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and Reservoir Performance in
Enhanced Geothermal Systems
Analyses of fracturing and thermal performance of fractured reservoirs in engineered
geothermal system (EGS) are extended from a depth of 5 km to 10 km, and models for
flow and heat transfer in EGS are improved. Effects of the geofluid flow direction choice,
distance between fractures, fracture width, permeability, radius, and number of fractures,
on reservoir heat drawdown time are computed. The number of fractures and fracture ra-
dius for desired reservoir thermal drawdown rates are recommended. A simplified model
for reservoir hydraulic fracturing energy consumption is developed, indicating it to be
51.8–99.6 MJ per m3 fracture for depths of 5–10 km. [DOI: 10.1115/1.4030111]
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1 Introduction: Background and Assumptions

Geothermal energy is renewable, abundant, and comparatively
clean and sustainable [1], with a long-term potential estimated to
be more than 200,000-fold of current world energy demand [2], it
is often available at a steady supply rate and is thus much more
usable for base-load power generation than the intermittent and
unsteady renewable resources such as wind and solar [1]. Geother-
mal energy used for power generation and direct-use heating
applications currently accounts for approximately 2.1 EJ of world-
wide energy and is forecast to have an annual growth of 10% [3].

Over 99% of the thermal heat within 10 km depth in the conti-
nental United States is available in hot dry rock (HDR) with low
permeability [2,4]. A large volume of hot rocks (reservoir) should
thus be fractured to increase fluid permeability, which is the so
called EGS. Cold fluid (“geofluid,” usually water) is injected into
this reservoir to be heated by circulating it in the fractured reser-
voir. There are various ways to fracture the rock, including con-
ventional explosives (nuclear was also proposed by some), but
right now the most reasonable and manageable method is hydrau-
lic fracturing, which is widely used for stimulating gas and oil
fields, but in the EGS case it would typically be at bigger depths
[2]. Hydraulic fracturing is performed by injection of high pres-
sure water into the hot rock zone via a well drilled for that pur-
pose, to propagate natural pores for creating enhanced fractures.

Reaching depths of 5–10 km and creating there a fractured res-
ervoir for extracting the heat are very challenging tasks, both from
the technology and optimal fracturing perspectives. The focal
objective of this work is therefore to evaluate quantitatively the
energy and heat extraction implications of creating and exploiting
such deep HDR for the use of geothermal energy resources.

To that end, we calculate and analyze: (1) The energy needed
for the fracturing, (2) The flow and heat transfer in the fractured
reservoir, and (3) the effects of the selectable parameters, includ-
ing fracture radius, width and permeability, spacing between frac-
tures, number of fractures, and geofluid flow direction, on (1) and
(2), all to draw recommendation for reservoir design.

The geothermal gradients examined ranged from 40 �C/km to
80 �C/km. Nine cases are calculated, assuming that the earth

surface temperature is 15 �C [5], which are summarized in Table
1. The average reservoir temperature is

�Tr;1 ¼ 15þ �Zr � Thg: (1)

When liquid is injected into the EGS reservoir, it is preferred to
keep it the liquid phase throughout the subsequent heating and
recovery process, rather than allowing it to flash or otherwise
evaporate, as explained in Refs. [4] and [6]. To accomplish this,
the pressure in the subsurface system must be high enough to keep
the hot liquid below its boiling point.

For EGS resource, higher temperature of produced geofluid will
bring more energy to the surface. It is also obvious that this may
require larger and more suitably fractured reservoirs, all of which
require more energy consumption. Consequently, we proceed (in
Sec. 2) to develop a model for calculating the energy consumption
of hydraulic fracturing. In Sec. 3, we modify a commonly used
EGS reservoir simulation model to examine the reservoir perform-
ance with respect to fracture characteristics. Other commercial
programs for EGS reservoir simulation are also available, such as
the TOUGH2 and TETRAD codes [7]. The results and conclu-
sions are summarized in Sec. 4. The contribution of this work is to
examine quantitatively the energy input and output for a typical
EGS reservoir. The energy input is the enhanced reservoir hydrau-
lic fracturing energy consumption. The energy output is the heat
extracted from the reservoir. The temperature and pressure change
of geofluid flowing through the enhanced reservoir are calculated
by a finite element model. In more detail:

(1) Our calculations extend prior analyses from 5 km to 10 km.
(2) Available models for flow and heat transfer in enhanced

reservoirs are improved and expanded to include both sub-
critical and supercritical geofluid, buoyancy effects, and
consideration of both upward and downward flows in them.

(3) The reservoir hydraulic fracturing energy consumption is
not available in the literature, and this study develops a
simplified mathematical model for that and offers estimates
of fracturing energy consumption.

2 Modeling and Analysis of Hydraulic Fracturing

Energy Consumption

The hydraulic fracturing process is to create fractures in rocks
by high pressure fluid. The fluids used in hydraulic fracturing
could be oil-based, water-based, alcohol-based, and foams or
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emulsions [8]. In this study, we chose for simplicity pure water as
the fracturing fluid.

2.1 Underground Rock Stress. For simplest conditions, a
part of the earth’s crust is assumed to have no appreciable forces
acting upon the rock other than gravity; the rock is all under com-
pressive stress [9]. The stress in the rock at point A is shown in
Fig. 1, where the vertical compressive stress (lithostatic pressure)
at depth �Zr is represented by the vector SL while the horizontal
compressive stress at A is represented by SH. SL can be calculated
[9] by

SL ¼ qrg �Zr (2)

where qr is the average density of rock above the point A, kg/m3,
and g is the gravitational acceleration, 9.8 m/s2.

The horizontal stress is calculated as

SH ¼
SL�

1� � (3)

where � is Poisson’s ratio of rock material.
The fracturing process must overcome the in situ horizontal

stress, rH¼ 2SH. Since fractures propagate in the direction normal
to the plane of least principal stress [10], when rH> SL, the open
orientation of a fracture will be vertical and propagating horizon-
tally. Otherwise, the fracture will be opened horizontally and
propagates in the vertical direction [9]. We assume and it is rea-
sonable to expect that the rock will be homogenous granite for
depths over 5 km [2] and the Poisson’s ratio � of granite is taken
as 0.25 [11], hence rH< SL. We therefore consider that the frac-
tures would be open horizontally and propagate vertically, as is
indeed observed to be true in current EGS sites [2].

The fracturing process is to inject high pressure fluid through
the injection well to initiate a crack underground. The pressure
Phf applied at point A needs to satisfy [9]

Phf � rH þ St (4)

where St is the effective tensile breaking strength of the rock.
When this condition is satisfied, a crack will be initiated at point A
and be enlarged by propagating vertically. We simplify the
fractures to be vertical-parallel fractures in this work, as shown in
Fig. 2. The fractures are created sequentially: e.g., the right-most
fracture is created first. After it reaches the desired size, the sec-
tion of the injection well before that fracture is plugged to create
the next fracture [9]. The process is repeated until the desired
number of fractures is created.

2.2 Two-Dimensional (2D) Fracture Propagation Model.
The two aspects of the fracturing process that need to be modeled
are crack initiation and crack propagation [9]. The current experi-
ence of EGS reservoir fracturing shows that new cracks cannot be
created [2]. So the fracturing process is actually the enlargement
of existing cracks and faults [2]. The theoretical problem thus
becomes modeling of the crack propagation only [9]. Besides, we
assume that initiation at a given site has already occurred and that
the principal stress orientations and magnitudes are known [9].
The rock failure in fracturing process is a complex thermal, hydro-
logical, and mechanical coupling process, especially in EGS fields
where high temperature is encountered [2]. Models that consider
the coupling process were developed recently, such as in Refs.
[12–14]. In this work, we adapted a simpler linearly propagating
model for analyzing the fracturing process.

The linearly propagating rectangular shape fractures depicted in
Fig. 2(a) appear often in oil and gas applications because the oil
and gas are usually present with distinct boundaries (horizontal
lithological bounds) in a reservoir [9], and hence the height H of a
fracture equals to the reservoir height [15]. However, in EGS
application, the reservoir is mostly artificial with no distinct reser-
voir boundaries. Fracturing will occur in an approximately homo-
geneous region of hot rock, so a radially symmetric fracture that
propagates outward from the borehole is more suitable for simu-
lating an EGS reservoir (shown in Fig. 2(b)). Figure 3 is the sche-
matic representation of a radially propagating fracture.

The Geertsma and De Klerk model (GdK model) [16] is widely
used for modeling linear propagation of 2D hydraulic fracture. In
this work, we assume:

(1) The fracturing fluid flow is laminar (proven in Sec. 3) New-
tonian flow (water).

(2) Fluid pressure at fracture tip (point where the fracturing
will not propagating any further) equal to rH.

(3) The fracture walls deformation is linear elastic.
(4) The effective rock tensile strength St� 0 [17].
(5) No fluid loss during the fracturing process.

Under these assumptions, the GdK model [9] offers the follow-
ing equations that predict the time-dependent dimensions of radi-
ally propagating fractures:

RðthfÞ ¼
15

16p
G

lhf _qhf

� �0:25

_qhf thf

" #0:444

(5)

wð0; thfÞ ¼ 2:15
1� �ð Þlhf _qhfRðthfÞ

G

� �0:25

(6)

PhfðthfÞ � rH ¼ �
5

2p
G3lhf _qhf

RðthfÞ3

 !0:25

ln
riw

RðthfÞ

� �
(7)

where R is the radius of fracture, m; G is the shear modulus of
rock, Pa; lhf is the viscosity of fracturing fluid, Pa�s; _qhf is the

Table 1 Reservoir average temperatures considered in this
work

Average thermal
gradient Thg (�C/km)

40 60 80
Average depth
of reservoir �Zr (km)

Average temperature
of reservoir �Tr,1 (�C)

5 215 315 415
7.5 315 465 615
10 415 615 815

Fig. 1 Ellipse of stress for underground rock, SL is the vertical
compressive stress, SH is the horizontal compressive stress,
and �Zr is the depth of point A
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volume flow rate of fracturing fluid, m3/s; thf is the hydraulic frac-
turing treatment time, s; w is the width of fracture, m; � is the
Poisson’s ratio of rock material; Phf is the pressure applied to frac-
ture rocks, Pa; rH is the in situ horizontal stress, Pa; and riw is the
radius of injection wellbore, m.

According to Ref. [15], the average width of the fracture is

�wðthfÞ ¼
8

15
wð0; thfÞ (8)

The energy consumption of hydraulic fracturing is considered to
be the hydraulic (here geothermal) pumping electricity consump-
tion. It is calculated as

Whf ¼
ðthf

0

_qhf PhfðsÞ þ DPIW � Pr;hp

� �
gp

ds (9)

where DPIW is the friction pressure loss when fracturing fluid flow
through injection well, Pa; Pr,hp is the hydrostatic pressure at res-
ervoir depth, Pr,hp¼ q0g �Zr, Pa; and gp is the hydraulic fracturing
pump efficiency, %.

Since the friction pressure loss of fluid in the injection well
DPIW� Pr,hp, we could eliminate DPIW from Eq. (9). Using Eqs.
(5)–(9), we could get the relations between fracture dimensions
and pumping energy consumption.

2.3 Assumptions for Modeling and Analysis. We assume
that the EGS reservoir is located in homogenous granite region
underground. The rocks that need to be fractured are isotropic
granite. The fracturing fluid is assumed to be pure water injected
at 15 �C. The shear modulus of material is calculated as

G ¼ E

2ð1þ �Þ (10)

where E is Young’s modulus of rock material, Pa.
All assumptions of parameters used in the calculation are listed

in Table 2.

2.4 Energy Consumption to Create a Single Frac-
ture. MATLAB 2012a software [18] is used to solve Eqs. (5)–(9),
and the results are presented below.

Figure 4(a) presents the fracture radius R with respect to
hydraulic treatment time thf at flow rates _qhf¼ 0.05 m3/s, 0.1 m3/s,
and 0.15 m3/s. Figure 4(b) presents the fracture average width �w
with respect to hydraulic treatment time thf at flow rates _qhf¼ 0.05
m3/s, 0.1 m3/s, and 0.15 m3/s. For given treatment times, higher
flow rates result in larger fracture radii, but the width increases at
a slower rate as time increases.

Fig. 2 Vertical propagation of fractures: (a) linearly propagating rectangular shape fracture
and (b) radially propagating cylindrical shape fracture (modified from Ref. [9])

Fig. 3 Schematic representation of radially propagating frac-
ture with laminar fluid flow (modified from Ref. [15]). R is the ra-
dius of fracture, w is the fracture width, riw is the radius of
injection wellbore, and Vr is the fracturing fluid velocity.
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The time-dependent volume of a fracture can be calculated by

VhfðthfÞ ¼ pRðthfÞ2 �wðthfÞ (11)

Figure 4(c) presents the fracturing energy consumption with
respect to fracture volume at fracturing flow rates _qhf¼ 0.05 m3/s,
0.1 m3/s, and 0.15 m3/s. The considered reservoir average depths
�Zr are 5 km, 7.5 km, and 10 km. From data regression, we get

Whf ¼ Khf � Vhf (12)

The parameter Khf differs with reservoir depth. Its value is listed
in Table 3. Deeper reservoirs consume more energy for fracturing
because a larger in situ horizontal stress rH must be overcome.

Having calculated the energy needed to create a single fracture
in this section, we examine in the following Sec. 3 the amount of
heat that can be extracted by the geofluid flowing through the
stimulated fractures.

3 Modeling and Analysis of Flow and Heat Transfer

in an EGS Reservoir

As described above, the parallel cylindrical fractures are cre-
ated sequentially. After creation of the desired number of frac-
tures, the original horizontal injection wellbore (Fig. 2) is plugged
and abandoned. Then, new injection and production wellbores are
drilled to connect the fractures and create a flow path for the geo-
fluid. To allow the geofluid to sweep largest hot rock surfaces, the
injection well and production well are at the uppermost and
bottom of the fracture.

3.1 Mathematical Model. In deep EGS application, the per-
meability of natural rock is as low as 10�18 [13,19–21], assuming
that the rock is isotropic granite with little nature porosity. In this
section, we assume that the fractures in the EGS reservoir are par-
allel, as shown in Fig. 5. The shape of the fractures is assumed to
be thin-cylindrical of uniform width �w. In Fig. 5, Tin and Tout rep-
resent the geofluid temperature at reservoir inlet and outlet,
respectively. 2Fs is the separation distance between fractures, and
Lin and Lout are the geofluid inlet and outlet length in a fracture.
The arrows indicate schematically the geofluid flow direction. The
geofluid flow scheme is adapted from Refs. [10] and [23]. Differ-
ent from Refs. [10] and [23], the geofluid in this model could flow
upward from the bottom of fracture to the top or flow downward
from the top to the bottom, where the flow direction in Fig. 5 will
reverse.

One-quarter of single hot rock block is simulated due to the
symmetry in x and y directions. The mesh scheme and orientations
of coordinates are presented in Fig. 6.

3.2 Model of the Hot Rock Block. Heat transfer within the
rocks satisfies the three-dimensional (3D) heat conduction equation

@Tr

@t
¼ ar

@2Tr

@x2
þ @

2Tr

@y2
þ @

2Tr

@z2

� �
(13)

where ar¼ kr/qr � cr is the thermal diffusivity of rocks.
The initial condition is

Trðx; y; z; 0Þ ¼ Tr;1 (14)

At boundary surface 1

� 2kr

@Trðx; 0; z; tÞ
@y

¼ _q (15)

where _q is the heat flux into the geofluid from the interface of
rock and geofluid, which is then coupled with the overall flow and
heat transfer model of the geofluid. The factor “2” on the left-
hand side of Eq. (15) accounts for the fact that a fracture has two
faces.

At surfaces 2 and 4, a symmetry boundary condition applies
and at boundary surface 3, it is assumed that there is no heat trans-
fer to or from surroundings, which means the geofluid sweeping
the rock surface takes away only the heat stored in the rock blocks
depicted as shaded in Fig. 5. Therefore, at surfaces 2, 3, and 4

n � rTr ¼ 0 (16)

3.2.1 The Model of the Geofluid Flow and Heat Transfer. The
width of fracture �w is often of the order of millimeters and very
small compared to the radius of the fracture R (Fig. 4). Then, we
could make the simplification that the flow in a fracture is 2D (this
assumption was also made in Ref. [9] and used in the COMSOL 4.3a
subsurface flow module [24]). The temperature gradient of the
geofluid in the y direction is therefore ignored, and thus

Tðx; z; tÞ ¼ Trðx; 0; z; tÞ (17)

indicating that the geofluid temperature equals to the temperature
of rock/geofluid interface.

The 2D conservation of mass of the geofluid is

@q
@t
þ @ qUð Þ

@x
þ @ qVð Þ

@z
¼ 0 (18)

The geofluid (liquid) in the reservoir is assumed to be incompres-
sible and its density is notated as q, evaluated at the temperature
Tref¼ (Tinþ �Tr,1)/2 and pressure Pref¼ qin g �Zr. Other geofluid
properties such as l (average dynamic viscosity), a (average ther-
mal diffusivity), c (average specific heat), and bT (average thermal
expansion coefficient) are all evaluated at Tref and Pref.
The mass conservation equation thus reduces to

Table 2 Assumptions of parameters in hydraulic fracturing calculation for reservoirs of different depths

Parameters Symbol Value Unit

Viscosity of fracturing fluid at 15 �C lhf 1.14� 10 �3 [29] Pa�s
The Young’s modulus of granite rock E 55 [17] GPa
Gravitational acceleration G 9.8 m/s2

Volume flow rate of fracturing _qhf Variable m3/s
Radius of injection wellbore riw 8.5 in.
Hydraulic fracturing treatment time thf Variable s
Average depth of reservoir �Zr 5000 7500 10,000 m
Hydrofracturing pump efficiency gp 80 %
Poisson’s ratio of granite � 0.25 [11] —
In situ horizontal rock stress, perpendicular to fracture surface rH 86.7 130.0 173.4 MPa
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@U

@x
þ @V

@z
¼ 0 (19)

The geofluid conservation of energy equation is

@T

@t
þ @ TUð Þ

@x
þ @ TVð Þ

@z
¼ a

@2T

@x2
þ @

2T

@z2

� �
þ _q

qc �w
(20)

where the heat flux _q from rock to geofluid is a heat source of the
geofluid.

The conservation of momentum equations for the geofluid are

q
@U

@t
þ @ UUð Þ

@x
þ @ VUð Þ

@y

� �
¼ � @P

@x
þ l

@2U

@x2
þ @

2U

@y2

� �
(21)

q
@V

@t
þ @ UVð Þ

@x
þ @ VVð Þ

@y

� �
¼ � @P

@y
þ l

@2V

@x2
þ @

2V

@y2

� �
� qg 1� bTðT � TrefÞ½ 	 (22)

The buoyancy effect is considered using the modified gravity
acceleration g � [1� bT(T� Tref)].

The flow in the fracture is laminar because the Reynolds
number is Re¼V � (Lin �w)/(2Linþ 2 �w)/�� 10�2� 10�3/
10�7� 100 < 2000. For laminar viscous flow in thin fractures, the
momentum equations could be simplified to Darcy’s law [23]

� @P

@x
¼ l

kf

U (23)

� @P

@z
þ qg 1� bTðT � TrefÞð Þ

� �
¼ l

kf

V (24)

where the permeability of fractured reservoir kf is of order 0.01–1
Darcy (1 Darcy¼ 10�12 m2) [13,20,25–27]. The permeability of
fractured reservoir is a function of fracture width. References [9]
and [23] use a simple relation that kf¼ �w2/12, Ref. [25] gives
more detailed correlation between kf and �w. In this work, we
examine the effect of kf independently of �w because other factors
may influence its value too.

Fig. 4 Fracture radius R (a) and average width �w (b) with respect to treatment time thf, and (c) fracturing energy consumption
Whf with respect to fracture volume Vhf at flow rates _qhf 5 0.05 m3/s, 0.1 m3/s, and 0.15 m3/s, for reservoirs with depths �Zr 5 5 km,
7.5 km, and 10 km

Table 3 Khf with respect to reservoir depth

Reservoir depth �Zr (km) 5 7.5 10

Khf � 105 (TJ/m3) 5.1779 7.5672 9.9566

Fig. 5 Scheme of flow in the modeled EGS reservoir with par-
allel radial fractures. The cross-sectional sketch on the right
shows computed typical velocity vectors inside a fracture
(modified from Ref. [22]).
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The initial condition of velocities is U¼ 0 and V¼ 0.
At boundary 10, U¼ 0 and V¼ 0, corresponding to no slip on

the walls.
At boundary 20, V¼ 0.5 _mf/(qin � �w Lin) and U¼ 0, corresponding

to geofluid inflow. _mf is the mass flow rate of geofluid in each
fracture, _mf¼ _m/Nf, kg/s; _m is the mass flow rate of geofluid in
reservoir, kg/s; Nf is the number of fractures. In addition, there is
an edge temperature constraint that when t> 0, T (t)¼Tr (t)¼ Tin.

At boundary 30, a symmetry boundary condition with respect to
x applies.

At boundary 40, P¼Pout, corresponding to the geofluid outflow
condition, where Pout is the geofluid pressure at reservoir outlet.

3.2.2 Nondimensional Form. To simplify the above equa-
tions, they are recast into dimensionless form; Define dimension-
less parameters t~¼ tar/Fs, ~x¼ x/R, ~y¼ y/Fs, ~z¼ (z� �Zr)/R,
~P¼ (P�Pout)/P

*, ~U¼U/V*, ~V¼V/V*, ~T¼ (T� Tin)/( �Tr ,1�Tin),
~Tr¼ (Tr� Tin)/( �Tr ,1�Tin), where V* is the inflow velocity in
each fracture where V*¼ 0.5 _mf/(qin � �w Lin). P* is a characteristic
pressure related to Darcy’s velocity drag, defined as P*¼ �l V*R/kf

(obtained from nondimensionalize Eq. (23)). Pout is the pressure
of the reservoir geofluid outlet, and �Tr ,1 is the average undis-
turbed reservoir rock temperature. All dimensionless parameters
are of the order of 1.

The dimensionless heat conduction equation of the hot rocks is

@ ~Tr

@~t
¼ @

2 ~Tr

@~y2
þ Fs

R

� �2 @2 ~Tr

@~x2
þ @

2 ~Tr

@~z 2

� �
(25)

The initial condition is ~Trð~x; ~y; ~z; 0Þ ¼ 1� ~z R � Thg=ð �Tr;1
�

�TinÞÞ:
At boundary surface 1, substitute _q with Eqs. (15) and (20) and

nondimensionalize

�@
~Tr

@~y
¼K1

@ ~Tr
~U

� �
@~x

þ
@ ~Tr

~V
� �
@~z

þ Rar

F2
s V


@ ~Tr

@~t
� �a

RV

@2 ~Tr

@~x2
þ@

2 ~Tr

@~z2

� �" #
;

where K1¼
Fsqc �wV


2krR
¼Fsqc

2krR

_m

2NfqinLin

(26)

Since Rar=F2
s V
�102�10�6=102�10�1�10�5 and a=RV
�10�6

=102�10�1�10�7, we could neglect the last two terms on the
right side of above equation, so it reduces to

� @
~Tr

@~y
¼ K1

@ ~Tr
~U

� �
@~x

þ
@ ~Tr

~V
� �
@~z

" #
(27)

Also at boundary surface 1, nondimensionalize Eq. (17)

~Tð~x; ~z; ~tÞ ¼ ~Trð~x; 0; ~z;~tÞ (28)

At other boundary surfaces 2, 3, and 4

n � r ~Tr ¼ 0 (29)

The dimensionless governing equations for the geofluid are

� @
~P

@~x
¼ ~U (30)

� @ ~P

@~z
þ K2 � K3

~T � 0:5
� �� �� �

¼ ~V (31)

@ ~U

@~x
þ @

~V

@~z
¼ 0 (32)

where

K2 ¼ qgR=P
 ¼ �wkfNf

2qgqinLin

_ml
(33)

K3 ¼ K2bTð �Tr;1 � TinÞ (34)

Initially, ~U¼ 0 and ~V¼ 0.
At boundary 10, ~U¼ 0 and ~V¼ 0.
At boundary 20, ~U¼ 0 and ~V¼ 1 correspond to geofluid inlet

condition, with temperature constraint ~T¼ ~Tr¼ 0.
At boundary 30, a symmetry boundary condition with respect to

~x applies.
At boundary 40, ~P¼ 0, corresponding to geofluid outflow condi-

tion and a pressure constraint.
The rock temperature field ~Tr and geofluid flow field ~P, ~U, ~V

are coupled by Eqs. (27)–(34). We could therefore get ~Tr and ~P,
~U, ~V by solving the coupled Partial Differential Equations (PDEs)
listed above with corresponding initial conditions and boundary
conditions.

The software used to solve the coupled PDEs is COMSOL MULTI-

PHYSICS 4.3a [24]. The geometric representation and the computa-
tion mesh are shown in Fig. 6. The mesh was refined on the rock/
geofluid interface domain (Surface 1) as well as along the geofluid
flow boundaries (Edge 10).

3.3 Assumptions for Modeling and Analysis. Typically,
geofluid flow rates of 50–150 kg/s or more per production well are
considered to be necessary for resulting in an economical geother-
mal electricity production rate [2]. In this work, we therefore
assumed that 100 kg/s geofluid is produced from the reservoir.
With an assumption of 10% geofluid loss in the reservoir [2],
111 kg/s geofluid needs to be injected. The total mass flow rate _m
in the reservoir is fixed to be 105.5 kg/s, which is the average
value between the injection well flow rate (111 kg/s) and the pro-
duction wells flow rate (100 kg/s).

All assumptions of fixed parameters used in the calculation
are listed in Table 4. Reservoir based average thermal properties
of the geofluid for nine calculated cases (Table 1) are listed in
Table 5. The thermal properties of the geofluid, assumed to be
water, are calculated from EES software “IPAWS_Steam” data
base [29].

3.4 Sensitivity Analysis. In this section, we study the case of
a 7.5 km reservoir with 60 �C/km thermal gradient as a calculation
example to examine effects of key parameters on reservoir per-
formance. The results are obtained by solving Eqs. (25)–(34)
using the COMSOL 4.3a software.

Equations (27)–(34) show that the reservoir information (num-
ber of fracture, fracture radius, fracture width, etc.) enters the

Fig. 6 The mesh scheme of model domain and coordinates
used in the numerical simulation
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model by three parameters, K1, K2, and K3. Equation (26) gives
that K1 is influenced by Fs, R, and Nf for a given reservoir. Equa-
tions (33) and (34) show that K2 and K3 are influenced by �w, kf,
and Nf.

Therefore, the effects of six key parameters were examined and
presented in Table 6: (1) flow direction: upward and downward in
cases SC0 and SC1, respectively; (2) half the fracture separation
distance Fs, case SC2; (3) fracture radius R, case SC3; (4) number
of fractures Nf, case SC4; (5) fracture width �w, case SC5; and (6)
fracture permeability kf, case SC6.

Case SC0 is the base case where fluid flows upward, Fs¼ 60 m,
R¼ 500 m, Nf¼ 5, �w¼ 2 mm, and kf¼ 10�13 m2.

The heat production rate of the reservoir _Qr is proportional to
the dimensional reservoir outlet geofluid temperature ~Tout,
expressed by

_Qr ¼ _mc �Tr;1 � Tin

� �
~Tout (35)

For a given reservoir, ~Tout is the only variable in Eq. (35). So ~Tout

is used as a comparison criterion to examine the effect of these six
parameters.

Define the dynamic pressure of geofluid in reservoir subtract
reservoir outlet pressure as the relative dynamic pressure P̂d as

P̂d ¼ ~PP
 þ qgRð~z� ~zoutÞ (36)

which indicates the combination effect of friction and buoyancy
of geofluid in fractures. The reservoir dynamic pressure drop DPd

is the dynamic pressure difference between reservoir inlet and out-
let, which is therefore the relative dynamic pressure at reservoir
inlet. Since the reservoir dynamic pressure drop DPd is directly
related to geofluid circulating pumping work, so we use it as
another comparison criterion to examine the effect of the six
parameters.

In sum, we use the geofluid dimensionless outlet temperature
~Tout and the reservoir dynamic pressure drop DPd as criteria to
examine the effect of the six parameters.

Before the numerical computations, we use parameters of case
SC0 to test the mesh convergence and time step convergence of
the numerical model in COMSOL. The mesh scheme as shown in
Fig. 6 has an error smaller than 10�6 in the energy and momentum
balance of Eqs. (25), (27), and (30)–(32). Time steps are automati-
cally chosen by COMSOL time-dependent solver that matches a tol-
erance of 10�6. The time step is �10�13 initially and gradually
increases to 10�4.

3.4.1 Effect of Flow Direction. The effect of flow direction is
analyzed by comparing cases SC0 and SC1.

Figures 7(c) and 7(d) show the dimensionless temperature pro-

file ~Tr of the rock block and the relative dynamic pressure profile

P̂d after 40 years of operation, using parameters listed as case SC0
in Table 6. Arrows show the dimensionless velocity of the geo-
fluid. Initially, the dimensionless temperature of the rock block

ranges from 0.9256 to 1.0744 (Fig. 7(a)) due to the thermal
gradient.

As shown in Fig. 7(c), the rock block’s temperature drops sig-
nificantly after 40 years of cold geofluid sweeping. Since cold
geofluid enters at the bottom of fracture, the rock block bottom
has the greatest temperature drop. The dynamic pressure differ-
ence DPd between geofluid inlet and outlet, shown in Fig. 7(d) is
caused by friction and buoyancy. When the geofluid flows
upward, buoyancy helps the flow.

If we reverse the geofluid flow direction to make it enter the
fracture at the top and leave at the bottom, the dimensionless tem-

perature profile ~Tr of the rock block and the relative dynamic pres-

sure profile P̂d after 40 years of operation are shown in Figs. 7(e)
and 7(f), using parameter values listed as case SC1 in Table 6.
Since the cold geofluid enters from the top, the rock block has a
lower temperature at the top.

The geofluid dimensionless outlet temperature ~Tout as a func-
tion of operation time for upward and downward flows is shown
in Fig. 8(a). The dimensionless geofluid outlet temperature ~Tout

drops to below 0.5 after 40 years. The temperature drawdown for
downward flow is somewhat faster than upward flow for the initial
4 yr, even though the downward flow has a higher initial tempera-
ture because of the geothermal gradient, but the drawdown rate is
nearly the same after the initial 4 yr. The reservoir dynamic pres-
sure drops DPd are shown in Fig. 9(a) for the geofluid flowing
upward and downward. When the geofluid flows upward, the
dynamic pressure drop increases with operation time because the
decrease of the geofluid temperature in a fracture reduces
the flow-assisting buoyancy effect. When geofluid flows down-
ward, the dynamic pressure drop decreases with operation time
because the decrease of the geofluid temperature in a fracture
reduces the flow-hindering buoyancy effect.

If we keep the geofluid temperature drawdown to a certain
degree (for example, keep ~Tout> 0.9, corresponding to first 5 yr of
operation, which ensures constant heat production rate of the reser-
voir) where the buoyancy is large, the upward flow scheme has less
dynamic pressure drop within the reservoir, which is desirable.

In sum, the downward flow scheme has faster temperature
drawdown at the beginning of operation and larger reservoir
dynamic pressure drop, thus presenting worse reservoir perform-
ance, so the upward flow scheme is preferred.

3.4.2 Effect of Fracture Separation Distance 2Fs. Figures
8(b) and 9(b) show the dimensionless outlet temperature ~Tout and
reservoir dynamic pressure drop DPd with respect to operation
time, using the parameters listed as case SC2 in Table 6. The
influence of Fs becomes negligible when Fs reaches a certain
value (around 60 m), which implies that the thermal penetration
length in y direction (of order

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
arLifer

p
� 30:78 m [9]) is around

60 m.

3.4.3 Effect of Fracture Radius R. Figures 8(c) and 9(c) show
dimensionless outlet temperature ~Tout and reservoir dynamic pres-
sure drop DPd with respect to operation time, using the parameters
listed as case SC3 in Table 6. As seen, increasing the fracture
radius slows the geofluid outlet temperature ~Tout drawdown
because larger radii present a larger volume of hot rocks for
releasing heat. Radii R¼ 750 m and 1000 m show nearly no ther-
mal drawdown over 40 years.

As seen in Fig. 9(c), increasing the fracture radius R lowers the
dynamic reservoir pressure drop DPd, which is because a larger
fracture results in a higher geofluid outlet temperature that leads
to higher flow-assisting buoyancy forces.

However, larger R requires more energy to fracture, so there
exists a value of R that may be desirable from the energy balance
standpoint. The following Sec. 3.4.6 describes the way to find it.

3.4.4 Effect of the Number of Fractures Nf. Figures 8(d) and
9(d) show the dimensionless outlet temperature ~Tout and reservoir
dynamic pressure drop DPd with respect to operation time, using

Table 4 Assumptions of fixed parameters in reservoir perform-
ance analysis

Parameters Symbol Value Unit

Heat capacity of hot rocks cr 794 [28] J/kg K
Thermal conductivity of hot rocks kr 1.61 [28] W/m K
Density of hot rocks qr 2700 [28] kg/m3

Thermal diffusivity of hot rocks ar 7.51� 10�7 m2/s
Total mass flow rate in reservoir _m 105.5 kg/s
Reservoir inflow geofluid temperature Tin 70 [29,30] �C
Reservoir inflow geofluid density qin 977.8 [31] kg/m3

Reservoir geofluid inlet/outlet length Lin/Lout 0.2R m
Reservoir life time Lifer 40 yr
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the parameters listed as case SC4 in Table 6. Increasing the num-
ber of fractures indicates decreasing the mass flow rate _mf in each
fracture because _mf �Nf¼ _m, where the total mass flow rate in the
reservoir, _m, is assumed to be constant (Table 4). Nf¼ 15 shows
nearly no thermal drawdown.

If the reservoir design does not allow the dimensionless outlet
temperature ~Tout to drop below 0.9 over 40 years, then the mini-
mal number of fractures is around Nf¼ 15 (Fig. 8(d)), for
Fs¼ 60 m, R¼ 500 m, �w¼ 2 mm, and kf¼ 10�13 m2.

As seen in Fig. 9(d), increasing the number of fractures Nf low-
ers the dynamic reservoir pressure drop DPd, which is because a
larger number of fractures result in a higher geofluid outlet tem-
perature that leads to higher flow-assisting buoyancy forces.

In addition, larger number of fractures results in lower geofluid
mass flow rate in each fracture _mf, which reduces the frictional
pressure loss. Therefore, a large number of fractures is desirable
from both thermal drawdown and reservoir pressure loss points of
view. However, more fractures consume more fracturing energy,
so there should be a recommended number of fractures. The way
to find the recommended Nf is discussed in the following Sec.
3.4.6.

3.4.5 Effect of Fracture Width �w and Permeability kf. Figures
8, and 9(e), 9(f) show the dimensionless outlet temperature ~Tout

and reservoir dynamic pressure drop DPd with respect to operation
time, using the parameters listed as case SC5 and case SC6 in
Table 6, respectively.

Figures 8(e) and 8(f) show that the reservoir dimensionless out-

let geofluid temperature ~Tout is insensitive to the fracture width �w
and permeability kf. Since the fracture width �w and permeability
kf influence the governing equations by parameter K2 and K3 that
are only in Eq. (31), the results thus indicate that the pressure field
influenced by K2 and K3 has little influence on the temperature
field. Further explanation is that since the result shows that K2 and
K3 have little influence on the nondimensional velocity field, so

they have little influence on �@ ~Tr=@~y
		
~y¼0

given by Eq. (27).

Figures 9(e) and 9(f) show that the fracture width �w and perme-
ability kf have a significant influence on the reservoir dynamic
pressure drop: the dynamic pressure drop in the reservoir
decreases as the fracture becomes wider and as the permeability
becomes larger (approximately DPd / 1/ �w � kf), as expected.
Therefore, we should aim to create wider and more permeable
fractures. From Fig. 4(b), we see that the average width of a frac-
ture is around 2 mm, so we choose �w¼ 2 mm. References [13],

[20], and [25–27] suggest an average permeability of 10�13 m2 for
fractured reservoirs, so we choose kf¼ 10�13 m2. Clearly, fractur-
ing methods that could produce wider fracture or increase the
fracture permeability could be adapted in practice to reduce reser-
voir dynamic pressure drop DPd.

3.4.6 Recommended Design of Reservoir. An EGS reservoir
will be abandoned when its thermal drawdown reaches certain
degree. In this work, we aim to design a reservoir to achieve
~Tout� 0.9 (thermal drawdown� 10%) over 40 years of operation.

The design of an EGS reservoir should aim at finding the mini-
mal number of fractures that could satisfy �10% thermal draw-
down over 40 years to save fracturing energy, which is
proportional to the number of fracture. So there exists a minimal

number of fractures Nf,min that satisfies ~Tout¼ 0.9 after 40 years
for given Fs, R, �w, and kf. For example, Nf,min¼ 15 for Fs¼ 60 m,
R¼ 500 m, �w¼ 2 mm, and kf¼ 10�13 m2 as shown in Fig. 8(d).

If Nf>Nf,min, ~Tout will be greater than 0.9 after 40 years. Since
the mass flow rate _mf in each fracture is inversely proportional to
Nf, the Nf,min also indicates the maximal allowed geofluid mass
flow rate in each fracture to keep the thermal drawdown rate
below 10% over 40 years.

For geofluid flows upward, Fs¼ 60 m, �w¼ 2 mm, and
kf¼ 10�13 m2, Fig. 10 plots Nf,min with respect to fracture radius
R. Each Nf,min is found by solving Eqs. (25)–(34). We could get
the following expression from data regression:

Nf;min ¼ 13:9� 105R�1:85 (37)

Because of the thermal gradient, for upward flow scheme, geo-
fluid leaves the reservoir at top where temperature is lower than
the average reservoir temperature (Fig. 7(a)). Then for larger frac-
ture radii R, we get lower initial dimensionless geofluid outlet
temperature ~Tout (Fig. 8(a)).

To make ~Tout� 0.9 initially, there is an upper bound of fracture
radius Rmax

1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2

max � L2
out

p
� Thg

ð �Tr;1 � TinÞ
¼ 0:9! Rmax ¼

�Tr;1 � Tin

9:8Thg

(38)

where the thermal gradient Thg is in units of �C/m.
As seen in Figs. 8(c) and 9(c), larger R is desirable because

they reduce both the thermal drawdown and the reservoir dynamic

Table 5 Geofluid thermal properties in the nine cases studied for reservoir performance analysis

Average reservoir depth (km) �Zr 5 7.5 10

Thermal gradient (�C/km) Thg 40 60 80 40 60 80 40 60 80
Average reservoir temperature (�C) �Tr,1 215 315 415 315 465 615 415 615 815
Average reservoir pressure (MPa) �Pr 47.9 47.9 47.9 71.9 71.9 71.9 95.8 95.8 95.8
Average geofluid density (kg/m3) q 947.9 903.2 849.6 916.3 838.8 740.1 881.6 767.7 617.9
Average geofluid viscocity (10 �4 Pa�s) l 2.046 1.507 1.204 1.559 1.148 0.9136 1.301 0.9669 0.7512
Average Geofluid Volume expansion (10�3, 1/K) bT 0.8573 1.083 1.377 1.003 1.379 2.029 1.129 1.693 2.755
Average geofluid specific heat (kJ/kg K) c 4.167 4.269 4.444 4.200 4.422 4.857 4.245 4.605 5.298

Table 6 Summary of parameter effects analysis

Case
Flow

direction
Half fracture

separation distance Fs (m)
Fracture radius

R (�100 m)
Number of
fractures Nf

Fracture
width �w (mm)

Fracture
permeability kf (10�13 m2)

Results
shown in

SC0 Upward 60 5 5 2 1 Figure 7(c),7(d), Fig. 8(a), and Fig. 9(a)
SC1 Downward 60 5 5 2 1 Figure 7(e), 7(f), Fig. 8(a), and Fig. 9(a)
SC2 Upward 30, 60, 90, 120 5 5 2 1 Figures 8(b) and 9(b)
SC3 Upward 60 2.5, 5, 7.5, 10 5 2 1 Figures 8(c) and 9(c)
SC4 Upward 60 5 1, 5, 10, 15 2 1 Figures 8(d) and 9(d)
SC5 Upward 60 5 5 1, 2, 4 1 Figures 8(e) and 9(e)
SC6 Upward 60 5 5 2 0.1, 1, 10 Figures 8(f) and 9(f)
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pressure drop DPd, but R cannot exceed its maximal value defined
by Eq. (38).

The fracturing energy needed for a single fracture is given by
Eq. (12). Adding Eq. (12) to the energy needed for drilling the
fracturing fluid supply wellbore, the total fracturing energy to cre-
ate Nf fractures is

Wrsv ¼ Whf � Nf þWh�hole ¼ Whf � Nf þ 2wh�holeFs � Nf (39)

where Wh-hole is the energy consumption to drill a horizontal
uncased fracturing wellbore (Fig. 5), which carries fracturing
fluid to each fracturing location during the hydrofracturing pro-
cess. wh-hole is the energy consumption per meter of the horizontal

Fig. 7 (a), (c), and (e): The rock dimensionless temperature ~T r field; Dimensionally, ~Tr 5 0
corresponds to Tr 5 70 �C and ~Tr 5 1 to 465 �C. (b), (d), (f): The rock relative dynamic pressure
field P̂d (GPa), The arrows in (d) and (f) show the fluid dimensionless velocity vectors. ~V 5 1 (at
the geofluid inlet) corresponds to a dimensional velocity value of V 5 5.37 cm/s, and ~V 5 0 to
V 5 0 cm/s. (a) and (b): At start of operation, (c) and (d): after 40 years of operation, Case SC0.
(e) and (f): after 40 years of operation, Case SC1.
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wellbore. The factor “2” is because the distance between fractures
is 2Fs. From the result presented in Sec. 2.2.2 of Ref. [29], we
have wh-hole¼ 1.40� 10�2 TJ/m of an 8-1/2 in. wellbore.

Then, combining Eqs. (12), (37), and (39), we have

Wrsv ¼ 1391682:18R�1:85 KhfpR2 �wþ 1:679
� �

(40)

when Fs¼ 60 m, �w¼ 2 mm, and kf¼ 10�13 m2 and
Khf¼ 7.5672� 10�5 (Table 3), Fig. 11 plots Wrsv with respect to
R according to Eq. (40). The minimal Wrsv appears at fracture
radius R¼Rmax. So the recommended radius of a fracture is Rmax.
The corresponding minimal number of fractures Nf,min could be
found by solving Eqs. (25)–(34) when R¼Rmax.

In conclusion, a recommended design of a reservoir is to create
Nf¼Nf,min fractures when each fracture has a radius R¼Rmax.
Then, the energy consumption of creating a reservoir that sat-
isfies� 10% thermal drawdown over 40 years will be the least
(Eq. (40)).

3.5 Results and Discussion. The analysis results of EGS res-
ervoirs listed in Table 1, which satisfy thermal drawdown of
�10% over 40 years, are presented in Table 7 for Fs¼ 60 m,
�w¼ 2 mm, kf¼ 10�13 m2, and upward flows.

A recommended fracture radius Rmax is determined by Eq. (38).
Substitute �Tr,1 in Eq. (38) with Eq. (1), we have

Fig. 8 Geofluid dimensionless outlet temperature ~T out as a function of operation time: case
SC0 and SC1 (a), case SC2 (b), case SC3 (c), case SC4 (d), case SC5 (e), and case SC6 (f)
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Rmax ¼
15þ �Zr � Thg � Tin

9:8Thg

¼
�Zr

9:8
� Tin � 15

9:8Thg

(41)

indicating that Rmax increases with �Zr and Thg, which also can be
seen in Table 7. The recommended number of fractures Nf,min is
found by solving Eqs. (25)–(34) when R¼Rmax for a reservoir
that satisfies �10% thermal drawdown over 40 years. Table 7
shows that Nf,min decreases as �Zr and Thg are increased. For hotter
reservoirs, fewer fractures with larger radius are recommended to
save fracturing energy.

The total pressure drop in the reservoir DPr is the sum of the
dynamic pressure drop DPd and gravity

DPr ¼ DPd þ �qgRmaxð~zin � ~zoutÞ (42)

Table 7 lists the total pressure drop DPr after 40 years of operation
in a reservoir with R¼Rmax and Nf¼Nf,min. We need to provide
DPr at reservoir inlet to overcome geofluid friction and gravity
when flow upward. For a given reservoir depth �Zr, DPr decreases
with increased thermal gradient Thg because of the higher flow-
assisting buoyancy effect. For given reservoir thermal gradient

Fig. 9 Geofluid dynamic pressure drop in reservoir DPd (GPa) as a function of operation
time: case SC0 and SC1 (a), case SC2 (b), case SC3 (c), case SC4 (d), case SC5 (e), and case
SC6 (f)
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Thg, DPr increases with increased �Zr because of substantially large
Rmax in Eq. (42).

The energy needed for fracturing, Wrsv, is calculated by using
Eqs. (12) and (39), as

Wrsv ¼ Nf;min KhfpR2
max �wþ 2wh�holeFs

� �
(43)

Table 7 lists the fracturing energy Wrsv calculated by Eq. (43),
which decreases with increasing depth �Zr and thermal gradients
Thg. This is because Wrsv is proportional to Nf,min, which also
decreases with increasing �Zr and Thg.

The number of years needed for the geothermal field energy
output to compensate for the energy needed for the reservoir
creation is defined by

Yrsv ¼
Wrsv

_Qr � gp � gc � 31:536� 106 s=yr
(44)

where _Qr is calculated by Eq. (35), gc is the energy efficiency of
power plants to convert heat to power. We take gc¼ 16% which is
the national electricity generation efficiency by geothermal energy
[32]. The fracturing pump efficiency, gp, is assumed to be 80%.
Table 7 lists the energy payback year of fracturing the reservoir
for reservoir inlet temperature Tin¼ 70 �C [29,30], showing that
the energy could be paid back within 3 months of operation and
this time decreases as increased �Zr and Thg.

4 Conclusions

The work presents a mathematic model for calculating the
energy consumption of the hydraulic fracturing process, focused
on EGS reservoir creation. In a separate model, we compute the
geofluid flow and heat transfer in the fractures. The results from
these models for EGS reservoirs of depths of 5–10 km and thermal
gradients of 40–80 �C/km are presented. The main contribution of
this work is to examine quantitatively the energy input and output
for a typical EGS reservoir by extending prior analyses from 5 km
to 10 km, improving and expanding existing models for flow and
heat transfer in enhanced reservoirs to include buoyancy effects,
and consideration of both upward and downward flows in them,
and for the first time developing a simplified model for reservoir
hydraulic fracturing energy consumption from which we present
values of that energy.

The energy needed to create a fracture, Whf, is found to be pro-
portional to the volume of the fracture Vhf, where the proportion-
ality coefficient between them, Khf, increases with reservoir depth
�Zr, mostly because a larger in situ stress must be overcome to cre-
ate fractures in deeper reservoir.

From the analysis of reservoir parameters (geofluid flow direc-
tion, fracture separation distance 2Fs, fracture radius R, number of
fractures Nf, fracture width �w, and fracture permeability kf), we
find:

(1) Geofluid flow upward is preferred than geofluid flow down-
ward because buoyancy could help the flow.

(2) Increasing the fracture separation distance 2Fs slows down
the thermal drawdown when Fs< 60 m. When Fs exceeds
60 m, the thermal drawdown is no longer affected by Fs,
indicating that the thermal penetration length of cold geo-
fluid sweep of hot rock blocks is about 60 m. In practice, it
thus may be desirable to separate the fractures by 120 m to
avoid interaction between two fractures.

(3) The larger the fracture radius R, the slower is the thermal
drawdown because larger volume of hot rocks is been
swept.

(4) For a given geofluid total inflow rate, a larger number of
fractures Nf result obviously in a smaller mass flow rate _mf

in each fracture, which reduces the thermal drawdown rate.
(5) The fracture average width �w and permeability kf have neg-

ligible effect on the heat transfer from hot rock blocks to
the geofluid in the fractures. Their effect on geofluid
dynamic pressure drop DPd in the reservoir is, however,
significant, where DPd / 1/ �w � kf approximately. In

Fig. 10 Minimal number of fractures (for 10% drawdown in
40 yr) as a function of fracture radius R; Fs 5 60 m, �w 5 2 mm,
kf 5 10 213 m2, flow upward

Fig. 11 The relation of fracturing energy cost Wrsv with
respect to fracture radius R; F 5 60 m, Nf 5 Nf,min �w 5 2 mm,
kf 5 10213 m2, flow upward

Table 7 Recommended design of reservoirs for different reservoir depths and average thermal gradient

Average reservoir depth (km) �Zr 5 7.5 10

Thermal gradient (�C/km) Thg 40 60 80 40 60 80 40 60 80
Recommended fracture radius (m) Rmax 363 408 431 613 658 681 863 908 931
Recommended number of fractures Nf,min 30 23 19 10 8 7 5 4 4
Reservoir pressure drop (GPa) DPr 20.2 20.8 20.4 37.5 35.7 32.1 55.7 50.9 38.8
Fracturing energy (TJ) Wrsv 51.7 39.9 33.1 18.6 15.1 13.3 10.7 8.8 8.9
Energy payback year (yr) Yrsv 0.235 0.105 0.059 0.050 0.024 0.014 0.020 0.010 0.006
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practice, the achievable value for �w and kf is �w¼ 2 mm and
kf¼ 10�13 m2.

(6) For a given reservoir, to satisfy thermal drawdown �10%
over 40 years, the analysis recommends that each fracture
should have radius R¼Rmax (Eq. (41)) and the correspond-
ing minimal number of needed fracture Nf,min can be found
by solving the nonlinear model.

After this parametric analysis, we calculated the recommended
radius of fracture Rmax, recommended number of fractures Nf,min,
reservoir pressure drop DPr, fracturing energy consumption Wrsv

and energy payback year Yrsv for nine different reservoirs and
tabulated the results in Table 7. Rmax increases with increased �Zr

and Thg while Nf,min, DPr, Wrsv, and Yrsv decreases with increased
�Zr and Thg. Deeper reservoirs with higher thermal gradient will
require less pressure to drive the geofluid circulation in the reser-
voir and require fewer fractures, which reduces the energy con-
sumption for creating the reservoir. The energy payback of the
EGS reservoir is found to be less than 3 months.

Nomenclature

c ¼ average geofluid specific heat in reservoir (J/kg K)
cr ¼ heat capacity of surrounding rocks (J/kg K)
E ¼ Young’s modulus of rock material (Pa)

Fs ¼ the half distance between fractures (m)
g ¼ gravitational acceleration (9.8 m/s2)
G ¼ shear modulus of rock (Pa)
H ¼ height of rectangular fracture (m)
kf ¼ fracture permeability (m2)
kr ¼ thermal conductivity of surrounding rocks (W/m K)

Khf ¼ correlation coefficient of hydro-fracturing pumping
energy consumption with fracture volume (TJ/m3)

L ¼ length of rectangular fracture (m)
Lin/Lout ¼ geofluid inlet/outlet length in a fracture (m)

Lifer ¼ the required reservoir life time (yr)
_m ¼ total geofluid mass flow rate in reservoir (kg/s)
_mf ¼ mass flow rate of geofluid in each fracture (kg/s)

Nf ¼ number of fractures in a reservoir
P ¼ geofluid pressure in reservoir (Pa)

P* ¼ a characteristic pressure related to Darcy’s velocity
drag (Pa)

P̂d ¼ relative dynamic pressure of geofluid (MPa)
�Pr ¼ average reservoir pressure (Pa)

Phf ¼ the pressure applied in situ to fracture rocks (Pa)
Pout ¼ geofluid pressure at reservoir outlet (Pa)
Pr,hp ¼ the hydrostatic pressure at reservoir depth (Pa)
Pref ¼ reference pressure of geofluid to evaluate property (Pa)

_q ¼ heat flux from rock/geofluid interface into geofluid in
fracture (W/m2)

_Qr ¼ the heat production rate of the reservoir (W)
_qhf ¼ volumetric flow rate of fracturing fluid (m3/s)
R ¼ radius of cylindrical shape fracture (m)

riw ¼ radius of injection wellbore (m)
Re ¼ Reynolds number
SH ¼ the in situ horizontal compressive stress (Pa)
SL ¼ the in situ vertical compressive stress (Pa)
St ¼ effective tensile breaking strength of the rock (Pa)
t ¼ reservoir operation time (s)

T ¼ geofluid temperature in reservoir (K)
thf ¼ hydraulic fracturing treatment time (s)
Tr ¼ reservoir rock temperature (K)

Tr,1 ¼ the temperature of undisturbed reservoir rock (K)
Tin/Tout ¼ reservoir inlet/outlet geofluid temperature (K)

Tref ¼ reference temperature of geofluid to evaluate property
(K)

�Tr;1 ¼ average temperature of reservoir (K)
Thg ¼ the average geothermal gradient (�C/km)

U ¼ geofluid velocity in x direction (m/s)
Vr ¼ fracturing fluid velocity (m/s)

V ¼ geofluid velocity in z direction (m/s)
V* ¼ inflow velocity in each fracture (m/s)

Vhf ¼ volume of fracture (m3)
w ¼ fracture width (m)
�w ¼ average fracture width (m)

Whf ¼ energy consumption of hydraulic fracturing (TJ)
wh-hole ¼ energy consumption per meter of the horizontal

wellbore (TJ/m)
Wh-hole ¼ energy consumption to drill horizontal uncased

wellbore used in fracturing process (TJ)
Wrsv ¼ overall fracturing energy consumption (TJ)

x ¼ length in x direction (m)
y ¼ length in y direction (m)
z ¼ length in z direction (m)

�Zr ¼ average reservoir depth (m)
a ¼ average geofluid thermal diffusivity in reservoir (m2/s)
ar ¼ thermal diffusivity of rocks (m2/s)
bT ¼ average geofluid thermal expansion coefficient in

reservoir (K�1)
DPr ¼ pressure drop in reservoir (MPa)
DPd ¼ reservoir dynamic pressure drop (MPa)

DPIW ¼ the friction pressure loss when fracturing fluid flow
through injection well (Pa)

gc ¼ energy efficiency of power plants to convert heat into
power (%)

gp ¼ hydrofracturing pump efficiency (%)
l ¼ average geofluid viscosity in reservoir (Pa�s)

lhf ¼ viscosity of fracturing fluid (Pa�s)
� ¼ Poisson’s ratio of rock material
q ¼ average geofluid density in reservoir (kg/m3)
qr ¼ density of surrounding rocks (kg/m3)

qin ¼ geofluid density at reservoir inlet (kg/m3)
rH ¼ the in situ horizontal stress needed to be overcome

when fracturing (Pa)

Dimensionless Parameters

~P ¼ dimensionless geofluid pressure in reservoir
( ~P¼ (P�Pout)/P

*)
t~¼ dimensionless time (t~¼ tar/Fs)
~T ¼ dimensionless temperature of geofluid ( ~T¼ (T� Tin)/

( �Tr;,1� Tin))
~Tr ¼ dimensionless temperature of rock block

( ~Tr¼ (Tr� Tin)/( �Tr;,1� Tin))
~Tout ¼ dimensionless temperature of geofluid at reservoir out-

let ( ~Tout¼ (Tout� Tin)/( �Tr;,1� Tin))
~U ¼ dimensionless geofluid velocity in x direction

( ~U¼U/V*)
~V ¼ dimensionless geofluid velocity in z direction

( ~V¼V/V*)
~x ¼ dimensionless length in x direction (~x¼ x/R)
~y ¼ dimensionless length in y direction (~y¼ y/Fs)
~z ¼ dimensionless depth in z direction (~z¼ (z� �Zr)/R)

~zr,in ¼ dimensionless depth of reservoir inlet
(~zr,in¼ (zr,in� �Zr)/R)

~zr,out ¼ dimensionless depth of reservoir outlet
(~zr,out¼ (zr,out� �Zr)/R)
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