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a b s t r a c t

Heat extraction mode, e.g. well layout or arrangement of wells, of enhanced or engineered geothermal
system (EGS) is crucial to its performance and directly affects its commercial viability. Assuming the
subsurface target hot dry rock (HDR) has been well-fractured and the created heat reservoir can be
treated as a homogeneous porous medium, we numerically simulate the long-term heat extraction
process of EGSs of various well layouts, including the standard doublet well layout, two triplet well
layouts, and a quintuplet well layout. The simulation results enable a detailed analysis on the effects of
well layout on EGS heat extraction performance. We find simply deploying more production wells does
not necessarily improve the EGS heat extraction performance; an EGS with triplet well layout can
perform better than an EGS with a quintuplet well layout or worse than an EGS with the standard
doublet well layout. One more finding is an EGS with the injection well positioned close to the edge of
the reservoir gets more thermal compensation from the un-fractured rocks surrounding the reservoir
during heat extraction. Further, we deduce an optimized EGS well layout must ensure enough long major
flow path and less preferential flow in the reservoir, and the injection well is located close to the edge of
the reservoir. We then design a quartuplet well layout accordingly. Results from an additional simulation
with respect to the quartuplet well EGS indicate its enhanced heat extraction performance, corroborating
the success of design. Last, we discuss about the hot dry rock (HDR) heat recovery factor based on
numerous simulated cases and estimate the amount of HDR geothermal resource that can be converted
into electricity by EGS.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

There exists enormous heat in hot dry rocks (HDRs) beneath the
planet. It was reported that the total HDR heat within subsurface
3e10 km depths of the United States (US) territory is more than
14�106 EJ [1]. A recent assessment conveyed that the storage ofHDR
heat within subsurface 3e10 km depths in China mainland is about
25 � 106 EJ [2]. Both are huge amounts compared with the total en-
ergy consumption inUSorChina,which is only about 100 EJ annually
[1,2]. The HDR heat represents a large, indigenous energy resource
that has the potential to provide base-load electric power with no or
little environmental footprint [3]. Exploiting heat from HDR may be
an important strategy to meet the fast-growing energy demand.
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Research and development on the extraction and utilization of
HDR heat started a few decades ago [1], dated back to the early
1970s when the concept of enhanced or engineered geothermal
system (EGS) was first proposed by a group of US scientists. In the
construction of EGS, a well is drilled to the target HDR and stim-
ulation treatments are then performed to engineer the target HDR.
After an artificial reservoir of adequate flow conductivity and
sufficient heat exchange area is created, cold fluids are injected to
flow through the reservoir. Heat stored in the HDR is transferred
to the injected fluids and the heat-carrying hot fluids are har-
vested at the production well/wells. The outflow hot fluids are for
earth-surface power-generation and/or direct heat utilizations.
The exhaust fluids may be re-injected into the reservoir to form a
circulation loop.

EGS has been widely envisaged as the major development di-
rection of future geothermal energy utilization. Numerous projects
[5e9] aimed at developing techniques for the creation of EGS pilot
plants, have been and are still being conducted around the world.
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However, there is no an EGS plant that has been really commer-
cialized to date. Designing advanced heat extraction modes (e.g.
well layout or arrangement of wells) to efficiently mine heat from
subsurface HDRs may improve the performanceecost ratio of EGS
and accelerate its commercialization.

The procedures for constructing an EGS include geological
investigation for site-picking, well-drilling, reservoir stimulation,
construction of fluid-circulation system, construction of earth-
surface power station, and installation of power transmission
lines. Well-drilling is a requisite and the most costly procedure, as
evident in many geothermal projects [1]. It was reported that the
cost of well-drilling could amount to 50%e60% or more of the total
capital investment [10,11]. The well-drilling technology is relatively
mature as it has been developed and applied in the oil and gas
industry for decades [12,13]. However, geothermal drilling, espe-
cially for applications in EGS, is often far more difficult than in the
oil and gas operations as the HDR is usually harder and of higher
temperature, and the fluids may be corrosive to the drill bit as well
[10e14]. New technologies of borehole drilling are critically needed
in the development of commercially viable EGS. A proper design of
well layout may reduce technical risks at well-drilling and bring
positive effects on the economic performance of EGS.

The single well productivity is a key factor dictating the com-
mercial viability of EGS. An outflow of 80 kg/s flow rate with fluid
temperature at 423.15 K or higher is the target for an EGS to
achieve the goal of commercial operation [4]. No field tests have
realized this target so far. The EGS project at Soultz has reported a
maximum well productivity of about 26 kg/s [8]. To achieve suf-
ficiently high well productivity remains to be a big challenge to
the commercialization of EGS. The low circulation flow rate was
mainly caused by the low permeability of the stimulated reservoir
and the poor inter-well connectivity [15,16]. The multi-well
strategy can add fracturing implementation loci, which is helpful
in stimulating more fissures and somewhat homogenizes the
distribution of permeability and porosity in the reservoir. Arran-
ging more wells can generally shorten the well distance and can
enhance the subsurface inter-well connectivity, facilitating the
fluid circulation and at the same time reducing the possibility of
fluid loss. Given the current rock fracturing technologies, the
multi-well strategy may be one of the few effective methods to
improve the well productivity. However, as aforementioned, the
well-drilling is very time-consuming and costly. An optimal design
to the well layout is absolutely needed before commencing prac-
tical well-drilling.

During the operation of an EGS, there undergoes a coupled
thermal-hydraulicemechanicalechemical (THMC) process in the
subsurface fractured rock mass [17,18]. Nevertheless, the fluid flow
and heat transfer (TH) process occurs in the subsurface region(s) of
EGS play a pivotal role in the involved heat extraction process
[19e21]. We have recently developed a 3D transient model, which
is capable of modeling long-term heat extraction processes of EGSs
[22,23]. This model focuses on the complete subsurface heat ex-
change (i.e. TH) process and safely neglects the chemical and me-
chanical (CM) actions between the rock and fluid.

The purpose of the present work is to scrutinize the effects of
well layout on EGS heat extraction performance. We model the
heat extraction processes of EGSs with various well layouts with
the previous model [22,23]. The standard doublet (one injection
well, one production well), two triplets (one injection well, two
production wells) and a quintuplet (one injection well, four pro-
duction wells) well EGSs are considered. Design and optimization
of EGS well layout will be discussed accordingly. Moreover, we
assess the recoverable HDR heat resource according to the overall
heat extraction factor derived from a large quantity of model
results.
2. Methodology

2.1. Model equations and concepts

We have previously reported a three-dimensional numerical
model for the simulation of EGS long-term heat extraction pro-
cesses [22,23]. In this model, the heat reservoir is treated as an
equivalent porous medium characterized by some macroscopic
properties (e.g. porosity and permeability) without considering
any detailed information on fracture morphology and location.
During the operation of EGS, the fluid injection temperature
ranges from 300 to 350 K, evident temperature differences exist
between the rock and heat transmission fluid in some portion or
even most of the reservoir. The model considers local thermal
non-equilibrium between the solid rock matrix and fluid flowing
in the fractured rock, and employs two energy conservation
equations to describe the temperature evolution of the rock
matrix and of the heat transmission fluid in the fractures,
respectively, enabling the modeling and analyses of local
convective heat exchange in the reservoir. Another salient feature
of this model is its capability of simulating the complete sub-
surface heat extraction process in EGS. The model treats the EGS
subsurface multiple domains as a single-domain of three sub-
regions associated with different sets of geophysical properties.
Sub-region 1 represents the porous heat reservoir of finite
porosity and permeability; sub-region 2 the impermeable solid
rocks enclosing the heat reservoir; sub-region 3 the open-
channel injection and production wells of unity porosity and
infinite permeability. This single-domain treatment circumvents
typical difficulties about matching boundary conditions between
sub-domains in traditional multi-domain approaches and facili-
tates numerical implementation and simulation of the complete
subsurface heat exchange process. The governing equations of
this model are presented as follows.

Mass continuity equation:
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Energy conservation equation for the heat transmission fluid
flowing in the fractures:
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Energy conservation equation for heat transport in the rock
matrix of the heat reservoir or in the surrounding impermeable
rocks:

v
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The application of the full-form NaviereStokes momentum
equation, Eq. (2), enables a general treatment to the fluid flow in
open-channel injection and production wells and in the porous
heat reservoir. Two energy equations, Eqs. (3) and (4) are used. One
is for the heat conduction in HDR (or rock matrix); the other for the
heat convection and advection in the fluid. In each of the energy
equations there is a term ± ha(Ts � Tf) introduced to describe the
heat exchange between the solid rock matrix and fluid flowing in
the fractures of the reservoir. The effective heat conductivities
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keffes in Eqs. (3) and (4) are determined in terms of the Bruggeman
theorem with a correction factor of 1.5, i.e.
keffs ¼ ksð1� εÞ1:5and kefff ¼ kfε1:5. More descriptions about this
model, such as mathematical-physical assumptions, have already
been detailed in Refs. [22,23] and are thus not repeated herein.

To facilitate analyses and discussion, we define six parameters
relevant to the EGS heat extraction process.

1) Production temperature Tf,out(t): the fluid temperature at the
outlet of the production well.

2) EGS abandonment temperature Tf,a: the outflow fluid temper-
ature being 10 K lower than the maximum production tem-
perature, different from its general definition that is referred to
the average rock temperature in the reservoir being 10 K lower
than its initial value [24e26]. For example, if the maximum
production temperature is 460 K, the EGS abandonment tem-
perature should be 450 K, allowing 10 K temperature drop of the
outflow fluid. We put forth this definition of EGS abandonment
temperature mainly due to the reason that the performance of
relevant equipments is affected directly by the production
temperature [27], instead of the rock temperature in the
reservoir.

3) EGS service-time or lifetime t: the time-duration for an EGS
being operated until the production temperature Tf,out(t) de-
clines down to the EGS abandonment temperature Tf,a.

4) Local heat extraction ratio gL(t): the extracted heat divided by
the stored heat, locally. As the heat capacity and density of the
rock are assumed constant, the definition of gL can be
expressed as

gLðtÞ ¼
Ts;i � TsðtÞ
TsðtÞ � To

(5)

where Ts,i, Ts(t) and To represent the initial local rock temperature,
the local rock temperature at time instant t, and the ground surface
temperature, respectively.

5) Overall heat extraction ratio g(t): the volumetric average heat
extraction ratio in the reservoir, that is,

Z
gLðtÞdv
Table 1
Thermophysical properties of fluid and rock.

Thermal capacity
(J/kg/K)

Thermal conductivity
(W/m/K)

Density
(kg/m3)

Viscosity
(kg/m/s)

Fluid 4200 0.6 1000 0.001
Rock 1000 2.1 2650 N/A
gðtÞ ¼ VR

VR
(6)

where VR represents the reservoir volume.

6) Proportion of thermal compensation from rocks enclosing the
reservoir, b(t): the heat extracted from the surrounding imper-
meable hot rocks divided by the accumulative heat extraction
amount of the fluid, that is
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where VS is the volume of the rocks enclosing the reservoir and Q
the volumetric flow rate of the heat transmission fluid. VS is
physically infinite, but practically only the rocks that are close
enough to the heat reservoir will have detectable contribution to
the heating of the heat transmission fluid.
2.2. Model parameters

2.2.1. Reservoir permeability and porosity
Reservoir permeability and porosity may be the two most

important parameters dominating EGS heat extraction process.
They dictate the flow distribution and the flow resistance (i.e. the
needed external pump work) and thereby directly affect the EGS
performance, including the heat extraction performance, lifetime,
and economic performance etc. Many factors, such as the rock
local stress state, in-situ natural fractures, fluid injection pres-
sure, and rock/fluid chemical composition, may play important
roles in the engineering of EGS reservoir [28e30]. The rock
temperature evolution during the operation of EGS can also
greatly change the reservoir permeability and/or porosity as the
hot rock contracts in response to the injected cold fluid [31e33].
Limited by the current technologies, it is almost impossible to
obtain the detailed local distributive information of the perme-
ability and porosity in the reservoir. Literature works suggested
overall reservoir permeability and porosity values, while both are
very divergent data (even for the same EGS test/demonstration
field) ranging from 10�4 [15,21] to 10�2 [17,18,34] for the reser-
voir porosity and 10�8 [35] to 10�18 m2 [19,36] for the reservoir
permeability. In the present work, we assume that the EGS
reservoir has been homogeneously fractured, being of constant
and uniform porosity and permeability, which are 0.01 and
10�14 m2, respectively.

2.2.2. Thermophysical properties
Though the suggestion of using supercritical CO2 as EGS heat

transmission fluid has been proposed for years [37], liquid water
is still the most common heat transmission medium used in the
to-be-developed or in-operation EGS plants. The present work
takes liquid water as the heat transmission fluid and assumes no
phase change occurring during the subsurface heat extraction
process. Thermophysical properties of the fluid and rock are
constant, not changing with temperature and/or pressure, as
listed in Table 1.

Local geothermal gradient is an important factor considered
during EGS site-picking. The geothermal gradient of the selected
EGS site is usually higher than the average value to avoid too
deep well-drilling. The present work assumes a constant
geothermal gradient, 4 K/100 m, which means the rock temper-
ature at subsurface 4000 m depth is 460 K, given a 300 K ground
temperature.

2.2.3. Geometrical conditions
The volume of the created reservoir determines the total

thermal energy that is directly exposed to the heat transmission
fluid. It is an important factor affecting the commercial viability
of EGS. Though no concrete proofs can explicitly show the
geometrical configuration of the reservoir, micro-seismicity
measurements are able to reveal its approximate volume
[38e40]. Rock-fracturing technologies have already demon-
strated its capability of creating up to 3 km3 reservoirs [1]. The
shape of artificial reservoirs is highly irregular and very hard to
describe; the boundary between the reservoir and surrounding
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un-fractured rocks is hard to define because of the spatially
gradual change of fracture network caused by, for instance, the
hydrothermal alteration effects on the rock permeability and
porosity [38e41]. The reservoir considered in this particular work
is a 500 � 500 � 500 m cubic volume, centered at subsurface
4000 m depth. From the assumed 4 K/100 m geothermal gradient
and 300 K ground temperature, it is easy to calculate the average
temperature in the reservoir, 460 K. This geothermal resource can
meet the general temperature demand of an ordinary geothermal
power plant.

The geometry, including geometrical dimensions of the stan-
dard doublet (one injectionwell and one productionwell) well EGS
is displayed in Fig.1. The distance from thewell center to the nearby
reservoir boundary is 50 m. The simulated domain is a
2000� 6000� 2000mvolume. The injection and productionwells
are both 0.2 � 0.2 m square-shaped on the xy-plane. In Fig. 1 also
presented is the numerical mesh system. Structural hexahedral
meshes are used to discretize the whole domain and the meshing
process is elaborately controlled to ensure sufficient fine meshes in
the injection and production wells and in the reservoir. Totally,
there are about 270,000 numerical elements. Grid-independence
tests have been conducted to guarantee the present mesh system
gives solutions of satisfying accuracy.

We perceive the well layout has profound effects on the EGS
performance [22] thereby design four well layouts, as sketched
in Fig. 2, for a thorough study to the relevant effects. Besides the
standard doublet well layout, we have designed two triplet well
EGSs with one injection well and two production wells, and a
quintuplet well EGS with one injection well and four surround-
ing production wells. Particularly for the triplet well EGSs, in
terms of the relative positions of the three wells, there are two
well layouts considered. One has a triangular arrangement about
the three wells (referred as triplet-triangle hereinafter), as
shown in Fig. 2c; the other has the three wells aligned along a
straightline (referred as triplet-straightline hereinafter), as
shown in Fig. 2b.

2.2.4. Other model parameters
We consider all the four cases, as tabulated in Table 2, have the

same fluid injection rate, 50 kg/s, while the single-well fluid pro-
ductivity varies from 12.5 to 50 kg/s owing to different number of
productionwell(s). Cases differ from each other due to the reservoir
well layout and/or the single-well productivity. The parameters, h
and a, reflect actually the constitutive condition for heat exchange
between the fluid flowing in the fractures and the rock matrix in
Fig. 1. Geometry (including geometrical dimen
the reservoir. We consider the product of h and a as a single
parameter and specify it to be 1.0 W/m2/K for all the cases. Initially,
the injection and production wells are full of water of temperature
300 K; the temperature of water in the fractures of the reservoir is
equal to the local rock matrix temperature. The inflow water
temperature is fixed at 343.15 K. For the fluid flow, the inlet
boundary condition is fixed mass flow rate and the outflow
boundary condition fixed fluid pressure.

3. Results and analyses

We numerically solved the group of governing equations, Eqs.
(1)e(4), for all the four cases. The solution strategies have already
been detailed in Refs. [22,23] and are thus not repeated here.

3.1. Heat extraction of doublet EGS

Preferential or short-circuit flow in reservoir is a notorious issue
annoying EGS researchers and engineers [7,15,42]. From the x-ve-
locity distribution, shown in Fig. 3, we see an obvious preferential
flow exists in the reservoir of the doublet EGS, i.e. case 1. The fluid
prefers to flow in a narrow-z region centering about the mid-z xy-
plane.

Fig. 4 shows the temperature of rock in the reservoir at four time
instants. Upon the EGS operation, the injected cold fluid quickly
cools down the rock mass adjoining to the injection well borehole
and a low rock temperature region forms therein. As the heat
extraction process progresses, the low-temperature region gradu-
ally expands.

The production temperature as a function of EGS operation time
is displayed in Fig. 5. If the fluid can be fully heated-up by the rock,
the production temperature is around 460 K, which is the initial
average rock temperature in the reservoir. Once the low rock
temperature region expands too close to the production well, i.e. at
about 8 years into the EGS operation, the fluid does not have suf-
ficient time to extract heat from the rock mass in the reservoir and
the production temperature begins to decrease. From Fig. 5 we
determine as well the lifetime of this EGS is 19.6 years, i.e. t ¼ 19.6
years.

We calculated the heat extraction ratio, gL(t) and g(t). Fig. 6
depicts the calculated gL(t) results. At the end of EGS operation
(time ¼ t), a large portion of heat stored in the reservoir has not
been extracted. From the overall heat extraction ratio curve as a
function of EGS operation time, g(t), which has been already
depicted in Fig. 5, we find the overall heat extraction ratio at the
sions) and mesh of the doublet well EGS.



Fig. 2. Schematic of the four well layouts considered.
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end of EGS operation, i.e. g(t), is only about 0.26. That is to say,
about 74% of the total heat stored in the heat reservoir is not mined
out.

The preferential flow makes most of the fluid has limited resi-
dence time in the reservoir and a large portion of rock mass has
little chance to access the heat transmission fluid. The occurrence of
preferential flow deteriorates the heat extraction performance and
leads to a premature EGS operation.

During EGS operation, the rockmass in the reservoir is cooled by
the heat transmission fluid, and a temperature difference is thus
formed between the rock matrix in the porous reservoir and the
rock enclosing the reservoir. Heat is then conducted from the sur-
rounding impermeable rocks to the reservoir. This thermal
compensation action is illustrated in Fig. 7. We see strong thermal
compensation action in the vicinity region of the injection well,
Table 2
Cases studied.

Case# Well layout Mass flow rate
Q (kg/s)

Single-well production
Qs (kg/s)

1 Doublet 50 50
2 Triplet-straightline 50 25
3 Triplet-triangle 50 25
4 Quintuplet 50 12.5
where the rock mass has been sufficiently cooled down by the
injected fluid.We quantify this thermal compensation effect on EGS
heat extraction process by the parameter b(t), defined by Eq. (7). It
is calculated that at the time instant t (i.e. 19.6 years), b amounts to
be 6.3%, meaning accumulatively, about 6.3% of the heat extracted
by the outflow fluid has come originally from the rock mass
enclosing the reservoir.

3.2. Well layout effects

During design and practical development of EGS, enhancing
subsurface inter-well connectivity and alleviating preferential flow
in the reservoir are two important and seemingly conflicting
measures that deserve full consideration for achieving better EGS
performance. Current reservoir stimulation technologies have not
yet reached that high level that can create a reservoir of desired
fracture networks with ease [43e45]. The strategy of arranging
more than one production well can probably give consideration to
bothmeasures aforementioned and has been implemented in a few
EGS power stations [5e7]. How does the well layout affect the EGS
heat extraction performance and what are the underlying funda-
mentals? We attempt to answer these questions in the following
paragraphs.

Results of fluid flow field in the reservoir for cases 2, 3, and 4 are
shown in Fig. 8. The fluid flow pattern in the reservoir is largely



Fig. 3. x-Velocity (m/s) distribution in the heat reservoir of the doublet well EGS (case 1). Left: 3D distribution in half of the reservoir geometry; middle: contour plots on two
representative planes; right; contour plot on a diagonal plane.
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influenced by the well layout. Compared with the corresponding
results for case 1 (see Fig. 3), the triplet-straightline well layout
(case 2) evidently aggravates the preferential flow and makes the
fluid flow being more confined in a narrower-z region centering
about the mid-z xy-plane; the triplet-triangle (case 3) and quin-
tuplet (case 4) EGSs both show evident improvement at the fluid
flow distribution in the reservoir, in particular for the triplet-
triangle well EGS (case 3), the fluid flow distributes quite uni-
formly in the reservoir.

Fig. 9 presents the production temperature as a function of the
EGS operation time for all the four cases. The curves differ from
each other mainly at the time duration that the production tem-
perature retains at the maximum production temperature, i.e.
about 460 K. Case 3 shows the longest time duration, case 4 the
second longest, case 1 the third, and case 2 the shortest. As
Fig. 4. Temperature (K) of rock in the heat re
mentioned in Section 3.1 in relation with Fig. 5, the decrease of
production temperature is caused by the injected cold fluid breaks
through the reservoir and does not have enough time to extract
heat from the rock mass. Therefore, the fluid flow pattern in the
reservoir dictates the evolution of production temperature. More
uniform flow distribution or less preferential flow in the reservoir
leads to better EGS performance. It is easy to determine from Fig. 9
that the EGS lifetimes of the four cases, cases 1, 2, 3, and 4, are 19.6,
9.8, 29.8, and 26.9 years, respectively.

Results shown in Fig. 9 indicate that an EGS of triplet well layout
perform better than an EGS of doublet well layout only if the triplet
well layout has been properly designed, and an EGS of quintuplet
well layout may even perform worse than an EGS of triplet well
layout. We further deduce from the calculated results that simply
drilling more wells does not surely enhance the EGS performance
servoir of the doublet well EGS (case 1).



Fig. 5. Production temperature and heat extraction ratio curves for the doublet well
EGS (case 1).

Fig. 7. Rock temperature (K) on the central xy-plane at the end of the EGS operation for
case 1.
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as the well layout may play a more determinant role, not even
mentioning drilling more wells may significantly increase the
initial investment of EGS plants.

We calculate the local heat extraction ratio in the reservoir and
present its distribution on a representative plane of the reservoir at
the end of EGS operation in Fig. 10 for all the four cases. Specially,
we draw additionally iso-value surfaces with gL(t) ¼ 0.4 in this
figure. These plots clearly show that the heat extraction process of
case 3 has been carried out with the best completeness, case 4 the
second best, case 1 the third, and case 2 theworst. All the four cases
are seen to have some regions with very low local heat extraction
ratio. Generally, the low heat extraction ratio regions are close to
the production well or wells.

Fig. 11 summarizes the calculated overall heat extraction ratio
and thermal compensation proportion at the end of EGS operation,
i.e. g(t) and b(t) for all the four cases. It is seen that the final
overall heat extraction ratio for the EGSs with different well lay-
outs varies within 0.136e0.397. The EGS of triplet-straightline well
layout has the worst heat extraction performance, the doublet
well EGS the second worst, the quintuplet well EGS the third
worst, and the EGS of triplet-triangle well layout the best. The final
thermal compensation proportions are 0.063, 0.020, 0.075, and
0.035 for the doublet well EGS, the EGS of triplet-straightline well
layout, the EGS of triplet-triangle well layout, and the quintuplet
well EGS, respectively. The doublet well EGS and the EGS of triplet-
triangle well layout get relatively larger amount of thermal
compensation from the rocks enclosing the reservoir mainly due
to the fact that the injection well is located close to the edge of the
Fig. 6. The final local heat extraction ratio distribution, gL(t), in the heat reservoir of the do
contour plots on two representative planes; right; contour plot on a diagonal plane.
reservoir. During EGS operation, a low rock temperature region is
formed in the vicinity region of the injection well (Refer to Figs. 4,
6 and 10). Positioning the injection well close to the edge of the
reservoir thereby facilitates the thermal compensation process
(Refer to Fig. 7). The EGS of triplet-triangle well layout gets slightly
more thermal compensation than the doublet well EGS as the
former has longer lifetime. The same reason leads to the slight
difference (0.015) of thermal compensation proportion between
the quintuplet well EGS and the EGS of triplet-straightline well
layout.

3.3. Design of well layout

From the results detailed in Sections 3.1 and 3.2, we see that
multiplet well layout does have positive effects on the heat
extraction of EGS if the well layout is properly designed. The ana-
lyses in the foregoing sub-sections also indicate that at least two
basic principles need to be followed during the design of EGS well
layout: 1) longer major flow path; 2) less preferential flow. Fig. 12
illustrates the length of major flow path in reservoirs of EGSs
with different well layouts. It is seen that the triplet-straightline
well layout simply reduces half of the major flow path of the
doublet well EGS, the other two cases both have longer major flow
path than the doublet well layout, and the triplet-triangle well
layout has the longest flow path. In addition, to maximize the
thermal compensation from rocks enclosing the reservoir, the in-
jection well needs to be positioned close to the edge of the reser-
voir. As the triplet-triangle well layout strictly follows all the
principles, it gives the best heat extraction performance.
ublet well EGS (case 1). Left: 3D distribution in half of the reservoir geometry; middle:



Fig. 8. x-Velocity (m/s) distribution in the reservoir for cases 2, 3 and 4. Upmost row: case 2; mid-row: case 3; bottom row: case 4. Left column: 3D distribution in half of the
reservoir geometry; middle column: contour plots on two representative planes; right column; contour plot on a diagonal plane.
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Accordingly, we further design a quartuplet well layout (sche-
matic displayed in Fig. 13) and simulate the long-term operation of
this quartuplet well EGS. Its lifetime is calculated to be 30.6 years
and the final overall heat extraction ratio is 0.408. Both are a little
better than those of case 3, validating the basic principles we
proposed for the design of EGS well layout. It is worth pointing out
that the improvement at the EGS heat extraction performance is
not significant compared to the EGS of triplet-triangle well layout,
indicating the triplet-triangle well layout is already a very good
well layout design.
Fig. 9. Evolution of EGS production temperature for all the four cases.
3.4. Estimation of recoverable HDR resource

The HDR heat resource is ubiquitous across the planet. Never-
theless, there are some places, which may be not suitable for EGS
construction due to social and/or humanistic factors, such as na-
tional parks, recreation areas, urban areas, major highways, utility
corridors, and national monuments. Besides, the regions where the
geothermal gradient is relatively low, the areas where the under-
ground rock is too stiff to drill, and/or the places where water (i.e.
the common heat transmission fluid) is very scarce are all not
appropriate choices for EGS construction from a commercial
perspective. To estimate the potential of HDR heat resource, all
these factors must be taken into account. More importantly, both
the fraction of heat that can be extracted from EGS reservoir and the
heat-to-electricity conversion coefficient provide the most
compelling information for the estimation. A recovery factor of 2%,
which may be somewhat conservative, was used to estimate the
potential of HDR heat resource in US [1].

Since the total heat reserve in HDR is constant, the heat
extraction ratio becomes the most important factor that influences
the estimation of EGS potential [46]. Considerable efforts [24e26]
have been expended to estimate the HDR heat recovery factor.
Sanyal and Butler [24] used a 3-dimensional numerical model and
calculated the fraction of HDR heat that could be extracted. They
found that the recoverable heat from a minimum 1 � 108 m3

(approximately 500 � 500 � 500 m dimensions) reservoir volume
is within 34%e47% of the total heat stored, and they asserted that
this recovery factor is independent of well layout, fracture spacing,
and reservoir permeability, as long as the reservoir volume ex-
ceeds 1 � 108 m3. Grant and Garg [25] expressed their doubts on
Sanyal and Butler's results as the used model by Sanyal and Butler



Fig. 10. The final local heat extraction ratio distribution in the reservoir and an iso-surface with gL(t) ¼ 0.4 for all the four cases.
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encompassed too many simplifications. Williams [26] also sug-
gested a much different HDR heat recovery factor, less than 0.1. To
date, there are yet no field test data on the long-term heat
extraction process of EGS, which makes validation and calibration
of the numerical results extremely difficult. Nevertheless, nu-
merical simulation based on rational simplification models may
still be the most effective method for the estimation of HDR
recoverable heat.

The present work takes the reservoir as a homogeneous porous
medium and the overall heat extraction ratio, defined by Eq. (6), at
the end of EGS operation, i.e. g(t), is actually the HDR heat re-
covery factor. Besides the 4 cases listed in Table 2, we simulated 18
cases more. The calculated recovery factors, summarized in
Fig. 11. Overall heat extraction ratio and thermal compensation proportion at the end
of EGS operation for all the four cases.
Table 3, are found to be within a range of 13%e49%, strongly
dependent on the well layout of EGS, whereas relatively less
dependent on the other parameters examined. If considering a 10%
heat-to-electricity conversion efficiency [47] and an additional
reduction factor of 0.95 as some places may be not suitable for
constructing EGS plants, we estimate the potential of HDR heat for
electricity-generation is only about 1.2%e4.9% of the total heat
storage.

4. Confidence estimation of model results

To establish sufficient confidence of model results, we do
additionally the following three aspects of model validation work.
First, we evaluate numerical errors based on the Richardson
extrapolation technique [48]. For the case of quintuplet well layout
(i.e. case 4), three calculations with different numerical mesh sys-
tems were performed. The three mesh systems have numerical
elements (Ne): 269,080, 362,880 and 1,164,870, respectively.
Assuming the obtained heat extraction ratio g(t) to be linearly
dependent on the parameter, 1/(Ne), we determine the accurate
value of g(t), taken when Ne equals infinite, is 0.3688. The mesh
system employed in the present work, which has 269,080 numer-
ical elements, gives g(t) ¼ 0.356 (see in Fig. 11), deviating the
extrapolated accurate value by 3.47% only.

Second, we compare the present model results with some
published results. Aimed to explore the involved multi-
disciplinary transport in EGS subsurface geometry during heat
extraction, numerous numerical models [19,21,49e54] have been
developed. Despite different methods used and different geolog-
ical conditions considered, all these published works confirmed
that the fluid flow distribution in heat reservoir is an important
factor dictating the heat extraction performance of EGS. Moreover,
the obtained curves (see e.g. Fig. 5 in Ref. [19], Figs. 9 and 10 in



Fig. 12. Length of major flow path, a) the doublet well layout, b) triplet-straightline well layout, c) triplet-triangle well layout, and d) quintuplet well layout. L2 ¼ 0.5 L1, L3 ¼ 1.12 L1,
L4 ¼ 0.71 L1.
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Ref. [49], Fig. 5 in Ref. [50], Fig. 11 in Ref. [51], and Fig. 2 in Ref. [53])
of production temperature versus EGS operation time are quali-
tatively similar to the results displayed in Figs. 5 and 9 of the
present work.

Third, we compare the model predictions with measured data
from EGS field tests. Though numerous projects aimed to develop
EGS pilot plants have been and are still being conducted around
the world, there are generally no measured data about long-term
(i.e. 10 or even 20 years) fluid circulation operation [55]. Numerical
model results including the results obtained in the present work
show that if there is no severe preferential flow forming in the
reservoir and the well borehole casing is well insulated to avoid
excessive heat loss, the production temperature will remain
steadily at a high level for years. Several mini EGS pilot plants have
preliminarily confirmed this [55]. It is expected that more and
more EGS field test results will be gradually unveiled in the future,
which makes further validation of numerical models become
feasible.
Table 3
Cases considered for the estimation of HDR recoverable heat and the obtained
results.

Case# Well layout K (m2) VT Q Tf,in t g b(t)
5. Conclusions

We assumed the EGS subsurface heat reservoir as homoge-
neous porous medium and carried out a series of numerical
simulations to evaluate and analyze the effects of well layout on
EGS heat extraction performance. For the four cases of distinct
well layouts considered, the triplet-triangle well EGS shows the
best heat extraction performance. A detailed analysis to the
simulation results revealed the underlying mechanisms. The
triplet-triangle well layout effectively restrains preferential flow
in the reservoir and at the same time keeps the major flow path
Fig. 13. Schematic of the optimized quartuplet well layout, L5 ¼ L3 ¼ 1.12 L1.
sufficiently long. The thermal compensation from un-fractured
rocks surrounding the reservoir contributes some to the heating
of the circulating fluid; about a few percent of the cumulative
heat extraction amount can come from the heat stored in these
rocks. Moreover, positioning the injection well close to the edge
of the reservoir effectively facilitates the thermal compensation
process.

Specially, for the EGS considered, which is of a
500� 500� 500m homogeneously fractured reservoir, the triplet-
trianglewell layoutmay be the best choice for heat extraction, since
even with an optimized quartuplet well layout, little improvement
at the heat extraction performance can be achieved. The HDR heat
recovery factors calculated from 22 cases are found to be within
13%e49%, which show strong dependence on the well layout,
whereas relatively slight dependence on the parameters like the
reservoir permeability, the geothermal gradient, the fluid flow rate,
and the fluid injection temperature. Accordingly, we estimate the
potential of HDR heat for electricity-generation is about 4.9%
maximized.

For real heterogeneous heat reservoirs, the obtained heat re-
covery factors may be exaggerated to some extent and the opti-
mized well layout may be significantly different from the triplet-
triangle well layout or quartuplet well layout proposed in the
present work. Nevertheless, the proposed principles: longer major
flow path, less preferential flow, and positioning the injection well
(K/100 m) (kg/s) (K) (year) (%) (%)

1 Doublet 10�14 4 50 343 19.6 26.3 6.3
2 Triplet-straightline 10�14 4 50 343 9.8 13.6 1.96
3 Triplet-triangle 10�14 4 50 343 29.8 39.7 7.50
4 Quintuplet 10�14 4 50 343 26.9 35.6 3.5
5 Doublet 10�14 4 150 343 6.34 26.0 2.06
6 Doublet 10�10 4 150 343 6.7 26.1 2.12
7 Doublet 10�12 4 150 343 6.34 26.0 2.06
8 Doublet 10�16 4 150 343 6.34 26.0 2.06
9 Triplet-straightline 10�14 4 150 343 3.11 12.44 0.87
10 Triplet-triangle 10�14 4 150 343 9.8 38.5 3.78
11 Quintuplet 10�14 4 150 343 8.58 35.2 1.73
12 Triplet-straightline 10�14 4 100 343 4.76 12.83 1.20
13 Triplet-triangle 10�14 4 100 343 14.85 48.9 4.94
14 Quintuplet 10�14 4 200 343 6.38 33.33 1.39
15 Doublet 10�14 4 50 300 18.3 34.65 5.20
16 Triplet-straightline 10�14 4 50 300 8.95 15.79 1.86
17 Triplet-triangle 10�14 4 50 300 28.35 48.55 7.32
18 Quintuplet 10�14 4 50 300 24.24 44.32 3.40
19 Doublet 10�14 5 50 343 18.33 25.9 5.2
20 Triplet-straightline 10�14 5 50 343 8.99 13.2 1.8
21 Triplet-triangle 10�14 5 50 343 28.43 38.6 6.7%
22 Quintuplet 10�14 5 50 343 24.32 34.3 3.2%
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as close as possible to the edge of the reservoir, for the design of
advanced well layout should be still effective. It is worth pointing
out as well that better heat extraction performance of EGS may be
achieved by other measures, for instance, drilling directional or
horizontal wells, other than designing multi-well heat extraction
mode of particular interest in the present work.
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Nomenclature

a specific surface area of aperture network (m2/m3)
cp heat capacity (J/kg/K)
g acceleration of gravity (m/s2)
h convective heat transfer coefficient (W/m2/K)
k thermal conductivity (W/m/K)
keffs effective thermal conductivity of rock (W/m/K)
kefff effective thermal conductivity of heat transmission fluid

(W/m/K)
K reservoir permeability (m2)
L distance from injection well to production well (m)
L1 distance from injection well to production well of case 1

(m)
L2 distance from injection well to production well of case 2

(m)
L3 distance from injection well to production well of case 3

(m)
L4 distance from injection well to production well of case 4

(m)
L5 distance from injection well to production well of the

quartuplet EGS (m)
Ne number of numerical elements (�)
p pressure (Pa)
Q mass flow rate of heat transmission fluid (kg/s)
Qs single-well production of heat transmission fluid (kg/s)
t time (s)
t0 time (s)
T temperature (K)
Tf liquid temperature (K)
Tf,a abandonment temperature (K)
Tf,in injection temperature (K)
To ground surface temperature (K)
Tf,out production temperature (K)
Ts rock temperature (K)
Ts,i initial rock temperature (K)
u velocity vector (m/s)
v volume (m3)
VR reservoir volume (m3)
VS volume of rock surrounding the reservoir (m3)
x horizontal axis in Cartesian coordinates
y vertical axis in Cartesian coordinates
z horizontal axis in Cartesian coordinates

Greek symbols
r density (kg/m3)
ε porosity (�)
m viscosity (Pa s)
t EGS lifetime (years)
b proportion of thermal compensation
g heat extraction ratio
gL local heat extraction ratio
q time (s)
VT geothermal gradient (K/100 m)
Subscripts/superscripts
eff effective
i initial
L local
f fluid
s solid or rock or single well
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