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Abstract: The Enhanced Geothermal System (EGS) constructs an artificial thermal reservoir by
hydraulic fracturing to extract heat economically from hot dry rock. As the core element of the EGS
heat recovery process, mass and heat transfer of working fluid mainly occurs in fractures. Since
the direction of the natural and induced fractures are generally perpendicular to the minimum
principal stress in the formation, as an effective stimulation approach, horizontal well production
could increase the contact area with the thermal reservoir significantly. In this paper, the thermal
reservoir is developed by a dual horizontal well system and treated as a fractured porous medium
composed of matrix rock and discrete fracture network. Using the local thermal non-equilibrium
theory, a coupled THM mathematical model and an ideal 3D numerical model are established for the
EGS heat extraction process. EGS heat extraction capacity is evaluated in the light of thermal recovery
lifespan, average outlet temperature, heat production, electricity generation, energy efficiency and
thermal recovery rate. The results show that with certain reservoir and production parameters,
the heat production, electricity generation and thermal recovery lifespan can achieve the commercial
goal of the dual horizontal well system, but the energy efficiency and overall thermal recovery rate
are still at low levels. At last, this paper puts forward a series of optimizations to improve the heat
extraction capacity, including production conditions and thermal reservoir construction design.

Keywords: enhanced geothermal system; THM coupling; horizontal well; heat extraction capacity;
numerical simulation

1. Introduction

1.1. Background

Increasing the supply of local and renewable energy has become a central issue across society,
which highlights the necessity to re-evaluate all alternative energy sources, particularly those widely
distributed throughout the country [1]. Geothermal energy is a low-carbon and recyclable renewable
energy, with the features of large reserves, wide distribution and environmental friendliness. Compared
to hydrothermal geothermal resources, most of the geothermal energy is stored in hot crystalline rocks

Energies 2018, 11, 280; doi:10.3390/en11020280 www.mdpi.com/journal/energies

http://www.mdpi.com/journal/energies
http://www.mdpi.com
http://dx.doi.org/10.3390/en11020280
http://www.mdpi.com/journal/energies


Energies 2018, 11, 280 2 of 19

with no or little fluid in a depth range of about 3−10 km, at a temperature between 150 and 650 ◦C [2].
This is often called hot dry rock (HDR).

The Enhanced Geothermal System (EGS) represents the key technology of the HDR heat
development project, with a research history of more than 40 years [3]. It requires water to be
circulated from injection well to production well, via an artificial thermal reservoir constructed by
hydraulic fracturing [4]. In general, the produced energy from HDR is used to generate electricity
or supply heat. According to a report by MIT about the future of geothermal energy, EGS and other
unconventional geothermal resources will have provided 100,000 megawatts of base load generating
capacity by 2050, accounting for 10% of total value of U.S. [1,5].

Field testing of EGS worldwide began in 1974 at the Fenton Hill HDR geothermal project in
the United States [6,7], demonstrating that enhanced geothermal systems are technically feasible.
However, how to establish an artificial heat reservoir at commercial scale and develop the thermal
energy cost-efficiently is still a significant measure to evaluate the promotion and application of EGS.
Nowadays, the limitation of economic feasibility lies in low water production and excessive high water
flow impedance and water loss level [1,8]. In 2005, based on the determination data of EGS project in the
Desert Peak, Sanyal S. K. et al. [9] calculated the electric power generation and analyzed the prospect
of EGS application, according to the first and second laws of thermodynamics. Zeng Y.C. et al. [10]
adopted the geological data of Well DP23-1 to investigate the HDR thermal potential, by which the
fractured reservoir is equivalent to a homogeneous porous medium reservoir with the water circulation
through two horizontal wells. However, the actual energy yield and water circulation efficiency cannot
be achieved owing to the neglect of fractures. Cao et al. [11] simulated the heat extraction capacity
of EGS using an ideal vertical well model based on the assumption of local non-thermal equilibrium,
yet the existence of fractures is still not taken into consideration. Tang [12] studied the distribution
of temperature field and the law of energy utilization with a two-dimensional natural fracture-fault
model. In present period, the models applied on heat extraction capacity evaluation are too simplified
to reflect the actual formation. In addition, the combination of multi-physical and multi-scale effects
involved in the EGS operation is not taken into account.

Since the 1980s, based on the Biot consolidation theory, Noorishad et al. [13] established a
thermal-hydraulic-mechanical field (THM) coupled model in order to study the underground disposal
of nuclear waste. Subsequently, numerous researchers have applied a fluid-rock coupled mathematical
model to the EGS mass and heat transfer process. Regarding the thermal reservoir as a single porosity
equivalent porous medium, Jiang et al. [14,15] studied the thermal-hydraulic process of an EGS
reservoir using the 3-D transient model, but the model did not consider the effect of the mechanical field.
Lei et al. [16] and Rutqvist [17] respectively established a THM coupled model and solution method to
realize the numerical simulation of the EGS production process. They developed TOUGH2 (Lawrence
Berkeley National Laboratory (LBNL), Berkeley, CA, USA) software, while ignoring the complexity
of fractured reservoir. Rinaldi et al. [18] simulated a THM coupled EGS project and analyzed the
possibility of inducing artificial fractures and natural fractures by TOUGH-FLAC simulator. The mature
commercial software commonly used in EGS heat exploitation numerical simulation is listed in Table 1.
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Table 1. Comparison of numerical simulation software for EGS exploitation.

Simulation
Software Development Agency Computational

Method Software Feature

COMSOL
Multiphysics

COMSOL Co. Ltd.
Stockholm, Sweden FEM

Self-defining partial differential equation,
automatic solution, automatic division of the
grid, multiple physical problems can be
arbitrarily coupled

Fluent FLUENT Co. Ltd.
Lebanon, NH, USA FVM

Dynamic/deformed mesh technology mainly
solves the boundary motion, and the
simulation fluid flow and heat transfer with
high accuracy

Ansys
Multiphysics

ANSYS Co. Ltd.
Pittsburgh, PA, USA FEM Skilled in the classical mechanics problem of

solid with low coupling precision

CMG Computer Modelling Group
Calgary, AB, Canada FDM Reservoir numerical simulation software,

inclined to production practice

OpenGeoSys
Helmholtz Centre for

Environmental Research (GmbH)
Leipzig, SN, Germany

FEM
Open source code, self-developed model
framework, to simulate individual or coupled
THMC processes in porous or fractured media

TOUGH2 LBNL
Berkeley, CA, USA FDM

MINC method is used to simulate multiphase
flow, and the transfer of pressure and
temperature between rock and injected fluid

TOUGH2-FLAC3D LBNL
Berkeley, CA, USA FDM

Numerical simulation of CO2 storage under
different storage conditions and multiphysics
coupling problem in EGS

FEM-Finite element method; FVM-finite volume method; FDM-finite difference method.

1.2. Research Objectives

In this paper, the thermal reservoir is treated as a fractured porous medium composed of matrix
rock and a discrete fracture network. Using the local thermal non-equilibrium theory, a set of coupled
THM equations are formulated as the mathematical model for the EGS thermal recovery process.
Furthermore, the ideal 3D numerical model of EGS exaction by horizontal well is created with the
commercial software COMSOL Multipysics (5.3, COMSOL Co. Ltd., Stockholm, Sweden) Subsequently,
the model is applied to predict the actual problems encountered in EGS heat exaction, such as operating
performance, utilization efficiency and service life.

2. THM Coupled Model

The two-dimensional EGS thermal recovery process numerical model [19] is extended to
three-dimensional space. Considering local thermal non-equilibrium, the model adopts two energy
equations to respectively describe the temperature field in the rock matrix and the fluid existing in
fractures, which can conveniently deal with the actual rock-fluid heat transfer during the heat recovery.

2.1. The Governing Equation

The governing equations of the THM coupled mathematical model can be described as follows:

2.1.1. Rock Mass Stress Field Governing Equation

I Matrix rock stress/displacement field equation
The equilibrium equation in the terms of stress tensor can be written as:

σij,j + Fi = 0 (1)

Based on the linear stress-strain constitutive law, the deformation equation of the rock matrix is
as follows:
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E
2(1 + ν)

ui,jj +
E

2(1 + ν)(1− 2ν)
uj,ji − αB p,i − αT

E
(1− 2ν)

Ts,i + Fi = 0 (2)

where, σij is stress tensor; u is displacement; Fi is the body force per unit volume in the i-coordinate
(i = x, y, z in 3D); E is elastic modulus; ν is Poisson’s ratio; p is hydraulic pressure; αB is the Biot’s
constant, whose value is less than 1; Ts is rock temperature; αT is thermal expansion coefficient; αB p,i
and αTETs,i/(1− 2ν) reflect hydraulic pressure and thermal- mechanical respectively.

II Fracture deformation equation
The deformation equation of the rock mass fracture can be expressed as:

un = σ′n/kn, us1 = σ′s1/ks, us2 = σ′s2/ks (3)

σ′n = σn − αB p, σ′s1 = σs1, σ′s2 = σs2 (4)

where, k is fracture stiffness; u is displacement of fracture; σ′ is Effective stress of fracture; The subscripts
n, s1 and s2 denote the normal and tangential directions, respectively.

2.1.2. Rock Mass Flow Field Governing Equation

I Matrix rock flow field equation

The flow of water in deformable porous media is described by the following mass
balance equation:

S
∂p
∂t

+∇·v = −∂e
∂t

+ Q (5)

Supposing that the flow obeys Darcy's law, the water flow rate v can be written as:

v = −κr

η
(∇p + ρg∇z) (6)

where, t represents time; v is water flow rate in rock mass; κ is rock permeability; η is dynamic viscosity
of fluid; S is storage coefficient of rock mass; e is volumetric strain of rock mass; Q is source-sink term
of the seepage process.

II Fracture flow field equation

The mass balance equation in discrete fractures can be described as:

d f S f
∂p
∂t

+∇τ ·(−d f
κ f

η
∇p) = −d f

∂e f

∂t
+ Q f (7)

Q f = −
κ f

η

∂p
∂n

(8)

where, S f is storage coefficient of fracture; κ f is fracture permeability; d f is fracture width; Q f is flow
exchange between rock mass and fracture surface: n indicates the normal direction of fracture surface;
e f is volumetric strain of fracture surface; ∇τ represents derivative along the tangential direction
of fracture.

2.1.3. Rock Mass Temperature Field Governing Equation

I Matrix Rock Temperature Field Equation

The energy balance equation for heat transfer in porous rock matrix is given as

Csρs
∂Ts

∂t
= λs∇2Ts + W (9)
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where, ρs is rock density; λs is thermal conductivity of rock mass; Cs is heat capacity of rock block;
W is heat source.

Due to the low porosity, the water flow velocity in the matrix block is low, in which case the water
temperature can be considered to be equal to the rock temperature, thus the convection in the pores of
the rock mass is not taken into account.

II Fracture water temperature field equation

The energy balance equation for heat transfer and advection in the discrete fracture is written as

d f ρ f C f
∂Tf

∂t
+ d f ρ f C f ·v f∇τTf = d f∇τ ·

(
λ f∇τTf

)
+ W f (10)

where, ρ f is water density; C f is heat capacity of water; λ f is thermal conductivity of water; v f is water
flow velocity in fracture; Tf is water temperature in fracture; W f indicates heat absorbed from matrix
block by water on fracture surface.

2.2. Local Thermal Non-Equilibrium Theory

Based on the theory of local thermal non-equilibrium, there is a local temperature difference
between the heat transfer fluid and matrix rock mass. Assuming that the heat exchange obeys the
Newton heat transfer equation, the heat transfer from the matrix rock to fracture water at the boundary
could be expressed by the convection coefficient as a form of the Newton’s law [20]:

W f = h(Ts − Tf ) (11)

where, h is the convection coefficient.

2.3. Multiphysics Coupling Characteristics

2.3.1. TH Coupling Characteristics of Work Fluid

At high temperature and high pressure, the water density ρ f is generally expressed as a function
of temperature and pressure, instead of a constant [21].

1/ρ f = 3.086− 0.899017(4014.15− T)0.147166 − 0.39(658.15− T)−1.6(p− 225.5) + δ (12)

where, T is absolute temperature of water; δ is a function of water temperature and pressure, generally
not exceeding 6% of 1/ρ f .

In addition, the water temperature has a great influence on the water dynamic viscosity η, η = υρ f ,
in which υ is the kinematic viscosity coefficient of water calculated by empirical formula [22]:

υ =
0.01775

1 + 0.033Tf + 0.000221T2
f

(13)

The density and viscosity of water are both related to temperature. Temperature exchange
directly affects the seepage and heat transfer process, and the interaction between the two is a strong
coupling relationship.

2.3.2. HM Coupling Characteristics in Fractured Surface

Hydraulic fracturing is a significant method of reservoir stimulation [23]. The induced fractures
are the main flow channels of the heat transfer fluid. Mechanical behavior in the EGS thermal recovery
process will give rise to severe deformation of the fracture structures in rock mass. As the most
important parameter to ensure the feasibility of EGS [24], the fracture permeability will change with
the variation of stress and strain. The fracture permeability is intensely related to the fracture thickness
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or aperture, while the aperture depends on the effective normal stress. Therefore, the permeability
variation can be described as [25,26]

k f = k0 exp(−ασ′n) (14)

where, k f is fracture permeability; k0 is initial permeability in the case of σ′n = 0; σ′n is normal stress of
fracture surface; α is influence coefficient, depending on the rock fracture state.

In order to simplify the calculation, the matrix permeability is regarded as a constant.

3. EGS Horizontal Well Geothermal Exploitation Model

3.1. Computational Model

The characteristic required for EGS reservoir rock is a large quantity of open connected fractures,
which must be considered in numerical simulation. At present, the rock mass with densely distributed
fractures is generally treated by equivalent method and simplified by continuum medium theory,
and the discrete model is used to deal with large faults or main penetrating fractures [27]. It has also
been shown that in some circumstances most of the heat transfer fluid in the EGS may migrate directly
from the injection well to the production well via only one or a few major flow channels [28]. Since the
direction of the natural and induced fractures are generally perpendicular to the minimum principal
stress in the formation, as an effective stimulation approach, horizontal well production could increase
the contact area with the thermal reservoir significantly [29].

In this work, an ideal dual horizontal well EGS exploitation model is established as shown in
Figure 1, with a penetrating fracture in the reservoir. In order to examine the accuracy of the proposed
model and its numerical implementation in the fracture, a 2D single fracture model is studied in our
previous work [19].

It is assumed that the reservoir is located at 1150 m underground with a size of 600 m× 500 m×
600 m. Regarding the direction along the horizontal wells as x, the vertical well section as z, and the
direction y is perpendicular to x and z. The position of injection well and production well is respectively
located at x = 50, z = −1080 and x = 450, z = −880, as shown in Figure 2. The radius of the wellbore is
0.1 m, and the horizontal section length is 250 m. The model is solved by commercial finite element
software COMSOL Multiphysics, and the finite element model used in the calculation is shown in
Figure 3.Energies 2018, 11, x 7 of 20 
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3.2. Computational Parameters

The reliability of numerical simulation depends on the selection of computational parameters.
Due to the lack of corresponding test data, the parameters are selected by assumptions and reference
to the existing numerical simulation. The main material parameters adopted in the model are shown
in Table 2.

Equation (13) is used to describe the coupled characteristics of hydraulic and mechanical behavior
in the fracture surface. The influence coefficient α is simply taken as −0.1 × 10−6 Pa−1 for the
convenience of analysis. When subjected to tensile stress (tensile stress is positive), the permeability
increases with the opening of the fracture; and vice versa, under compressive stress, the permeability
decreases with the closure of fracture surface.
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Table 2. Parameters of THM coupling effect analysis in EGS dual horizontal well exploitation.

Parameters Symbols Units Value

fluid density ρ f kg/m3 1000
fluid heat capacity c f J/kg/K 4200

fluid thermal conductivity k f W/m/K 0
dynamic viscosity η Pa·s 0.001

rock density ρs kg/m3 2700
rock heat capacity cs J/kg/K 1000

rock thermal conductivity ks W/m/K 3
elastic modulus E GPa 30

Poisson ratio ν 1 0.25
thermal expansion coefficient αT K−1 2.0 × 10−6

Porosity φ 1 0.01
matrix rock permeability kr m2 1.0 × 10−15

fracture permeability k f m2 1.0 × 10−10

Fracture width d f m 0.001
normal stiffness t GPa/m 400

tangential stiffness n GPa/m 1200
gravity acceleration gconst m/s2 9.8

Biot’s constant αB 1 1.0
convection coefficient h W/m2/K 3000

3.3. Initial and Boundary Conditions

The above model is used to simulate the entire process of EGS exploitation from water injection
to operation. The boundary conditions and initial conditions are as follows:

(1) Flow field

Injection well water pressure is defined as 21 MPa, and production well water pressure is set to
5 Mpa; all external boundaries are impermeable, and it is assumed that reservoir pressure has reached
a steady state before water injection.

(2) Temperature field

The injection well temperature is consistent with water temperature inside the well, taken as
20 ◦C. The boundaries around the model are thermal insulating. The initial temperature of rock mass
and fracture water within the reservoir is both 200 ◦C.

(3) Stress field

In the stress field simulation, the external boundaries around the model are all set to displacement
constraint boundary. Compared with the in situ stress, more attention is paid to the disturbance of rock
mass stress field caused by the development and operation of EGS. Therefore, without considering the
influence of in situ stress field, this work only investigates the effect of high pressure water injection
and geothermal recovery on the stress field of fractured rock mass. It is conducive to understand the
coupling effects between the seepage/temperature field and the variation of stress and displacement
in rock mass.

The model is solved by transient simulation. The total computation length is 50 years (unit: a)
and the step length is 60 days (unit: d).

4. Thermal Recovery Evaluation System

Garnish and Evans [30] proposed evaluation parameters and requirements for the commercial
exploitation of thermal reservoir: (1) the average reservoir temperature should not be lower than
190 ◦C, or it drops less than 10% of the original reservoir temperature after 15−20 years of production
without reservoir reconstruction; (2) when water production rate is 100 kg/s, water loss is less than
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10%; (3) reservoir reconstruction volume is greater than 2 × 108 m3; and (4) effective heat exchange
area is larger than 2 × 106 m2. When the injection water temperature is 60 ◦C and the water injection
rate is 50 kg/s, the commercial dual horizontal well system aims to generate heat and electricity of
25 MW and 3.5 MW respectively. Sanyal and Buter [9] put forward the three most important indicators
to evaluate of thermal reservoir performance, including temperature production profiles, net power
generation profiles and thermal recovery rate.

4.1. Thermal Recovery Lifespan

Although geothermal energy is considered to be a renewable one, its project lifespan is commonly
20−30 years. In general, the fractured reservoir will take nearly 100 years to recover, because of
a drastic decrease in temperature during the heat exaction [31]. Therefore, it is necessary to limit
the geothermal energy exploitation to maintain sustainable development. Previous studies have
demonstrated that the best time to stop thermal recovery is when the average reservoir temperature is
decreased by 10 ◦C [2] or the output temperature of the production well is reduced by 10% [32].

4.2. Average Outlet Temperature

The average outlet temperature of the dual horizontal well system can be calculated by outlet
water temperature from fracture and matrix rock:

Tout =

∫
L u f d f Tf dL +

s
Γ uTsdΓ∫

L u f d f dL +
s

Γ udΓ
(15)

where, u f and u are outlet flow rate from fracture and matrix rock respectively, m/s; d f is fracture
width, m; Tf and Ts are outlet water temperature from fracture and matrix rock respectively, K;
L represents the length integral of the output along fracture; Γ represents the surface integral of the
output along the matrix rock block.

4.3. Heat Production

The heat production of the dual horizontal well system is calculated as [33]:

Wh = q(hpro − hinj) (16)

where, hinj is injection specific enthalpy, kJ/kg; hpro is production specific enthalpy, kJ/kg; q is total
production rate, kg/s.

After long-term exploitation, the heat transfers between wellbore fluid and surrounding rock can
be neglected. In other words, the flow in wellbore is an isoenthalpy process [33].

4.4. Energy Efficiency

The system energy efficiency η is defined as the ratio of total production energy to total
consumed energy:

(1) Total production energy

Assuming that all the produced heat is used to generate power, based on the second law of
thermodynamics, the useful work transformed is expressed as:

q(hpro − hinj)(1− To/Tpro) (17)

According to the [10], the utilization efficiency coefficient of conversion from useful work to
electric energy is 0.45, then the calculation formula of power generation is as follows:

We = 0.45q(hpro − hinj)(1− To/Tpro) (18)
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where, To is reinjection temperature of injection well, absolute temperature.

(2) Total consumed energy

The total energy consumption Wp mainly includes energy consumption of injection pump Wp1

and suction pump Wp2. When the energy consumption caused by pipeline friction and fluid internal
friction is ignored, the calculation formula of energy consumption of injection pump, suction pump
and total energy consumption are as follows:

Wp1 =
∫

pinjdV = q(Pinj − ρgh1)/(ρηp) (19)

Wp2 =
∫

pprodV = q(ρgh2 − Ppro)/(ρηp) (20)

Wp = Wp1 + Wp2 =
q(Pinj − Ppro)− ρgq(h1 − h2)

ρηp
(21)

where, dV is volume of injected water per second, m3/s; h1 is depth of injection well, m; h2 is depth of
production well, m; ηp is pump efficiency.

(3) System energy efficiency

Based on heat production, the energy consumption ηh is as follows:

ηh =
Wh
Wp

=
ρηp(hpro − hinj)

(Pinj − Ppro)− ρg(h1 − h2)
(22)

Based on power generation, the energy consumption ηe is as follows:

ηe =
We

Wp
=

0.45ρηp(hpro − hinj)(1− To/Tpro)

(Pinj − Ppro)− ρg(h1 − h2)
(23)

4.5. Heat Recovery Rate

(1) Local heat recovery rate

Local heat recovery rate γL is defined as [14]:

γL(t) =
Tr − Ts(t)
Tr − Tinj

(24)

where, Tr and Ts(t) are rock temperature at the initial time and the time t respectively, K; Tinj is
temperature of the injected fluid, K.

(2) Overall heat recovery rate

Overall heat recovery rate γ refers to the ratio of the thermal energy exploited by EGS at time t to
the total energy available in thermal reservoir.

γ(t) =
t

V γL(t)dV
t

V dV
(25)

5. Results and Discussions

5.1. Production Temperature and Thermal Recovery Lifespan

According to Equation (15) and EN1434-2007 heat meter (ICS 17.200.10, British Standard,
Technical Committee), the average outlet temperature and specific enthalpy of production is calculated
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respectively. The evolution of outlet temperature Tout and production specific enthalpy hpro are plotted
in Figure 4. The result shows that the whole exploitation process can be divided into two stages: steady
stage and decline stage. At the beginning of operation, the steady stage lasts about 10 years. The outlet
water temperature maintains at 200 ◦C (initial reservoir temperature) and the corresponding specific
enthalpy remains at 853 kJ/kg. At the decline stage, the outlet water temperature drops from 200 ◦C to
the lowest of 180 ◦C. In addition, the production specific enthalpy decreases from 853 kJ/kg to the
lowest of 758 kJ/kg accordingly.

When the water temperature drops by 10%, that is, when the temperature of the production well
drops to 180 ◦C, the exploitation process should be stopped. Therefore, as shown by the red lines,
the entire lifecycle of the project is about 47 years, which can meet the commercial target of a thermal
recovery lifespan of 15−20 years.
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Figure 4. Evolution of Tout and hout during the 50 year period.

5.2. Distribution of Temperature

Figure 5 describes the temperature variations in the EGS reservoir at different times (t = 1a, 15a, 30a,
45a) obtained from COMSOL Multiphysics. In the initial stage, with the injection of low-temperature
water, heat exchange occurs between matrix rock and fracture water, and the temperature of fracture
water rises rapidly, the temperature of rock mass at fracture surface decreases quickly. With the process
of thermal recovery, due to the heat conduction, the temperature of rock mass far away from the
fracture surface also decreases gradually, forming a low-temperature zone. However, the temperature
of the rock mass near the production well almost has no change, so that the system can guarantee the
sustained and stable output of heat. With the increase of thermal recovery lifespan, the low-temperature
zone in the reservoir will expand, and finally reach the production well, and the water temperature
will gradually decrease.

It can be clearly seen from the figure that the low-temperature zone near the fracture channel
expands faster compared to the rock matrix region, because the penetrating fractures form the main
water flow region with higher water velocity and more obvious convection effect. As is known from
the analysis, the EGS thermal performance depends strongly on the fluid flow in the thermal reservoir.
The optimization of the flow field distribution in the thermal reservoir can improve the thermal
recovery performance of EGS. In further work, the optimization will be conducted in terms of well
type and well pattern. According to the actual geological structure, select the appropriate well type,
well quantity and reasonable injection-production ratio. Based on the fracture orientation, adjust the
direction of the line connecting injection well and production well.
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Figure 5. Temperature distribution in fracture surface and y = 250 m surface at different times; (a) t = 1a;
(b) t = 15a; (c) t = 30a; (d) t = 45a.

5.3. Heat Production and Power Generation

Figure 6 shows the evolution of heat production and power generation over time, calculated
by Equations (16) and (18). Since the total production rate has not yet reached the maximum in the
initial stage, the variation trend of both is increased at first and then gradually decreased. At the initial
stage of exploitation, there is a highest value, heat production and power generation of 85.6 MWe
and 14.6 MWe respectively. With the gradual reduction of the temperature, the heat production
drops from 85.6 MWe to 77 MWe and the power generation decreases from 14.6 MWe to 12.2 MWe.
The commercialization goal of the dual horizontal well system is to generate 25 MWe and 3.5 MWe
of heat and power, respectively. Therefore, compared with the target, heat production and power
generation meet the commercial requirements.Energies 2018, 11, x 14 of 20 
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Figure 6. Evolution of heat production and power generation.

5.4. Energy Efficiency

According to Equations (22) and (23), Figure 7 shows the evolution of system energy efficiency ηh
and ηe. As can be seen from the figure, both the energy efficiency based on heat production and power
generation decrease with the progress of exploitation. During the entire production process, ηh drops
from 43 to 37, and ηe declines from 7.3 to 5.8. From an economic point of view, energy efficiency ηh
and ηe can only balance the cost consumption during production, including drilling and hydraulic



Energies 2018, 11, 280 14 of 19

fracturing. However, the results are based on flash steam power plants, which requires hydrothermal
fluids above 182 ◦C [34]. Given that advance in geothermal power generation technology, e.g., binary
cycle power plants, lower temperature (85−175 ◦C) production will be utilized, so that the system
energy efficiency will be improved obviously.

Energies 2018, 11, x 14 of 20 

 

 
Figure 6. Evolution of heat production and power generation. 

5.4. Energy Efficiency 

According to Equations (22) and (23), Figure 7 shows the evolution of system energy efficiency 

hη  and eη . As can be seen from the figure, both the energy efficiency based on heat production and 
power generation decrease with the progress of exploitation. During the entire production process, 

hη  drops from 43 to 37, and eη  declines from 7.3 to 5.8. From an economic point of view, energy 

efficiency hη  and eη  can only balance the cost consumption during production, including drilling 
and hydraulic fracturing. However, the results are based on flash steam power plants, which requires 
hydrothermal fluids above 182 °C [34]. Given that advance in geothermal power generation 
technology, e.g., binary cycle power plants, lower temperature (85−175 °C) production will be 
utilized, so that the system energy efficiency will be improved obviously. 

 
Figure 7. Evolution of energy efficiency hη  and eη . 

5.5. Heat Recovery Rate 

The local heat recovery rate is obtained with Equation (24) by COMSOL Multiphysics. Figure 8 
shows the distribution of the local heat recovery rate at different times in the EGS reservoir. At the 
initial time, heat exchange occurs between the matrix rocks and the low-temperature water, and the 

0 10 20 30 40 50
74

76

78

80

82

84

86

88

 Heat production
 Power generation

time (a)

H
e

at
 p

ro
du

ct
io

n(
M

W
e

)

11

12

13

14

15

 P
ow

er
 g

e
ne

ra
tio

n(
M

W
e)

0 10 20 30 40 50

38

40

42

44

46

48

  ηh

  ηe

time (a)

ηh

6.0

6.5

7.0

7.5

 ηe

Figure 7. Evolution of energy efficiency ηh and ηe.

5.5. Heat Recovery Rate

The local heat recovery rate is obtained with Equation (24) by COMSOL Multiphysics. Figure 8
shows the distribution of the local heat recovery rate at different times in the EGS reservoir. At the
initial time, heat exchange occurs between the matrix rocks and the low-temperature water, and the
temperature of the rock matrix decreases rapidly. The local heat recovery rate near the injection well
is close to 1, indicating that with the development of exploitation, the rock matrix supplies less and
less to the circulating water. Therefore, the thermal recovery far from wellbore should be improved
as much as possible if thermal recovery performance is optimized. At the 45th year of production,
the production well temperature has reached the limited temperature. However, it is observed from
the profile that only the recovery rate near the injection well is high, while it is relatively low in most
areas, especially near the production well. Therefore, in order to improve the thermal recovery in a
wide range of production wells, it can be solved by well pattern optimization.
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(a) t = 1a; (b) t = 15a; (c) t = 30a; (d) t = 45a.

Figure 9 indicates the evolution of the overall heat recovery rate, calculated according to
Equation (25). From the overall heat recovery effect evaluation of the dual horizontal well system,
the overall thermal recovery rate and the matrix rock average temperature both have a linear
relationship with time, because the temperature drop has not reached the upper and lower boundaries,
which can maintain a constant heat supply. It can be inferred that the overall thermal rate growth will
decline over time when the temperature drop spreads to the upper and lower boundaries. After 45 years
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of operation, the exploited heat energy accounts for a small proportion of total available thermal energy
in reservoir, only 8%. That is, a large amount of thermal energy still remains in the reservoir, which
need further optimization of production conditions and thermal reservoir construction design.
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Figure 9. Evolution of overall heat recovery rate and matrix rock average temperature.

6. Conclusions

In this paper, the thermal reservoir is treated as a fractured porous medium composed of matrix
rock and discrete fracture network. Using the local thermal non-equilibrium theory, a THM coupled
mathematical model and the ideal 3D numerical model are established for EGS heat extraction
capacity evaluation.

(1) In order to recover the drastic decrease of temperature in fractured reservoir, the entire lifecycle
of the model described here is about 45 years, which can meet the commercial target with thermal
recovery lifespan of 15−20 years.

(2) The EGS heat extraction depends strongly on the fluid flow in the thermal reservoir. The low-
temperature zone near the fracture channel expands faster compared to the rock matrix region,
because the penetrating fractures form the main water flow region with higher water velocity
and more obvious convection effect.

(3) The variation trend of heat production and power generation is both increased at first and then
gradually decreased, and they meet the commercial requirements. However, based on flash steam
power plants, energy efficiency and heat recovery rate are still at a fairly low level.

(4) A large amount of thermal energy still remains in the reservoir, which needs further optimization
of production conditions and thermal reservoir construction design. According to the actual
geological structure, selection of the appropriate well type, well quantity and reasonable
injection-production ratio is necessary. Based on the fracture orientation, adjustment the direction
of the line connecting injection well and production well is necessary. Given that the advance in
geothermal power generation technology, e.g., binary cycle power plants and lower temperature
production will be utilized, the system energy efficiency will be obviously improved.
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Nomenclature

The following terms are used in this manuscript:
σij stress tensor (Pa)
u displacement (m)
Fi body force per unit volume in the i-coordinate(i = x, y, z in 3D) (Pa)
E elastic modulus (Pa)
ν Poisson’s ratio
p hydraulic pressure (Pa)
αB Biot’s constant
Ts rock temperature (K)
Tf water temperature in fracture (K)
αT thermal expansion coefficient
k fracture stiffness (Pa/m)
un normal displacement of fracture (m)
us tangential displacement of fracture (m)
σ′ effective stress of fracture (Pa)
t time (s)
η dynamic viscosity of fluid (Pa·s)
v water flow rate (m/s)
kr rock permeability (m2)
k f fracture permeability (m2)
e volumetric strain of rock mass
e f volumetric strain of fracture surface
S storage coefficient of rock mass (1/Pa)
S f storage coefficient of fracture (1/Pa)
Q source-sink term of the seepage process (1/s)
Q f flow exchange between rock mass and fracture surface (m/s)
d f fracture width (m)
ρs rock density (kg/m3)
ρ f water density (kg/m3)
λs thermal conductivity of rock mass (W/m/K)
λ f thermal conductivity of water (W/m/K)
Cs heat capacity of rock block (J/kg/K)
C f heat capacity of water (J/kg/K)
W heat source (W/m3)
W f heat absorbed from matrix block on fracture surface (W/m2)
v f water flow velocity in fracture (m/s)
h convection coefficient (W/m2/K)
T absolute temperature (K)
δ function of water temperature and pressure, generally not exceeding 6% of 1/ρ f
υ kinematic viscosity coefficient
σ′n normal stress of fracture surface (Pa)
k0 initial permeability in the case of σ′n = 0 (m2)
α influence coefficient
L length integral of the output along fracture
Γ surface integral of the output along the matrix rock block
hinj injection specific enthalpy (kJ/kg)
hpro production specific enthalpy (kJ/kg)
q total production rate (kg/s)
Wh heat production (MWe)
We power generation (MWe)
Wp1 energy consumption of injection pump (MWe)
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Wp2 energy consumption of suction pump (MWe)
Wp total energy consumption (MWe)
To reinjection temperature of injection well (K)
ηp pump efficiency
dV volume of injected water per second (m3/s)
h1 depth of injection well (m)
h2 depth of production well (m)
ηh energy consumption based on heat production
ηe energy consumption based on power generation
γL local heat recovery rate
γ overall heat recovery rate
Tr rock temperature at the initial time (K)
Ts(t) rock temperature at time t (K)
Tinj temperature of the injected fluid (K)
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