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a  b  s  t  r  a  c  t

In  this  work,  a  stimulation  then  heat  production  optimization  strategy  is  presented  for  prototypical
EGS  geothermal  reservoirs  by comparing  conventional  stimulation-then-production  scenarios  against
revised  stimulation  schedules.  A  generic  reservoir  is selected  with  an  initial  permeability  in  the  range
of  10−17–10−16 m2,  fracture density  of  ∼0.09  m−1 and  fractures  oriented  such  that  either  none,  one,  or
both sets  of fractures  are  critically  stressed.  For  a given  reservoir  with a pre-existing  fracture  network,
two  parallel  manifolds  are  stimulated  that  are  analogous  to horizontal  wells  that  allow  a  uniform  sweep
of  fluids  between  the  zones.  The  enhanced  connectivity  that develops  between  the  injection  zone  and
the  production  zone  significantly  enhances  the  heat  sweep  efficiency,  while  simultaneously  increasing
the  fluid  flux  rate  at the  production  well.  For  a 10 m deep  section  of reservoir  the resulting  electric
power  production  reaches  a maximum  of  14.5 MWe  and  is maintained  over  10  years  yielding  cumulative
eat transfer energy  recoveries  that are  a factor of  1.9 higher  than for  standard  stimulation.  Sensitivity  analyses  for
varied  fracture  orientations  and  stimulation  directions  reveal  that  the  direction  of  such  manifolds  used
in the  stimulation  should  be  aligned  closely  with  the  orientation  of  the major  principal  stress,  in order  to
create  the  maximum  connectivity.  When  the  fractures  are  less  prone  to fail, the  output  electric  power  is
reduced  by  a decrease  in  the  fluid  flux  rate  to  the  production  well.

©  2016  Elsevier  Ltd. All  rights  reserved.
. Introduction

Enhanced geothermal reservoirs (EGS) have been shown to be a
iable resource for the recovery of thermal energy. However, due to
heir intrinsic characteristics of low permeability and porosity they
ave been proved intractable in developing sufficient fluid through-
ut by stimulation. The principal challenge has been in developing
dequate permeability in the reservoir that also retains sufficient
eat transfer area (Tester et al., 2006).

Numerical simulation is an essential approach to investigate
oupled multi-physics processes (Thermal-Hydraulic-Mechanical)
nd to better understand the fundamental mechanisms and feed-
acks that occur in geothermal reservoirs. This is particularly

mportant due to the intense pressure-sensitivity of fractures

n the coupling of permeability and heat transfer area (Taron
nd Elsworth, 2009). From previous studies, thermal quenching
nd resulting contractile strains may  substantially unload the

∗ Corresponding author at: Department of Petroleum Geology & Geology, School
f  Geosciences, University of Aberdeen, UK.

E-mail address: gan.quan@abdn.ac.uk (Q. Gan).

ttp://dx.doi.org/10.1016/j.geothermics.2016.04.009
375-6505/© 2016 Elsevier Ltd. All rights reserved.
reservoir and increase both fracture aperture and permeability via
creep or by induced seismicity and fault reactivation (Gan and
Elsworth, 2014a,b; Segall and Fitzgerald, 1998). This may  occur
close-in to the wellbore at early times and at later times in the
far-field when larger features and faults may be affected (Elsworth
et al., 2010; Taron and Elsworth, 2010a). For discretely fractured
rock masses, there are two  major approaches to simulate the
influence of randomly distributed fractures. One approach is to
represent the fractured mass as a continuum where the aggre-
gate response is represented (Taron and Elsworth, 2010b) and
an alternative is a discontinuum approach (Ghassemi and Zhang,
2006; McClure and Horne, 2013; Min  and Jing, 2003; Pine and
Cundall, 1985) where individual fractures are discretized and their
individual response followed. Continuum methods have the advan-
tage of effectively simulating behavior at large (field) scale and
for the long-term due to the lower computational requirements.
The behavior of fractures is implicitly included in the equivalent
constitutive models for both deformation and transport. The cen-

tral effort in developing the equivalent continuum approach is the
incorporation of crack tensor theory (Oda, 1986). This is different
in behavior from the application of discrete fracture network mod-
els (DFNs) where the behavior of individual fractures is explicitly

dx.doi.org/10.1016/j.geothermics.2016.04.009
http://www.sciencedirect.com/science/journal/03756505
http://www.elsevier.com/locate/geothermics
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epresented in the macroscopic response. In previous work (Gan
nd Elsworth, 2016), an equivalent continuum T-H-M coupled
imulator TF FLAC3D has been developed to investigate the evo-
ution of stress-dependent fracture permeability in equivalent
FNs. The benefits of this continuum simulator are in mechan-

cally representing the fractured mass by adopting a crack
ensor, but also in simulating the heat and mass transport by
dvection and in the long term, albeit for continuum prob-
ems.

Strategies for optimizing production (high flowrate, high tem-
erature and long duration) in geothermal reservoirs have been
xplored (Marcou, 1985; Akın et al., 2010; Pham et al., 2010) by
dentifying the impact of various parameters on thermal extraction,
nd in proposing strategies to enhance thermal power generation.
he rate of heat energy production is defined by the effluent water
emperature and flow rate from the production well. The ideal
ondition is to maintain both a high flux rate and high tempera-
ure for as long as possible, while simultaneously delaying thermal
reakthrough to the production well. The reservoir volume (and
emperature) is the key parameter that determines the cumula-
ive magnitude of energy production over the entire reservoir life
Sanyal et al., 2005). This reservoir volume is in turn influenced by
he well separation distance as the reservoir volume scales with the
square” of this separation for a typical doublet injection-recovery
ystem (Vörös et al., 2007). In addition to reservoir volume and
eometry, the characteristics of the injected fluid also exert some
nfluence. Water density changes little in non-boiling systems but

ater viscosity may  change by a factor of two or three with a change
n temperature of 100–200 ◦C and may  therefore exert a direct
mpact on thermal production (Watanabe et al., 2000). In addition
o the ultimate recovery of thermal energy from the system, the
ate of recovery is also important.

Dimensionless solutions are useful in defining the rate lim-
ting processes and dependent properties for energy recovery.
hese simplified models capture the essence of the conductive heat
upply to the convecting heat transfer fluid and define this pro-
ess as the rate limiting step (Elsworth, 1989, 1990; Gringarten
nd Witherspoon, 1973; Gringarten et al., 1975; Pruess and Wu,
993; Shaik et al., 2011). The dimensionless parameter control-

ing the effectiveness of thermal recovery scales with the product
f mass flow rate and fracture spacing to the second power (Gan
nd Elsworth, 2014b) thus defining the principal desire for small
pacing between fractures in draining the heat from the fracture-
ounded matrix blocks.

Circulating fluids at low rate per unit volume of the reser-
oir but to access small spacing between fractures is the principal
equirement of a successful EGS system. The optimal scenario in
roduction is to establish a uniform fluid-, and thereby thermal-
weep, of the reservoir. The divergent flow field close to the
oint-source injectors in doublet systems is not effective in pro-
iding a uniform sweep, but flow from parallel wells or from
timulated parallel wells offers a better prospect of establishing

 uniform flow field. In the oil and gas industry, the drilling and
timulation of parallel, and typically horizontal, wells has been
eveloped to considerable success for unconventional reservoirs,
ver the past decade. In this work, a new stimulation strategy
s explored that comprises the development of two parallel and
igh permeability manifolds each as a separate injection zone and
roduction zone. It is anticipated that this stimulation schedule
ill generate analogous results to the drilling of two  horizon-

al wells and therefore in increasing the flow sweep efficiency
rom the injection zone towards the production zone. The influ-

nce of different stimulation strategy and slip potential in the heat
ransportation and followed heat generation are evaluated in this
ork.
ics 62 (2016) 131–142

2. Model

To implement an equivalent continuum model accommodat-
ing the fractured mass, the key constitutive relations require to
be incorporated. These are the formulations for a crack tensor,
a permeability tensor, and a model for stress-dependent fracture
aperture.

2.1. Crack tensor

To represent the heterogeneous distribution of components of
fractured rock in the simulation, the mechanical properties of frac-
tures are characterized in tensor form based on the crack tensor
theory proposed by Oda (1986). The theory is based on two basic
assumptions: (1) individual cracks are characterized as tiny flaws
in an elastic continuum; and (2) the cracks are represented as twin
parallel fracture walls, connected by springs in both shear and nor-
mal  deformation. By predefining the fracture properties, such as
position, length, orientation, aperture, and stiffness, we implement
crack tensor theory as a collection of disc-shaped fractures in a 3D
system, and modify the distribution of modulus corresponding to
the fractured rock and intact rock in each intersected element. Here
the intact rock is assumed to be isotropic, the conventional elastic
compliance tensor Mijkl for intact rock is formulated as a function
of Poisson ratio, �, and the Young’s modulus of the intact rock, E, as

Mijkl = (1 + �)ıikıjl − �ıijıkl

E
(1)

The compliance tensor Cijkl for the fractures are defined as a
function of fracture normal stiffness Knf , fracture shear stiffness
Ksf , fracture diameter D, and components of crack tensors Fij ,Fijkl

respectively.

Cijkl =
fracnum

�

[(
1

Knf D
− 1

Ksf D

)
Fijkl + 1

4Ksf D

(
ıikFjl + ıjkFil + ıilFjk + ıjlFik

)]
(2)

where fracnum is the number of fractures truncated in an
element block, ıik is the Kronecker’s delta. The related basic com-
ponents of crack tensor for each crack intersecting an element are
defined Fij as below (Rutqvist et al., 2013),

Fij = 1
Ve

�

4
D3ninj (3)

Fijkl = 1
Ve

�

4
D3ninjnknl (4)

Pij = 1
Ve

�

4
D2b3ninj (5)

where Fij , Fijkl , Pij are the basic crack tensors, b is the aperture of
the crack, Ve is the element volume, and n is the unit normal to
each fracture. Therefore the formula for the total elastic compliance
tensor Tijkl of the fractured rock can be expressed as,

Tijkl = Cijkl + Mijkl (6)

Combining Eqs. (3)–(5) into Eq. (2), the equivalent fracture
Young’s modulus Ef and Poisson ratio �f can be obtained as,

Ef = 1
1
E + ( 1

Knf
− 1

Ksf
) 1

Ve

�
4 D2n4

1 + 1
Ksf

1
Ve

�
4 D2n4

1

(7)

�f = �

E
Ef − (

1
Knf

− 1
Ksf

)
Ef

Ve

�

4
D2n2

1n2
2 (8)

Given the assumption that the properties of modulus are
anisotropic, the equivalent bulk modulus K and shear modulus G
for the fractured rock mass are formulated as below,
K = 1

1
Kint act

+
fracnum

�
Vratio

b

[
( 1

Knf
− 1

Ksf
)
(

1 − n4
2

)
+ 1

Ksf
n2

1

] (9)
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Fig. 1. Fracture normal dilation displacement evolution induced from the shear slip
in  fracture.
Q. Gan, D. Elsworth / Ge

 = 1

1
Gint act

+
fracnum

�
2Vratio

b

[
( 1

Knf
− 1

Ksf
)
(

n4
1 − n2

1n2
2

)
+ 1

Ksf
n2

1

] (10)

here Kint act is the bulk modulus of the intact rock, Gint act is the
hear modulus of the intact rock and Vratio is the volumetric ratio
f the truncated fracture over the element volume. The stress-
ependent evolution of fracture aperture will in turn update the
quivalent modulus of the fractured rock masses.

.2. Permeability tensor and aperture evolution

Considering that the randomly distributed fractures may  be
ntersected by multiple elements in the reservoir gridding, the
irectional fracture permeability is defined as a permeability ten-
or kij , which is able to represent the orientation of fractures and
he explicit fracture volume intersecting any element block.

ij =
fracnum

�
1

12
(Pkkıij − Pij) =

fracnum

�
1

12
(
Vratio

bini
b3n2

kıij − Vratio

bini
b3ninj)

here bini is the initial aperture of fracture.
The effect of stress has a direct impact in changing the evolution

f the fracture aperture, which will in turn change the compliance
ensor in the simulation loop. Prior models for stress permeability
oupling include hyperbolic models of aperture evolution (Bandis
t al., 1983; Barton and Choubey, 1977), which can describe the
esponse of fracture aperture in normal closure under the influ-
nce of in-situ stress. The functionality of the hyperbolic model is
ediated by the parameters of initial fracture normal stiffness K0

nf
,

aximum closure of the fracture aperture dn max, initial aperture of
he fracture, bini, and the effective normal stress of the fracture �

′
n,

hich is formulated as,

dn = dn max

1 +
K0

nf
dn max

�
′
n

(11)

A simplified Barton-Bandis hyperbolic model (Baghbanan and
ing, 2007) is adopted to model aperture evolution by introducing

 new parameter—the critical normal stress �nc , which means that
he normal compliance Cn is reduced significantly when the aper-
ure closure approaches the maximum closure. In order to simplify
he hyperbolic solution it is assumed that the ratio of maximum
ormal closure dn max relative to initial fracture aperture bini is con-
tant at 0.9. Given this assumption, the hyperbolic normal closure
quation is transformed as,

′
n = �nc�dn

10(0.9bini − �dn)
(12)

and the normal stiffness is determined by the normal stress as,

nf = (10�
′
n + �nc)

2

9�ncbini
(13)

here �nc(MPa) = 0.487bini(�m) + 2.51. This equation implies that
he larger the initial aperture, the larger drawdown gradient of
ormal stress.

Fracture shear slip and related dilation are included in the sim-
lator by lumping the influence into the response of the matrix
ock being sheared. When the Coulomb failure criterion is reached,
he shear displacement us will generate shear dilation bdila in the
ormal direction according to the equation (Fig. 1),
dila = us tan �d (14)

here �d is the dilation angle. Fig. 2 identifies the relationship
etween the shear stress and displacement due to normal dilation.
hen the shear stress reaches the critical magnitude 	sc , which
Fig. 2. Fracture aperture evolution under different normal stress state.

is determined by the Coulomb failure criterion, shear failure trig-
gers normal dilation (red line) to increase the fracture aperture as
the shear displacement increases. To incorporate the weakening
response for the onset of shear failure in fractured rock masses, the
reduction of a linear slope gradient (black line) represents the sig-
nificant reduction of fracture shear stiffness from Ks1 to Ks2 due to
shear failure. The magnitude of the aperture increment added by
shear dilation can be calculated as,

bdila = 	  − 	sc

Ks
tan �d (15)

When the fluid pressure in the fracture exceeds the normal
stress across the fracture, the two walls of the fracture are sepa-
rated and the effective normal stress is zero (Crouch and Starfield,
1991) since Pf = �n.

Fig. 2 represents the constitutive relation for fracture aperture
evolution applied in this model. The curve to the right is the regime
under normal closure and shear dilation. However, as soon as the
fluid pressure reaches the critical magnitude Pfo where effective
stress is zero (left side in Fig. 2), a geometrical stiffness Kgf for a
penny-shaped fracture is employed to calculate the induced nor-
mal  opening displacement when the two  walls are under tension.
The normal opening displacement is linear with an increment of
fluid pressure (Pf − Pf 0). This geometrical stiffness Krock

s (Dieterich,

1992), although small, is much larger than that of the fracture in
shear and is defined as,

Krock
s = 


G

r
= 7�

24
G

r
(16)
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here G is the shear modulus of the intact rock, D is the frac-
ure half length, and 
 is a geometrical factor which depends on
he crack geometry and assumptions related to slip on the patch
Dieterich, 1992). In this study, 
 is defined to represent a circular
rack and is given as 7�

24 . Therefore the equation for the fracture
pening displacement bopen is formulated as below,

open = Pf − Pf 0

Kgf
= Pf − Pf 0

10Krock
s

= (Pf − Pf 0)

10 × 7�
24

G
r

(17)

To summarize, Eqs. (11), (15), and (17), represent the relations
or considering stress-dependent aperture change including nor-

al  closure, shear dilation, and fracture opening is obtained as,

 = bini − 9bini�
′
n

�nc + 10�
′
n

+ 	 − 	sc

Ks
tan �d + (Pf − Pf 0)

10 × 7�
24

G
r

(18)

here bini is the initial aperture of the fracture, bnormal is the reduc-
ion of aperture due to the normal closure, �

′
n is the effective normal

tress of the fracture, �nc is the critical normal stress, 	sc is the
ritical shear stress where shear failure happens.

.3. Reservoir model

We  explore various stimulation strategies to determine the
nfluence of stimulation direction relative to the fracture orien-
ations on both the magnitude and longevity of thermal recovery
ates, for a given reservoir with a defined pre-existing fracture net-
ork. For these reservoirs, the fracture permeability of the network

volves subject to the influence of the change in stress state, includ-
ng normal closure, shear dilation, and the potential for fracture

alls to lose contact. Thermal effect exerts a strong effect in chang-
ng the fracture normal stress with a concomitant influence on
oth fracture-normal dilation and on shear-slip-induced dilation
nd ultimately modifying permeability. This work investigates the
nfluence of an initial stimulation followed by a production phase −
hroughout which permeability evolves in response to the evolving
ffective stress regime. In particular, we explore the potential that
he stimulation may  develop hydraulically-interconnected mani-
olds along the axis of a supposed horizontal well (E-W direction)
hat in turn may  be used to develop a uniform flow field across

he reservoir (in the N-S direction)—to a second parallel manifold
lso aligned in the E-W direction (Fig. 3a). Another stimulation
trategy is to develop permeable manifolds in the N-S direction by
onnecting the drilling wells in N-S direction (Fig. 3b). These two

Fig. 3. Hydraulically-interconnected manifolds cr
ics 62 (2016) 131–142

behaviors will be different due to the directional characteristics of
both the stress regime and the topology of the fracture network that
is overprinted on the well pattern. The influence of fracture stimu-
lation direction is illustrated through a comparison of the different
development scenarios.

A reservoir containing two  sets of fractures is created using
the equivalent continuum simulator TF FLAC3D. Fig. 4a shows
one scenario of the resulting fracture network in a reservoir
1500 m × 1500 m × 10 m.  The number of grid blocks are created
at 60 × 60 × 1, therefore the size for each block is uniform at
25 m × 25 m × 1 m.  The initial pressure distribution is uniform at
10 MPa, and the initial homogenous rock temperature is 250C. The
minor principal stress is imposed at 19.5 MPa  in the N-S direction,
while the major principal stress is 30 MPa  in the E-W direction. The
geometries of the pre-existing fracture networks are presented in
Fig. 3. It is assumed that the networks are consisted by two sets of
fractures. There are 1000 fractures for each set. The initial perme-
ability of the fracture network is in the order of 10−17–10−16 m2.
The fractures in each fracture set are oriented at a uniform angle.
Two fracture geometries are chosen. The first is where both sets
of fractures are favorably oriented for slip and strike 045◦ and
120 ◦Clockwise from the North (Fig. 4a) (Odling et al., 1999; Riahi
and Damjanac, 2013). The second geometry is where one set is less
favorably aligned for slip where the fractures strike 020◦ and 135◦

with respect to the North direction (Fig. 4b). The impact of fracture
orientations and failure potential on thermal transport and heat
recovery is assessed through the comparison between these two
fracture geometries (Table 1).

The length of fractures follows a lognormal distribution with a
mean length of 80 m (Fig. 4) (de Dreuzy et al., 2001). A power law
is implemented to correlate fracture trace length l with the initial
fracture aperture bi (Olson, 2003) as (Fig. 5),

bi = 1.25 × 10−5 × l0.8 (19)

The fracture density �f (1/m) is expressed as the ratio of fracture
surface area to the volume of matrix rock, as,

�f =
∑

Ai
f

Vrock
where Ai
f

is the surface area of the ith fracture, and Vrock is the total
rock volume. The fracture density in this particular case is equal to
∼0.09 m−1.

eation from different stimulation strategies.
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Fig. 4. (a) Discrete fracture network distribution with orientations striking 045 and 120◦

with  orientations at 020 and 135◦ with respect to the North. These two  orientations are c
transport.

Table 1
Rock and fracture properties used in the simulation [McTigue 1990].

Parameter (unit) Magnitude

Shear modulus, G (GPa) 15
Poisson’s ratio, � 0.25
Undrained Poisson’s ratio, �undrain 0.33
Matrix permeability, km (m2) 1.0 × 10−18

Fracture permeability, kf (m2) 10−17–10−16

Matrix porosity, �m 0.01
Fracture porosity, �f 0.1
Biot coefficient,  ̨ 0.88
Water viscosity, �, (Pa.s) 3.547 × 10−4

Fluid compressibility, (MPa−1) 4.2 × 10−4

Thermal expansion coefficient of solid, ˛s , (K−1) 2.4 × 10−5

Thermal diffusivity of intact porous rock, cT , (m2/s) 1.1 × 10−6

Heat capacity of fluid, cw (Jkg−1K−1) 4200
Initial reservoir temperature, T0, (K) 523
Injection water temperature, Tinj , (K) 323
Initial joint normal stiffness, kn , (GPa/m) 0.5
Initial joint shear stiffness, ks , (GPa/m) 50
In-situ stress (MPa) – E-W direction 30
In-situ stress (MPa) – N-S direction 19.5
Initial reservoir pore pressure, p0, (MPa) 10
Injection pressure, pinj , (MPa) 15
Fracture friction angle, (degrees) 35◦

Fracture dilation angle, (degrees) 3◦

Fracture cohesion, C, (MPa) 0
Production pressure, ppro , (MPa) 7
with respect to the North, (b) and a second discrete fracture network distribution
hosen to evaluate the impact of fracture network geometry on fluid flow and heat

2.4. Stimulation—production case

The influence of stimulation strategy is investigated by stim-
ulating the reservoir in multiple different modalities. Fig. 6
schematically shows the two  predefined stimulation scenarios: the
first produces two parallel manifolds in the E-W direction (Fig. 6a),
while a second alternative is to develop two parallel manifolds in
the N-S direction (Fig. 6b) respectively. These parallel manifolds
(Fig. 6a) are then used to promote a uniform flow regime across
the reservoir. In this reservoir, there are four potential well sites at
points A (500, 1000), B (1000, 1000), C (500, 500), D (1000, 500).
In terms of stimulation in the E-W direction, only the two injec-
tion wells at A and B are initially stimulated at 20 kg/s for 10 h
(Darnet et al., 2006). Then the other two  wells at C and D are stim-
ulated, again at 20 kg/s for 10 h, while the injection wells at A and
B are shut-in. The developed manifolds result in enhancing the
fracture permeability horizontally between A-and-B and C-and-D,
separately. Similarly, the N-S stimulation scenario is designed to
first develop a manifold between injection wells at B-D with the
same constant injection rate of 20 kg/s for 10 h, and then to switch

to inject at same rate into A and C for 10 h (Fig. 6b). Then the even-
tual production scenario is designed to place two  injectors at wells
C and D at a constant pressure of 15 MPa, while the producers are
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een th

l
I

Fig. 5. Nonlinear power law relationship betw
ocated at A and B points at a constant pressure of 7 MPa  (Fig. 6c).
n either instance, the pressure drop across the reservoir is 8 MPa.
e fracture length and fracture initial aperture.
Table 2 indicates the separate cases explored in this study. The
fracture properties in Case 2 and Case 3 are identical with those in
Case 1, however there is no initial stimulation performed in Case
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Fig. 6. Schematic of injection and production design, (a) stimulate the injection and production zones separately at 20 kg/s in the E-W direction, (b) stimulate the reservoir
in  the N-S direction at 20 kg/s, (c) the eventual production design including two injection wells at locations C and D points at constant pressure of 15 MPa, and the two
production wells at A and B at a constant pressure 7 MPa—for a pressure drop of 8 MPa.

Table 2
Case studies designed in the study for different stimulation—production scenarios.

Case No. Stimulation Scenario Fracture Orientation, degree Fracture Friction Angle,degree

1 Stimulation (E-W) 135–020 35–35
2  Stimulation (N-S) 135–020 35–35

135–
045–
045–

3
a
t
o
t
e
t
t
w

3

e
s
t
d

a
F
b
r
i
T

3  No Stimulation 

4  Stimulation (E-W) 

5  Stimulation (E-W) 

. The influence of stimulation is revealed by comparing Case 2, 3
gainst Case 1. The results in Case 4 with a different fracture orienta-
ion of 045–and- 120◦ illustrates the impact of fracture orientation
n heat recovery, as the fracture aperture is stress sensitive due
o the variation of fracture orientation. Case 5 is implemented to
xamine the influence of fracture failure potential in the produc-
ion of heat from the reservoir. In this, a 75 ◦ friction angle is set for
he secondary set of fractures in Case 5 to evaluate the influence
here one set of fractures has less potential to slip.

. Results and discussion

The magnitude of permeability evolution and the resulting influ-
nce on heat energy extraction are the primary variables in this
tudy. The potential optimization strategy is explored by inves-
igating the relationship between the permeability enhancement
ue to stimulation and the resulting efficiency of heat recovery.

Fig. 7 shows a comparison of the evolution in fracture perme-
bility for the various fracture properties and stimulation scenarios.
ig. 7(a) and (b) represents the initial fracture permeability distri-

ution for the fractures oriented at 045–120◦ and 020–135◦ with
espect to the North direction. The initial equivalent permeabil-
ty of the fracture network is in the range of 10−17 to 10−16 m2.
he directional fracture permeability is defined as a permeability
020 35–35
120 35–35
120 35–75

tensor kij accommodating the orientation of the fractures and the
explicit fracture volume intersecting an element block as

kij =
nf

�
1

12
(
Vratio

bini
b3n2

kıij − Vratio

bini
b3ninj)

where bini is the initial aperture of the fracture, n is the unit nor-
mal  to each fracture, Vratio is the volumetric ratio of the truncated
fracture volume over the element volume (Rutqvist et al., 2013).

The fracture permeability distribution following the initial E-
W stimulation for the fractures oriented at 045–120◦ is presented
in Fig. 7(c). The two  black dashed circles show the development
of two permeable horizontal manifolds created in the northern
and southern portions of the reservoir. The fracture permeability
is significantly improved by ∼3 orders magnitude following the
stimulation, due to an effective increase in fracture aperture of the
order of 10 times during the extensile loading. Since the fractures
are oriented close to the E-W direction, the fracture permeability
along this direction of stimulation is significantly enhanced (E-W
direction).

The dashed black circle in Fig. 7(d) shows the principal area

where the fracture permeability is enhanced following stimulation
for fracture orientations at 020–135◦. The red area representing the
permeability-enhanced regime is oriented at an azimuth of ∼060 ◦.
Moreover, the area of highest permeability in red (Fig. 7(d)) is
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F ture permeability distribution for fractures oriented 045–120, (b) initial fracture perme-
a f two interconnected manifolds after the E-W stimulation for fractures oriented 045–120,
( ed 020–135◦ .
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Fig. 8. Comparison of total electric power generation from two production wells
between all five cases. The magenta curve (Case 4) is for fractures oriented 045–120◦

with E-W stimulation and this returns the highest electric power generation. Case
3  shown by the blue curve for fractures oriented 020–135◦ but without stimulation
ig. 7. Contour plots of equivalent rock mass permeability evolution, (a) initial frac
bility  distribution for the scenario of fractures oriented 020–135, (c) development o
d)  fracture permeability distribution after the E-W stimulation for fractures orient

maller than that red area in Fig. 7(c), since the fractures (020–135◦)
re not favorably oriented along the direction of stimulation (E-
).
The corresponding cases for the generation of power from the

arious stimulations are presented in Fig. 8. The magnitude of
nstantaneous electric power generation Wh is calculated as a prod-
ct of flow rate and the enthalpy of the water as (Pruess, 2006),

h =
i=2∑
i=1

˛qi
pro(hpro − hinj) (20)

here  ̨ is the heat utilization efficiency, assumed to be 0.45 in this
alculation (Sanyal and Butler, 2005). hpro is the water enthalpy at
he production well with the highest enthalpy in this work equals
o 1.08 × 106J/kg (250 ◦C), hinj is the enthalpy of the injected cold
ater, which is equal to 2.0 × 105J/kg, and qi

pro is the flow rate in
he ith production well (kg/s).

The results indicate that Case 4 (fractures oriented at 045–120◦)
eturns the highest power output, sustaining the highest power
eneration within 10 years. The peak magnitude of generated
ower from the two production wells is maintained around 14
We.  The evolution of the flow rate and corresponding water tem-

erature from Case 4 suggests that the horizontal E-W stimulation
s the most effective in maintaining both a high production flow

ate and elevated temperature of outflow water at the highest level
Fig. 9(g) and (h)).

The predefined high friction angle of 75◦ for the second fracture
etwork in Case 5 is intended to lock this fracture set as resistant
indicates the lowest power generation. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
to failure. The corresponding results for power generation indicate
the reduced potential of shear failure that impairs the magnitude
of power generation by decreasing the fracture permeability.
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Fig. 9. Evolution of flow rate and water temperature (enthalpy) in the two production wells. Plots in the left column (a, c, e, g, i) represent the flow rate evolution in the two
production wells for the five cases (1–5), plots in the right column (b, d, f, h, j) represent the evolution of water temperature in the two production wells respectively.
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Fig. 10. Contour of rock temperature distribution at t = 6.34years. (a) Case 1 fracture orientations 020–135◦ after E-W stimulation, (b) Case 2 fracture orientations 020–135◦

a s 045– ◦ ◦

a

C
a
d
u
h
n
r

fter N-S stimulation, (c) Case 3 without stimulation, (d) Case 4 fracture orientation
ngle  035–75◦ after E-W stimulation.

The lowest intensity of power generation (Fig. 8) represents
ase 5 (no stimulation performed). Even though the temperature
t the production well is maintained with the least thermal draw-
own (Fig. 9f), the flow rate in the production wells are small and
neconomical for power generation. Therefore this indicates that

orizontal permeable manifolds are potentially both efficient and
ecessary for economical heat extraction from these geothermal
eservoirs.
120 after E-W stimulation, (e) Case 5 fracture orientations 045–120 with friction

The distributions of rock temperature are presented in Fig. 10 for
the previous five cases at the same elapsed time of t = 6.34years.
Examining the temperature distribution in the reservoir yields
some impression of the best performance of heat production with
the best heat sweep efficiency. Fig. 10(a) and (b) shows the dis-

tributions of rock temperature for fractures orientated 020–135◦

with stimulation along in the E-W and then the N-S directions,
separately. The cooled volume in Fig. 10(b) is slightly smaller than
that in Fig. 10(a). The distribution of rock temperature in Fig. 10(a)
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Q. Gan, D. Elsworth / Ge

nd (b) indicate a sharper thermal front propagating from injector
o producer. The cooling regime for the case without stimulation
Fig. 10(c)) is the smallest among all the cases studied. The ther-

al  extraction is limited to around the injection wells due to the
ow reservoir permeability. Fig. 10(d) shows the case with the most
omplete heat energy depletion in the reservoir for Case 4, which
as primarily contributed from the development of two parallel
anifolds as injector zone and producer zone separately. The reser-

oir between the injection wells and the production wells has been
ooled both significantly and uniformly − the rock temperature
as been cooled to the temperature of injected water. This cooling
esponse reinforces the results for the largest heat generation from
ase 4. If one set of fractures is less able to slip, then the cooling
rea as shown in Fig. 6(e) would be less than the area in Fig. 6(d).

. Conclusions

The previous case studies focus on examining the impact of
racture orientation, stimulation strategy, and the fracture den-
ity in enhancing the permeability and heat energy extraction from
eothermal reservoirs. The best production optimization strategy
s obtained from a series of simulations aimed to enhance both the

agnitude and longevity of thermal recovery rates.
Reservoir stimulation is demonstrated to be efficient in sig-

ificantly enhancing the generated power, compared against the
esults without stimulation. In this study, the eventual production
chedule is designed to generate a fluid sweep path in the direction
f the minor principal stress (N-S direction). The best optimization
hat results in the highest power generation is to create two  parallel
ermeable manifolds along the major principal stress direction—in
he example here, in the E-W direction. The parallel manifolds
ecome hydraulically interconnected along the axis of the hori-
ontal injection wells in the E-W direction, which are analogous
o horizontal wells that allow a uniform sweep of fluids between
he zones. The long term production results verify that the mani-
olds return an improved heat sweep efficiency. Furthermore, the
racture orientation is either very important in influencing the stim-
lation result. Fractures oriented at 045–120◦ result in the greatest
racture permeability enhancement along the stimulation direc-
ion. Therefore, the developed manifolds with fractures oriented
t 045–120◦ are more permeable and conductive, compared to the
ase with fractures oriented at 020–135◦.
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