout this 
investigation. The flow rates are adjusted from 20 to 90  l/s. The reservoir tempera-
ture is initially maintained at 200  °C. For fifteen years, the temperature of the pro-
duced water is observed. The model’s findings are displayed in Fig. 11 which present 
the temperature of the produced fluid versus production time at different combina-
tion of injection flow rates and average fracture permeability. Based on the provided 
information, it appears that the temperature of the water produced from fractured 
reservoirs exhibits a complex relationship with fracture permeability and flow rate. 
While the temperature remains relatively constant for the initial production period, 
it subsequently declines at varying rates depending on the specific permeability and 
flow rate conditions.

The observed behaviour suggests that the temperature of the produced water is 
influenced by the interplay between the heat transfer mechanisms and fluid flow 
characteristics within the fractured reservoir. A higher fracture permeability gener-
ally facilitates faster fluid flow, leading to a quicker decrease in the produced water 
temperature (see Fig. 11c). However, this trend is not always linear, as evidenced by 
the prolonged high temperature observed for low permeability and low flow rate con-
ditions. This could be attributed to a reduced heat transfer due to slower fluid move-
ment within the reservoir and thus a longer retention time.

Despite the potential benefits of high produced water temperatures for thermal 
applications, commercial viability of low-permeability reservoirs is hindered by low 
water production rates. On the other hand, high-permeability reservoirs offer the 
potential for high production rates at reasonable pressure losses, but the reservoir life 
is still relatively short, even if high produced water temperatures are maintained.

These findings highlight the importance of considering both fracture permeability and 
flow rate when evaluating the potential for thermal applications in fractured reservoirs. 
While a higher permeability generally leads to a greater production rate, it also contrib-
utes to a faster decline in the produced water temperature. Balancing these factors is 
crucial for optimizing thermal applications and achieving long-term economic viability.

In summary, the relationships among the produced water temperature, fracture per-
meability, and flow rate are intricate and require careful consideration when designing 
and implementing thermal applications in fractured reservoirs. A comprehensive under-
standing of these factors is essential for maximizing energy recovery and achieving sus-
tainable resource utilization.

The results presented in Fig. 12 demonstrate a direct correlation between the produc-
tion rate and recovery factor for fractured reservoirs with varying permeability values. 
As the production rate increases, the recovery factor also increases, reaching a plateau 
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Fig. 12  Recovery factor versus flow rate at different fracture permeabilities: a k = 150 md, b k = 250 md, and 
c k = 350 md with σH = 55 MPa (8000 psi), σh = 57 MPa (8276 psi), and Tinj = 80 °C
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at a specific flow rate. This optimal flow rate corresponds to the maximum achievable 
recovery factor for a given fracture permeability. The recovery factor  is defined as the 
ratio of the actual extracted heat to the original heat reserve.

The observed behaviour can be attributed to the relationship between the fluid flow 
and heat transfer processes within the fractured reservoir. At lower production rates, the 
fluid has more time to interact with the rock matrix, enhancing heat transfer and facili-
tating energy extraction. However, as the flow rate increases, the fluid spends less time 
within the reservoir, limiting the extent of heat transfer.

The optimal flow rate for each fracture permeability condition represents the bal-
ance between maximizing fluid sweep through the fracture network and allowing suf-
ficient time for heat transfer to occur. Exceeding this optimal flow rate does not further 
enhance heat extraction, as the fluid’s residence time within the reservoir becomes too 
short.

The results align with observations from geothermal reservoirs, as noted by Sanyal and 
Butler (2005), and highlight the importance of optimizing production rates to achieve 
maximum energy recovery from fractured reservoirs. Thus, Careful consideration of 
fracture permeability and flow rate is crucial for designing and implementing effective 
thermal recovery strategies.

The observations presented in Fig. 13 highlight the influence of fracture density on the 
decrease in temperature of the produced fluid in geothermal reservoirs. For reservoirs 
with high fracture density (FD = 0.2), the produced fluid temperature remains relatively 
constant for the first two years of circulation, indicating efficient heat transfer from the 
rock matrix to the fluid. However, a rapid decrease in the produced fluid temperature is 
observed during the subsequent two years, suggesting a decrease in heat transfer effi-
ciency due to the depletion of hotter fluid from the fracture network.
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Fig. 13  Fluid temperature distribution for different FDs for σH = 55 MPa (8000 psi), σh = 57 MPa (8276 psi), 
and Tinj = 80 °C
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Reservoirs with lower fracture density exhibit a slower decline in the produced fluid 
temperature, with the maximum drawdown observed after four years of circulation. This 
slower temperature decrease is attributed to the reduced fracture network, which allows 
the reservoir matrix to retain higher temperatures for a longer period.

The findings from Fig.  13 emphasize the importance of considering fracture density 
when evaluating the long-term performance of geothermal reservoirs. Reservoirs with 
higher fracture density may initially produce hotter fluids, but their temperature declines 
more rapidly due to the depletion of hot fluid from the fracture network. Conversely, 
reservoirs with lower fracture density may initially produce cooler fluids, but their tem-
perature decreases more slowly, allowing for longer periods of sustained heat extraction.

Effective geothermal reservoir management strategies should consider fracture den-
sity as a key factor in optimizing fluid production and heat extraction over a reservoir’s 
lifetime. By understanding the interplay between fracture density, fluid flow, and heat 
transfer, geothermal operators can make informed decisions about well placement, pro-
duction rates, and reservoir stimulation techniques to maximize energy recovery and 
extend the reservoir’s productive life.

Conclusion
This study presents an integrated thermo-poro-elastic model based on the finite element 
technique to estimate the temperature of the generated fluid and simulate fluid flow in 
fractured geothermal reservoirs. In addition, a sensitivity study was carried out to inves-
tigate how different reservoir factors affect the temperature of the produced fluid. Based 
on the data, it was concluded that the reservoir fluid temperature drawdown is signifi-
cantly impacted by the fracture aperture. In addition, to maintain a long-term sustain-
able reservoir fluid temperature during the circulation period, estimating the injection 
flow rate is crucial.

For a longer period, a high produced water temperature can be achieved with a low 
fracture permeability and high fluid retention time. Slower fluid movement mini-
mizes frictional heat loss and allows more time for heat transfer from the rock, leading 
to initially higher temperatures as a result of low permeability. However, to achieve a 
commercial flow rate (60–90  l/s) at a reasonable pressure loss (equivalent to or below 
14  MPa), the average reservoir fracture permeability must be greater than 100 mD. 
Increases in the fluid flow rate and fracture permeability were shown to cause a decrease 
in the matrix temperature, which in turn decreased the generated fluid temperature and 
increased the thermal recovery factor. The thermal recovery factor represents the per-
centage of the total reservoir heat extracted. Even with a slight decrease in the gener-
ated fluid temperature,  the energy extraction rate can  increase  due to the higher flow 
rate, potentially leading to an increase in the thermal recovery factor. On the other hand, 
an ideal flow rate arises when the recovery factor is maximized.

Appendix A
See Figs. 14 and 15 here.
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The in-house simulator was verified by the first author in previous study against a field 
test of the Habanero geothermal reservoir located in Cooper Basin, South Australia 

Fig. 14  Comparison between the simulated dilation events (green circles) with that from the field test trial 
(blue circles) with σH = 44.8 MPa, σh = 41 MPa, σv = 49.64 MPa, Pinj = 55 MPa and Pi = 35.16 MPa after 30 days 
of cold-water injection

Fig. 15  Comparison between the simulated differential pressure and the real field data (injectivity-test) of 
Well GPK-2
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(Azim 2020). The field test of Habanero geothermal reservoir took place through injec-
tion of cold water into the reservoir for a period of 12 days to test reservoir response to 
cold water injection. That is, during this test period the the location and magnitude of 
shear dilation events (i.e., the changes in fracture aperture) were monitored. Then the 
in-house thermo-Poro elastic numerical model was used to calculate fracture aperture 
changes and locate the shear dilation events. A comparison of the location and mag-
nitude of micro-seismic events (shear dilation events) formed during the field test of 
Habanero geothermal reservoir and the ones predicted by the in-house simulator are 
presented in Fig. 14. In this figure, the blue circles represent events generated from sim-
ulation process due to injection of fluid after 30 days and the green circles present the 
location of the dilation events from field observations. Results of this study show a close 
match between of them.

Moreover, further validation of the in-house simulator against operational history data 
of Soultz geothermal reservoir benefiting from existing publications of Kohl et al. (1995); 
Baria et al. 1999) is presented in this section.

Specifically, a history matching of operational history data (injectivity-test data) of Well 
GPK-2 in Soultz geothermal site (Kohl et al. 1995; Baria et al. 1999) was conducted using 
the in-house thermos-poro-elastic simulator. In this history matching process, the discrete 
fracture network map was generated by the statistical analysis of field data procedures 
developed by [59]. This technique integrates different field data to determine a distribution 
range of fracture properties (fracture orientation, fracture density, and fractal dimension). 
The determined fracture density and fractal dimension distributions are used as an input to 
an object based stochastic sequential Gaussian 3-D simulator to generate different random 
realization of fracture attributes, in this simulation the fractures are treated as circular disk 
objects as shown in Fig. 6 of the manuscript. Each fracture is defined based on its orienta-
tion (i.e.; the dip and azimuth angles of the fracture), center point (i.e., fracture location), 
radius and aperture. Moreover, random realization of fractures continue until the total frac-
ture intensity and fractal dimension of the studied area are met, at this point the resulted 
model is the 3-D subsurface fracture map of the studied reservoir. Afterward, the generated 
3-D subsurface map is divided into a number of grid blocks (N grid blocks) to calculate the 
grid-based permeability tensors as shown in Fig. 7A in the manuscript. For this purpose, 
a threshold fracture length (LFmin) is defined, accordingly fractures with a length less than 
the threshold fracture length that cut a certain block, are used to calculate the permeability 
tensors of that block (i.e.; fractures which have a length less than (LFmin) are considered as 
part of the matrix in the form of permeability tensor, in other word the short fractures are 
considered as a local spatial heterogeneity within the matrix block), as shown in Fig. 7B in 
the manuscript. Once the grid-based 3-D permeability tensors are calculated the matrix 
domain is coupled with the explicitly discretized long fractures (i.e.; fractures with fracture 
length > LFmin). The matrix domain is discretized by four-node tetrahedral elements while 
the triangular elements are used for discretization of explicit long fractures, as shown in 
Fig. 7C. The used grid blocks were built using an in-house developed mesh generator. Once 
the hybrid permeability tensor and discrete fracture mesh is ready then it is used in the in-
house thermos-poro-elastic model to simulate the flow in the fractured geothermal reser-
voir and history match the injectivity-test data of Well GPK-2.

The history matching process can be summarized as follows:
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1.	 Generate the subsurface fracture realization using field data procedures developed 
by Doonechaly and Rahman (2012).

2.	 Utilizing periodic boundary conditions (Durlofsky 1991), calculate the block-based 
permeability tensor of the single continuum taking into account the short fractures.

3.	 Couple the block-based permeability tensor with the discrete fracture network of 
long fractures using the in-house mesh generator (hybrid approach).

4.	 Start the in-house model to simulate cold water injection into the geothermal reser-
voir.

5.	 Compare the in-house simulator results with that of the measured production data if 
Well GPK-2 to estimate the error.

6.	 If the error from step 5 is less than the predefined error threshold then stops and 
report the optimum fracture realization with the production temperature results. 
Otherwise, go back to step 1 to modify fracture attribute and generate new fracture 
realization. The simulated well-production results are compared with that from field 
operational data for each realization until the error is minimized.

Accordingly, a comparison of Well GPK-2 injectivity-test data and the in-house simulator 
is presented in Fig. 15, it can be seen that the in-house simulator results of differential pres-
sure versus flow rate is in good agreement with that of GPK-2 real field injectivity-test data.
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