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Closed-loop geothermal energy recovery technology has advantages of being independent of reservoir
ﬂuid and permeability, experiencing less parasitic load from pumps, and being technologically ready and
widely used for heat exchange in shallow geothermal systems. Commercial application of closed-loop
geothermal technology to deep high-enthalpy systems is now feasible given advances in drilling technology. However, the technology it uses has been questioned due to differences in heat transport capacities of convective ﬂow within the wellbores and conductive ﬂux in the surrounding rock. Here we
demonstrate that closed-loop geothermal systems can provide reasonable temperature and heat duty for
over 30 years using multiple laterals when installed in a suitable geological setting. Through use of two
analytical methods, our results indicate that the closed-loop geothermal system is sensitive to reservoir
thermal conductivity that controls the level of outlet temperature and interference between wells over
time. The residence time of the ﬂuid in the horizontal section, calculated as a ratio of the lateral length to
ﬂow rate, dictates heat transport efﬁciency. A long vertical production section could cause large drops in
ﬂuid temperature in a single lateral production system, but such heat loss can be reduced signiﬁcantly in
a closed-loop system with multiple laterals.
Crown Copyright © 2021 Published by Elsevier Ltd. All rights reserved.
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1. Introduction
Geothermal energy is one of a suite of renewable energies that
can help to reduce global CO2 emissions [1] and transition modernday society to a lower-carbon economy [2]. While having the
beneﬁt of being able to provide baseload power supply, geothermal
development comes with the challenge of ﬁnding thermal reservoirs that have porosity and permeability suitable for economic
production [3]. Such traditional geothermal development typically
involves drilling a production well, for extraction of deep thermal
waters, along with a re-injection well to dispose of produced ﬂuids
after heat extraction. In the subsurface, heat is carried by ﬂuids
transported through porous and/or fractured media towards the
production well [4], and both heat conduction and convection
affect the overall heat production efﬁciency (Fig. 1). In contrast,
shallow geothermal-exchange systems that have been widely used
around the world for space heating [5] make use of a closed-loop
system that circulates a working ﬂuid to extract and store heat
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underground (depending on the season). Advances in drilling
technology have led to consideration of such closed-loop systems
for development of deeper (higher temperature) geothermal resources (e.g., Eavor Technologies, 2021; [6]. Such closed-loop systems are similar to geothermal-exchange, but at a much larger scale
to utilize deeper high-enthalpy resources [5]. In concept, closedloop technology applies thousands of meters long horizontal
wellbores in the target thermal reservoir that are connected by two
vertical wells, one inlet well, and one production well (Fig. 2). A low
temperature working ﬂuid is injected from the inlet, heated mostly
through the horizontal interval in a geothermal reservoir with
proper thermal properties, and the heat energy is harvested at the
outlet for heating and power generation purposes. In contrast to a
traditional geothermal energy system, a closed-loop system uses a
working ﬂuid that circulates with a designed ﬂow rate. In this sense
the system is independent of permeability, greatly reducing the
exploration risk, and there are no associated environmental or
scaling issues with production of geothermal ﬂuids to surface
(Fig. 2). A key limitation though is that heat in a closed-loop system
can only be transported from the reservoir to the wellbore by heat
conduction [7], while within the wellbore, convection dominates.
Geothermal energy resources are widely distributed in Canada,
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Nomenclature
A
a
C
c
D
erf
exp
h
ln
L
N
NL
Nl
q
qc
qcu
qf
Qo
Qr
ri
s
t
T
DT
Vi
v
x
y
z

cross section area of lateral wellbore, m2
factors in Matrix need to multiply heat ﬂux terms
right hand side value of the matrix calculation
speciﬁc heat capacity, J/kg/K
Inner diameter of lateral wellbore, m
error function
exponential function
depth of the reservoir in case study of heat exchange
in vertical wellbore, m
the natural logarithm
length of the lateral wellbore, m
number of segments of lateral wellbore for analytical
modeling
numerical calculation number in Stehfest inverse
algorism
number of laterals
instantaneous conductive heat inﬂow, W
conductive heat ﬂux from reservoir to wellbore
under unit length, W/m
conductive heat ﬂux under unit length and
temperature difference, W/m/K
ﬂow rate per lateral, m3/hr
cumulative heat amount produced out by working
ﬂuids, J
cumulative heat loss from the reservoir, J
the radius of investigation in geothermal industry, m
Laplace transform parameter
time, s
temperature, K
temperature change caused by source/sink, K
functions in Stehfest inverse algorism
velocity of the working ﬂuid in lateral wellbore, m/s
x coordinate location, m
y coordinate location, m
z coordinate location, m

thermal conductivity of reservoir, W/m/K
density, kg/m3
instantaneous source time, s

Subscripts
ave
average value
e
boundary coordinates of the reservoir
f
ﬂuid
inlet
the variable at the inlet
l
property of lateral wellbore part
L
one endpoint of this segment
mid-point mid-point of each segment
outlet
the variable at the outlet
r
reservoir
R
one endpoint of this segment
s
surface
seg
property of the segment
sx
source/sink function in x direction
sy
source/sink function in y direction
sz
source/sink function in z direction
v
property of vertical wellbore part
#1
functions from sub-system #1
#2
functions from sub-system #2
11,…1N,…N1,…NN location of factors in matrix a
1,2,…,N
location of values in matrix c
Superscripts
i
the variable, or function of the ith segment
1,2,…,N
the variable of the corresponding segment
*
residence time of working ﬂuids in horizontal
wellbore
‘
heat source/sink location
Acronyms
NW
PTA
RTA
WCSB

northwest
Pressure Transient Analysis
Rate Transient Analysis
Western Canadian Sedimentary Basin

Greek symbols
thermal diffusivity of reservoir, m2/s

a

Recent research work on closed-loop geothermal heat production focuses on shallow geothermal systems with four major styles
of heat exchangers (single U-tube, double U-tube, coaxial centred,
and coaxial annular) [18]. Evaluation on long-lateral U shape
closed-loop system usually needs to apply numerical simulations
on the discretized reservoir with local ﬁne grided meshing near
wellbore [19,39]. Few works used analytical modeling of longlateral U shape closed-loop system in deep high temperature
reservoir. To evaluate the thermodynamic efﬁciency of a closedloop multilateral wellbore system, at reservoir temperatures and
depths, we developed two analytical methods to model energy
production. These two analytical methods, coupled with a transient
heat transfer process, simplify nonisothermal ﬂow in a closed-loop
system. The meshed-free modeling provides an accurate heat
production output with less computation time. Key parameters of
the system and its sensitivity have been examined to help better
understand key controls on this geothermal energy recovery
technology. The overall thermal production and heat duty are also
discussed.
We note that a deep closed-loop system would require advanced
horizontal drilling techniques and bear additional costs. Drilling

with the highest potential areas occurring in the western and
northwestern parts of the country [8e14]. Recently many
geothermal energy projects have been initiated in Canada (e.g.
[15e17], to demonstrate either the resource development technology or geothermal resource concepts. Notable, in 2019, Eavor
drilled the Eavor-Lite™ closed-loop project in Alberta, Canada as a
full-scale prototype of the drilling technology required (but not at
full development depth), and to validate the thermosiphon effects
[16].

Fig. 1. Schematic diagram of the heat transfer mechanism in conventional geothermal
energy recovery with a pair of vertical wells. Colours represent working ﬂuid temperatures ranging from cold (blue) to hot (red).
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Fig. 2. Schematic diagram of a closed-loop geothermal energy recovery system and its heat transfer mechanism. Colours represent working ﬂuid temperatures ranging from cold
(blue) to hot (red). The battery symbol reﬂects end heat usage (direct heat use and/or power generation).

2. Physical and mathematical model

techniques evolve quickly as evidenced by oil and gas drilling for
shale gas production as well as drilling in the enhanced geothermal
system [20] to overcome various difﬁculties, such as long-lateral
directional drilling, multilateral completions, high-temperature
effects, thermal expansion of casing strings, hardness [21], and
large diameters [22]. Several recent geothermal projects in Canada
and elsewhere have successfully completed, or planned their wells
in large depth (>3000 m) [15,23,24]. And the recently completed
long lateral demonstration closed-loop system drilled in Alberta by
Eavor [16] demonstrates the state of the art of long-lateral directional drilling in geothermal production. Other new advancement
includes the sealed lateral wellbore with the absence of casing to
enhance the heat transfer efﬁciency [25]. However, the technical
difﬁculties of drilling and costs are not the intension of this study.
This study is focused on analytical methods that would adequately
characterize the closed-loop system and allow evaluation of the
critical factors that affect the heat transmission in such systems.
However, there is no publicly information available to validate
the model and evaluate the heat exchange capacity in such a system. This study examines the major factors affecting the thermal
transporting capacity for the closed-loop system and its applicability to the sedimentary basin. In Alberta, the huge amount of data
from oil and gas exploration and production wells allows for estimation and mapping of the thermal-physical properties of the
sedimentary layers. The oil and gas industry is looking for practical
technologies for making a transition from fossil fuel to renewable
energy. If applicable in some suitable geological settings, this
closed-loop system would be used to help the oil and gas industry
to reduce CO2 emission by geothermal-assisted fossil fuel production, or converting oil and gas well to a geothermal well when
depleted.

Assumptions. The closed-loop geothermal recovery technology
applies a sealed horizontal wellbore along the target thermal
reservoir (Fig. 2). The working ﬂuid (e.g., water, or other ﬂuids with
thermosiphon effects) circulates within the sealed wellbore from
the vertical inlet through the horizontal leg, to the production well.
The working ﬂuid is heated by the thermal reservoir as it ﬂows to
the outlet that connects to a power generator or a heat user. The
major assumptions to model this system are as follows:
1) Heat energy resource comes from geothermal heat ﬂux from
Earth and is stored in a geothermal reservoir that has speciﬁc
thermal-physical properties allowing extraction of the energy
resource through heat exchange by water circulation in tubing
efﬁciently.
2) The dimension of the geothermal reservoir is far greater than
the extent of a horizontal wellbore in the closed-loop system so
that reservoir boundary will not affect the production
performance.
3) The initial heat reservoir is assumed to be in thermal equilibrium. In this model, the horizontal well acts as the only sink to
extract heat energy out of the system. The heat source from
Earth will not affect the heat extraction performance due to low
thermal diffusivity and large reservoir dimension.
4) Pure heat conduction in the thermal reservoir. No natural or
induced heat convection by ﬂuid ﬂow in the surrounding rock
mass occurs. A heat convection mechanism dominates the heat
transfer process along the ﬂuid ﬂow direction within the horizontal wellbore system. The heat transfer within cross-section
of the working ﬂuid is neglected based on following assumption.
978
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complexity on transient heat ﬂux calculation. In our study, two
analytical methods were applied to tackle this dynamic heat
transfer phenomenon. In general, the continuity equation needs to
be Laplace transformed as:

5) The diameter of the horizontal wellbore is extremely small
compared with the dimension of the thermal reservoir. The heat
transfer within the wellbore is simpliﬁed as a 1D heat convection process, and the thermal resistance by convective ﬂow is
neglected in this study. The temperature proﬁle within each
cross-section of the wellbore is assumed uniform but transient.
6) The overall thermal resistance between ﬂuid and rock is
neglected including the potential resistance from the steel tube
wall, casing, and cement ring. In the closed-loop system, it is
critical to enlarge the contact area between the reservoir and
working ﬂuids, and reduce the thermal resistance to improve
the thermodynamic performance. Innovations of the sealed
horizontal portion without casing have also been commercialized in long lateral closed-loop geothermal energy production
[16,25]. As a result, this study will focus on the general
geothermal production evaluation without consideration of the
overall thermal resistance within the wellbore.
7) The working ﬂuid ﬂow rate is constant throughout the thermal
production period.
8) Thermal properties of the working ﬂuid and the reservoir, such
as thermal conductivity and volumetric heat capacity are
constant.

sT ¼  v

vTðx; tÞ
vTðx; tÞ
¼  vArf cf
þ qc ðx; tÞ
vt
vx

ðt
qc ¼
0

(1)

DT ¼ 1 ¼

ðt
0

(5)



qcu ðtÞ
1
ðx  x0 Þ2 þ ðy  y0 Þ2
exp 
dt
2pl aðt  tÞ
4aðt  tÞ

(6)

and in Laplace domain, qcu can be calculated based on convolution
theory:

qcu ¼

s
L½xðtÞ

(7)



ðx  x0 Þ2 þ ðy  y0 Þ2
exp 
2plat
4at

(8)

xðtÞ ¼

1

“L[]” means the value of original variables after Laplace transformation. In this work, Chebyshev's Theorem [29] was applied to
calculate the numerical Laplace transformation value. And a is the
thermal diffusivity of reservoir which can be deﬁned as followed:

a¼

l
rr cr

(9)

When Laplace transformation applied to Eq. (5), the conductive
heat ﬂux from reservoir to horizontal wellbore can be derived as a
function of the local temperature and the conductive heat ﬂux
under unit temperature difference:

(2)

The reservoir has a closed thermal boundary in each x, y, z direction. There is no heat communication at the outer boundary.

vT
¼ 0; n ¼ x; y; z
vn

vTðtÞ
$qcu ðt  tÞdt
vt

In Eq. (5), qcu is the conductive heat ﬂux under unit temperature
difference calculated from the standard source and sink functions
[28]:

The heat balance for each location in the horizontal wellbore is
based on the law of energy conservation. The left-hand side of Eq.
(1) is the heat amount accumulated at a certain location x at time t.
The ﬁrst term in the right-hand side is the amount of heat transferred by convection in the horizontal well. Because of the high
velocity of the convective ﬂow, heat brought by thermal conduction
is negligible. This contrasts with conventional geothermal energy
systems, where the working ﬂuid is ﬂowing at low velocity through
porous media, and both heat conduction and convection contribute
signiﬁcantly to the overall heat transfer performance (Fig. 1). The
second term of the right-hand side of the equation is the heat
transferred by conduction from rock forming the thermal reservoir
surrounding the wellbore. This transient heat ﬂux, qc(x,t), is
controlled by both the temperature difference between the outside
and inside of the wellbore, and the thermal conductivity of the rock.
We discuss the transient heat ﬂux derivation later.
Initial and boundary conditions. The initial temperature of the
reservoir, along with the ﬂuid in the wellbore, is the reservoir
temperature, Tr, K.

Tðn; t ¼ 0Þ ¼ Tr ; n ¼ x; y; z

(4)

where, s is the Laplace transform parameter; symbols with “-”
means parameters in Laplace domain.
Duhamel's convolution theory method. The Duhamel's
convolution theory has been widely used in Pressure Transient
Analysis (PTA) and Rate Transient Analysis (RTA) in the oil and gas
industry. Convolution theory has also been used by many researchers analyzing heat loss during steam injection for heavy oil
recovery (e.g., [26,27]. In the convolution theory, the conductive
heat ﬂux, qc, can be calculated as a convolution of temperature
derivative with standard conductive heat ﬂux under unit temperature difference:

Continuity equation. A small volume of the horizontal wellbore
and its near wellbore region has been chosen (Fig. 3) to demonstrate the heat balance mathematically using the following
equation:

Arf cf

vT
qc
þ
vx Arf cf

qc ¼ s $ T$qcu

(3)

(10)

Substituting Eq. (10) into Eq. (4), the outlet temperature in
Laplace domain can be expressed as:

!

3. Methodology

ðTr  Tinlet Þ
$exp
Toutlet ¼
s

As mentioned before, determination of the conductive heal ﬂux,
qc(x,t) requires deﬁning the temperatures of the surrounding rock
(outside) and working ﬂuid (inside) of the wellbore, which are
unknown. The multilateral wellbore conﬁguration adds additional

Natural Coupling Method. In more complicated situations,
involving multilateral wells in a heterogeneous reservoir, a
reservoir-scale analytical thermodynamic model is needed to
evaluate the thermal production performance. In this study,
979

sL
L

$ qcu  s $
Avrf cf
v

(11)

Fig. 3. Schematic diagram of fundamental heat transfer model of Closed-Loop geothermal energy recovery system.

Fig. 4. Schematic diagram of two sub-systems examined in the Natural Coupling Method.
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Fig. 5. Schematic diagram of N segments divided from the total length of lateral used
in sub-system #1.

analytical reservoir modeling methodology has been applied to our
problem using integration of instantaneous source and sink functions [28]. This methodology has been successfully applied to
solving transient ﬂuid ﬂow problems in the oil and gas industry
[30e34,40]. The original system can be seen as a combination of
two separate sub-systems (Fig. 4). Sub-system #1 is a cubic shaped
hot reservoir with a certain length line sink lying in the center of
the reservoir. Heat is transferred into the line sink. Inﬂow heat ﬂux
varies in different part of the sink. Sub-system #2 is a cylindershaped system. The working ﬂuid is transported in one direction
at constant velocity. Along the direction of ﬂuid movement,
convective heat transfer dominates the overall performance, while
conductive heat ﬂux ﬂows laterally.
In sub-system #1, the line source can be divided into N segments
(Fig. 5). In each segment, the heat ﬂux is uniform and the corresponding temperature change caused by this sink segment can be
expressed as:

DT i ¼

ðt
0

Fig. 6. Schematic diagram of sub-system #2 and its N segments.

As a result of the superposition principle, the temperature
change at any evaluation point is the summation of the contributions from all horizontal source/sink segments:

DTðx; y; z; tÞ ¼

0

In sub-system #2, the wellbore is also divided into N segments
(Fig. 6), and a uniform conducive heat ﬂux is assumed along each
horizontal interval. Each segment has the same temperature value
at all joint points. As a result, the heat transfer governing equations
in each segment can be expressed as:

(19)

"
"
"
"
(
#
#
#
#)
∞
TRi  x þ 2nxe
TLi  x þ 2nxe
TRi þ x þ 2nxe
TLi þ x þ 2nxe
1 X
1
1
1
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ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
p
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p
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ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
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 erf
Lseg ∞ 2
2
2
2
2 aðt  tÞ
2 aðt  tÞ
2 aðt  tÞ
2 aðt  tÞ

(13)

(12)

i ðt  tÞ, T i ðt  tÞ, T i ðt tÞ are source/sink function in x, y, z
Tsx
sy
sz

direction, which can be expressed as following:

i
ðt  tÞ ¼
Tsy

i
ðt  tÞ ¼
Tsz

Lseg ¼

(18)

8
>
vDT i
vDT i
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þ
; 0  x  Lseg
>
>
>
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rr cr sx
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1
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zi þ z þ 2nze
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where, TLi , TRi , yi , zi are the location coordinates of ith segment in the
3D system. “erf” represents the error function deﬁned in Eq. (17):

p

ðx

DTðx; y; zÞ ¼
t 2

e

dt

(15)

Sub-systems coupling. The two sub-systems share the same
conductive heat ﬂux and the same temperature value at the midpoint at each segment. In sub-system #1, the temperature change
at any location in Laplace domain can be expressed as:

(16)

2
erf ðxÞ ¼ pﬃﬃﬃ

(14)

N
X
i¼1

(17)


qi $L

1 i
i
i
T ðtÞTsy
ðtÞTsz
ðtÞ
rr cr sx


(20)

Eq. (20) indicates that the temperature change value at the midpoint of each segment can be seen as a function with N unknown

0
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Table 1
Parameters of cold-water injection case after unit converted from Ramey [26]].

variables, qi ði from 1 to NÞ, with respect to the location (Eq. (21)).
The source/sink function of each segment in Laplace domain, L[],
could be numerically calculated by Chebyshev's Theorem.





i
DTxi midpoint ¼ f#1
q1 ; q2 ; q3 ; …; qi ; …; qN ; i from 1 to N

(21)

In sub-system #2, the temperature value in Laplace domain at
each interval can be derived from Eq. (19):

0
1
8
s
s
qi
>
i
>
DT i ðxÞ ¼ DTx¼0
$ev x þ @1  ev x A
; 0  x  Lseg
>
>
>
sLseg Arf cf
>
>
>
>
>
>
>
>
>
i
i1
<
DTx¼0
¼ DTx¼L
i
iþ1
DTx¼L
¼ DTx¼0
seg

1
DTx¼0
¼

(22)
As such, the temperature change at the mid-point of each
segment is a function of location, and N unknown
variables, qi ði from 1 to NÞ.





(23)

Because the two sub-systems share the same temperature
change at mid-point (DTxi midpoint ) and conductive heat ﬂux value as
the sink or source (qi ) of each segment, N equations with N unknown variables can be generated and solved by Gaussian elimination (Eq. (24)). The mathematical calculations of source and sink
functions, matrix computations, and following Laplace inverse
process are realized by Cþþ coding in Microsoft® Visual Studio
environment.

2

a11
4«
aN1

/
1
/

3 2
3
C1
q1
6
6
7
7
a1N
6« 7 6« 7
5$6 qi 7 ¼ 6 Ci 7
«
6
7 6
7
aNN 4 « 5 4 « 5
CN
qN
3

Unit

21.11
14.72
0.01513
0.16
1828.8
8.732
0.5867
990.65
4180
2.423
2.352e6



C
C

C/m
m
m
kg/s
W/m/K
kg/m3
J/K/kg
W/m/K
J/K/m3


There is no publicly available dataset for the validation of the
proposed analytical methods. We use data presented in a coldwater injection case study by Ramey [26] to validate our models
by comparing the computed results with the measured water
temperature records. The cold water was injected through a vertical
well in a reservoir with a pre-determined geothermal gradient. The
water injection rate was maintained at a constant rate, and the
temperature was measured along the wellbore after approximately
75 days. The parameters of reservoir and operation are listed in
Table 1, and the results are shown in Fig. 7.
Fig. 7 presents a comparison of temperatures measured along
the vertical wellbore with temperatures computed by Ramey's
method and the two proposed analytical methods. The temperatures calculated from this study ﬁt very well with Ramey's work.
And the computed value was within 0.83  C of the measured
temperatures, which shows good application of this work on the
heat transfer evaluation.

ðTr  Tinlet Þ
s

i
DTxi midpoint ¼ f#2
q1 ; q2 ; q3 ; …; qi ; …; qN ; i from 1 to N

Value

Surface temperature
Cold water temperature at inlet
Geothermal gradient
Inner diameter
Length of the vertical well
Water injection rate
Thermal conductivity of water
Density of water
Speciﬁc heat capacity of ﬂuid
Thermal conductivity of reservoir
Volumetric heat capacity of reservoir

4. Validation

seg

>
>
>
>
>
>
>
>
>
>
>
>
>
>
:

Parameter

5. Results
An application example case of a closed-loop system deﬁned by
model parameters in Table 2 was used for developing a general

2

(24)

Stehfest inverse algorism. The solution from the matrix
calculation is done in the Laplace domain. Stehfest numerical
inversion (Eq. (25)) was applied to convert the solution into a real
time domain [35].

f ðtÞ ¼



NL
ln2 X
ln2
$i
Vi F
t i¼1
t

(25)

where Vi can be calculated as following and NL is either 6, 8, or 10;
f(t) is the result in a real time domain; F() means the value in
Laplace domain:

 
 min i;N 2


Vi ¼ ð1Þ

N
þi
2

2

X

k¼iþ1
2

6
6
4

3
7
k $ð2kÞ!
7

5
N  k !k!ði  kÞ!ð2k  iÞ!
2
N
þ1
2

(26)

Fig. 7. Measured and computed temperature for a cold-water injection well.
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temperature results from the heat balance between heat produced
out for power generation and the heat loss from the cooled region
near the wellbore (Fig. 9).
The Natural Coupling Method has been applied to show the heat
transfer equivalent. The cumulative heat amount produced by ﬂuid,
Qo, and heat loss from the reservoir, Qr, can be expressed as:

Table 2
Parameters of reservoir and the closed loop well system used in the application
example case.
Parameter

Symbol

Value

Unit

Reservoir temperature
Length lateral
Flow rate per lateral
Inner diameter lateral
Inlet temperature
Density of ﬂuid
Speciﬁc heat capacity of ﬂuid
Thermal conductivity of rock
Density of rock
Speciﬁc heat capacity of rock
Segment length used in Natural Coupling Method

Tr
L
qf
D
Tinlet

150
4000
20
0.156
60
1000
4180
3.5
2500
1100
100


C
m
m3/hr
m

C
kg/m3
J/K/kg
W/m/K
kg/m3
J/K/kg
m

rf

cf

l
rr

cr
Lseg

ðt
Qo ¼ ðToutlet  Tinlet Þ $ rf cf $qf dt

(27)

0

Qr ¼ ∭ ðTr  Tave Þ $ rr cr dxdydz

(28)

Two cumulative heat amounts have been plotted over 30 years
in Fig. 10. The two results clearly match, which shows highly accurate calculation of the proposed method in this study. The cumulative heat extracted from a thermal reservoir increases with the
projects operating time, and it will reach 9.23e5 GJ at the end of 30
years.

understanding of heat production performance and for comparison
with our two analytical methods. In this example, a 4000 m closedloop system is completed in a reservoir layer with 3.5 W/m/K
thermal conductivity and at 150  C. The temperature at the end of
lateral wellbore can been seen as the outlet temperature of the
working ﬂuid, if heat exchange is neglected in the vertical wellbore.
The outlet temperatures at the end of horizontal wellbore,
calculated over 30 years by the two methods, exhibits good
agreement as shown in Fig. 8. The outlet temperature drops
dramatically from the reservoir temperature (150  C) to 108  C after
the ﬁrst year. The temperature continues to decline to 100  C over
the remaining years. As a result, this closed-loop system can provide a relatively stable energy production with ﬂuids temperature
over 100  C on a 30 year lifespan. This maintained outlet

6. Discussion
The thermal production efﬁciency and performance of a closedloop system depends on many factors. These factors come from the
nature of the reservoir, such as the thermal conductivity and
temperature, and the operation variables such as the working ﬂuids
circulation rate, length of the lateral wellbore, and number and
spacing of laterals. Sometimes, these factors will affect the thermal
energy production performance together.

Fig. 8. The comparison plot of results from the two methods proposed in this study.
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Fig. 9. Schematic diagram of the heat balance between heat production by hot working ﬂuid cooling down and heat loss from affected reservoir region.

efﬁciency of energy conversion to electric power. As such, it is
crucial to determine the optimum production layer for a closedloop system. For sedimentary basins, thermal conductivity usually ranges from 2 to 5 W/m/K [37], and among common minerals,
quartz has the highest thermal conductivity, around 7 W/m/K. Here
we used a sensitive analysis of thermal conductivity ranging from 1
to 7 W/m/K to test the application example in this study.
Outlet temperatures, under various reservoir thermal conductivities, are plotted in Fig. 11. Results show outlet temperature over
a 30 year period is clearly dependent on thermal conductivity. The
highest thermal conductivity, 7 W/m/K, yields the highest outlet
temperature of slightly over 120  C at the end of 30 years, while the
lowest thermal conductivity, 1 W/m/K results in the lowest temperature of about 75  C, or half of the original reservoir temperature. The drop in outlet temperature with decreasing thermal
conductivity is nonlinear. When thermal conductivity is lower than
4 W/m/K, the difference in outlet temperature between adjacent
time series become more signiﬁcant (Fig. 11). As thermal conductivity of most sedimentary sequences is less than 4 W/m/K in
sedimentary basins, targeting of higher thermal conductivity layers
for installation of the horizontal leg is important for project success.
Initial local reservoir temperature. Target reservoir temperature is one of the most important parameters to assess if a thermal
reservoir is suitable for commercialized electricity power generation as compared to direct heat utilization. Three different local
reservoir temperature, Tr, have been studied to analyze the outlet
temperature performance and the corresponding temperature
difference between inlet and outlet temperature (Fig. 12), to help
understand heat harvesting efﬁciency.
In general, higher local temperatures will result in higher outlet
temperatures of the working ﬂuids. A reservoir rock at 200  C will
produce over 120  C ﬂuids, while a 100  C reservoir can only produce ﬂuids around 78  C after 30 years of operation. In terms of the
temperature difference between inlet and outlet temperature,
higher local reservoir temperatures contribute to greater heat
harvesting, which means a higher temperature reservoir will also
give better heat recovery efﬁciency. While the local reservoir

Fig. 10. Results of cumulative produced heat amount (Qo) and heat loss from affected
reservoir region (Qr).

Thermal conductivity. Reservoir thermal conductivity is the
most important parameter to evaluate the feasibility of a closedloop geothermal system to recover energy from a thermal reservoir. Because the lateral wellbore is in a closed loop and there is no
ﬂuid communication between the reservoir and wellbore, heat
conduction is the only heat transfer mechanism in a closed-loop
system. Reservoir thermal conductivity is highly related to the
rock solidity (the ratio of the volume of solids to the bulk volume)
and local temperature. Usually, higher rock solidity and lower
reservoir temperature will result in higher thermal conductivity
[36]. Solidity and temperature also affect the drilling cost and
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Fig. 13. Example of the variation of thermal conductivity with depth in northeaster
British Columbia (in the NW part of the WCSB), and the related thermal gradient
variation, from Majorowicz et al. [37].

Fig. 11. Outlet temperature proﬁles over 30 years under various reservoir thermal
conductivities.

drilling and completion. The associated higher capital cost will also
increase the risk. From a geological perspective, a longer wellbore
may exceed the reservoir boundary or increase the possibility of
signiﬁcant reservoir heterogeneity, which will all increase the uncertainty of the project. Whereas, from the engineering perspective, increasing wellbore length will also bring unexpected
problems related to wellbore integrity. On the other hand, the ﬂuid
velocity within a horizontal wellbore also affects the heat extraction performance. Higher ﬂuid velocity will reduce the contact time
of ﬂuid with the thermal reservoir, lowering the outlet temperature. However, a lower velocity may not meet the required ﬂow rate
for heat production. As such, optimized lateral length and ﬂuid
velocity in the horizontal section need to be considered carefully in
the project design phase.
It is interesting to note that the lateral length and ﬂuid velocity
can compensate for each other's effect on the outlet temperature as
shown graphically in Fig. 14 and mathematically in the Duhamel's
convolution model of Eq. (11). The ratio L/v has a dimension of time
and the physical meaning is the required time of the working ﬂuid
to move through the lateral wellbore. This time, denoted as t*, is
deﬁned as residence time in the horizontal wellbore with a
mathematical form as:

Fig. 12. Outlet temperature and temperature difference between outlet and inlet results under three different local reservoir temperatures.

t* ¼

temperature increases with depth, thermal conductivity varies as a
function of lithology (Fig. 13). So, optimization on both local temperature and thermal conductivity is critical for closed-loop
geothermal energy production project design. A shallower and
cooler layer with higher thermal conductivity may produce more
energy than a deeper hotter layer.
Residence time. In the project design phase, the length of the
horizontal wellbore is one of the key parameters that affect the
overall heat extraction efﬁciency. Generally, a longer horizontal
wellbore will allow the working ﬂuid to have more contact area
with the thermal reservoir. However, increasing the length of the
lateral part of the wellbore will also increase the difﬁculty of

L
v

(29)

A larger residence time means more time for ﬂuid contact with
the thermal reservoir, increasing heat gain. Fig. 15 displays the ﬂuid
outlet temperatures for various residence times, demonstrating
how residence time affects heat extraction performance. In Fig. 15,
residence time of the application example case in this study is
3.82 h (black). When residence time is 4.78 h (red), the outlet
temperature is higher over 30 years. When residence time is
smaller (e.g., 2.87 h) the outlet temperature is lower. The difference
between the adjacent series could reach up to 10  C. However,
larger residence times requires larger lateral length or lower ﬂuid
velocity. A project needs to consider carefully this value to optimise
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temperature based on the principal of superposition. The time and
degree of the temperature drop depends on well spacing, reservoir
thermal conductivity, and other system parameters such as heterogeneity of the reservoir. In order to eliminate or minimize the
interference effect on a closed-loop geothermal project, well
interference needs to considered in the design phase.
Fig. 16 compares the outlet temperature over 30 years under
various lateral spacing of a two-lateral well conﬁguration. The
temperature proﬁle from a single lateral conﬁguration was also
plotted in the ﬁgure for reference. The single lateral case has the
highest outlet temperature since there is no other well competing
with it. The case with 25 m spacing is the ﬁrst to deviate from the
single lateral case, as a drop in temperature, over the 30-year
production period. The cases with 50 m and 75 m spacing deviate
from the single lateral case later in time. The smallest spacing also
displays the most signiﬁcant well interference. The difference could
be 5  C for each lateral, and the overall heat extraction efﬁciency
could be signiﬁcantly reduced by having horizontal leg spacing too
close. In this study, 75 m would provide the minimum well interference effect. However, larger spacing distance means higher
drilling costs and technical difﬁculty. Detailed simulation and
sensitive analysis are needed for speciﬁc project design and
optimization.
Another important factor affecting lateral-interference is the
reservoir thermal conductivity. A higher thermal conductivity
means a greater distance of thermal effect on reservoir. In the oil
and gas industry, the deﬁnition of radius of investigation helps to
evaluate how fast a reservoir can transfer pressure changes. Similarly, in the geothermal industry, the radius of investigation could
be deﬁned as:

Fig. 14. Outlet temperature proﬁles over 30 years under different lateral lengths and
ﬂow rates.

sﬃﬃﬃﬃﬃﬃﬃﬃﬃ
4lt
ri ¼
rr cr

(30)

Higher thermal conductivity will result in a greater area of
temperature change at any given time. So, a higher thermal conductivity will lead to earlier and more signiﬁcant well interference.

Fig. 15. Outlet temperature proﬁles over 30 years under various residence times.

heat extraction performance based on the fundamental geology
setting.
Multilateral well interference. Closed-loop geothermal energy
recovery technology needs multiple wells to extract enough thermal energy to meet the requirement of electricity power generation; the structure and design of multilateral wells will also
signiﬁcantly affect heat loss reduction in the vertical production
wellbore, as discussed in the next section.
In a multilateral development, each transient heat drainage area
expands with time. When the drainage areas of adjacent wellbores
merge, the heat recovery will be affected by lowering the outlet

Fig. 16. Outlet temperature proﬁles of a two-lateral instalment with different horizontal spacing.
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assumed as shown in Fig. 19. The surface temperature is assumed to
be 5  C, while the target reservoir has a temperature of 150  C at
3000 m depth. The temperature increases linearly with depth. The
working ﬂuid has a temperature of 60  C when injected at the
surface and will be heated along the 4000 m horizontal wellbore.
Heated ﬂuid will be then transported to surface by a 3000 m production well. The overall process is illustrated in Fig. 19 and the
parameters of the system are listed in Table 3.
In the thermal domain, heat transfer between the inner wellbore and outside reservoir occurs where there is a temperature
difference. There are three main parts of the system having heat
transfer with the outside reservoir (Fig. 20). The ﬁrst part is the
vertical injection wellbore. Because the inlet temperature of the
working ﬂuid at the surface is 60  C, which is higher than the
temperature of the stratigraphic interval above a certain depth,
there will be some heat loss from the downward moving working
ﬂuid. When ﬂuids move to a depth where rock temperature is
higher than that of downward ﬂuid, it starts to gain heat from
surrounding rocks. Through the entire lateral wellbore, the working
ﬂuid continuously gains heat. At the end of lateral wellbore, heated
ﬂuids from multilaterals merge and ﬂow upwards through the
vertical production well. The ﬂuid temperature reaches the
maximum at the base of the vertical production well (Fig. 20).
In this study, we applied Duhamel's Convolution Method to
calculate the heat transfer in vertical sections of the wellbore with
an assumption of no well interference. While for heat transfer
modeling in the laterals, the Natural Coupling Method was applied
to deal with potential multilateral well interference and the complex geological conditions. Three modeling parts of the system
were integrated with two connecting points (Fig. 20). While the
analytical method helped generate more accurate results.
Firstly, a simple single lateral case was studied to see how heat
exchange in vertical wellbore affects the overall energy extraction
performance. Fig. 21 shows the time series of temperature variations throughout the closed-loop system over 30 years of operation.
The ﬁrst and last 3000 m of the system are the vertical injection and
production segments. The 4000 m in the middle is the horizontal
part. In general, the temperature decreases from 60  C at the surface and increases from around 1000 m vertical depth. At the end of
the vertical injection section in the ﬁrst year, the temperature
reaches 66  C. The ﬂuid temperature at the end of lateral reaches
111  C. The temperature of the ﬂuids continues to increase in the
vertical production section until the temperature reaches about the
same level of the surrounding rocks outside of the wellbore. The
temperature of working ﬂuid decreases to 99  C at the outlet. As a
result, the temperature difference between the end of lateral and
outlet of production well could be 12  C, suggesting that the
working ﬂuids may lose signiﬁcant heat in the vertical production
section in a single lateral setting.
The results from 10 multilaterals are plotted in Fig. 22. High ﬂow
rate ﬂuids (10 times in mass) are injected through the vertical injection well to the wellbore downhole. At the ﬁrst connecting point,
the ﬂuids are separated into 10 laterals and ﬂow towards the production segment. At the end of the laterals, the heated ﬂuids have a
temperature of 109  C and merge together in the bottom of the
production well. There is a much larger upward convective ﬂow
mass in the vertical wellbore and conductive heat loss crossing the
wall of the wellbore is limited. As a result, the temperature of the
working ﬂuid is 107  C at the outlet, with a loss of 2  C in the upward journey. For the same reason, the temperature increases only
0.5  C at the end of injection section. The multilateral well conﬁguration with much higher ﬂow rates or larger ﬂow mass in the
upward vertical section can reduce heat loss.

Fig. 17. Outlet temperature proﬁles of a two-lateral case of 25 m spacing with different
reservoir thermal conductivities.

Outlet temperature proﬁles for three different reservoir thermal
conductivities for both single-lateral and double-lateral well conﬁgurations are plotted in Fig. 17. The reservoir with 5 W/m/K conductivity has the highest outlet temperature, but with the earliest
and strongest well interference effect. When the thermal conductivity is low, 1 W/m/K, the well interference could be neglected due
to a slow heat transfer mechanism.
When the number of laterals in a well pad is more than two, the
level of well interference for each lateral is different. To study the
heating performance of each lateral, the temperature proﬁles at the
end of the horizontal part of each lateral need to be determined.
Fig. 18 shows the temperature at the end of each lateral for a 10lateral multilateral well pad over 30 years under three different
reservoir thermal conductivities. In the ﬁrst several years, the
temperature at the end of each lateral shows the same value,
because there is no well interference or limited interference at that
time. However, later in time, the temperature proﬁles of the middle
laterals are lower than the wells near the edge. That is because the
laterals in the middle location experience the most signiﬁcant well
interference effect and the heat extraction efﬁciency is reduced by
surrounding laterals. Higher reservoir thermal conductivities will
result in more signiﬁcant well interference and larger temperature
drops. Large temperature differences between laterals may lead to
less heat extraction efﬁciency and its ﬁnal efﬁciency of transition to
electricity power. Operation optimization can minimize the temperature difference of each lateral in the design phase. For example,
variable spacing distances could be applied to multilateral well pad,
so that the temperature of middle laterals will be closer to the
others.
Heat exchange in vertical wellbores. The working ﬂuid transported through vertical wellbores in injection and production well
will lose or gain heat depending on the temperature variation
encountered. This amount of heat could affect the overall heat
extraction performance. The application example in this study is
used to examine this inﬂuence. A typical geothermal gradient is
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Thermal production. The most important indicator of a successful geothermal energy project is the thermal production capacity. We use the 10 lateral system to calculate the long-term
thermal energy production. The temperature difference between
the outlet and inlet multiplied by the volumetric heat capacity and
ﬂow rate yields the heat duty. The corresponding cumulative
thermal production with time is plotted in Fig. 23. This 10-laterals
system with application example reservoir and well parameters
generates 11 MW thermal heat energy in the early production
period, drops to 10 MW at the 6th year, and remains above 9 MW
for the rest of the period. The total heat production at 30 years will
reach 2.5e9 kWh. The power consumption by pump at the injector
is limited due to the utilization of the thermosiphon effect of the
working ﬂuid. Because the temperature at the outlet decreases
gradually, the thermosiphon effect will reduce overtime. Assume
the pressure is maintained at 1300 kPa at the injector and the
roughly total pressure drop of 700 kPa at the end of 30 years, the
pumping power of less than 45.75 kW with 85% pump efﬁciency is
needed over the 30 years. This is just a hint of pump energy needed,
and the accurate estimation of pump power consumption needs to
consider the pipe friction, ﬂow rate, diameter changes, elbows, and
pressure losses due to surface piping and equipment system [38].
As a result, this horizontal closed-loop geothermal project could
provide stable and acceptable heat production. However, the conditions to have such outcome are critical. Our base case uses 10
lateral wells of 4000 m long, and, most importantly, 3.5 W/m/K or
higher reservoir thermal conductivity and 150  C or higher reservoir temperature.

7. Conclusions
In this study, two novel analytical methods were proposed to
evaluate the closed-loop system. Duhamel's convolution method
used in oil and gas industry was applied in modeling of a single
lateral closed-loop geothermal energy recovery system. For more
complicated cases such as multilateral wells, and heterogeneous
and bounded reservoirs, the natural coupling analytical method
was applied to deal with the complexity of the system to help
better understand heat transfer behaviour and interaction between
the working ﬂuid and reservoir in a closed-loop system.
An application example case with typical geothermal reservoir
properties and closed-loop parameters was examined in this study.
The outlet temperature proﬁles over 30 years from two different
approaches are comparable with high accuracy. The heat balance
check between energy production and heat loss from the reservoir
helps validate the proposed methods for the closed-loop
geothermal recovery technology. The application of the methods
to the application example case in this study suggests that closedloop system provides a reasonable stable heat production.
A sensitivity study suggests reservoir thermal conductivity,
determining the efﬁciency of heat transfer from reservoir to the
working ﬂuid, is the most important parameter of the system to
evaluate whether a reservoir is suitable for a closed-loop
geothermal energy recovery project. Well interference in a multilateral conﬁguration could be eliminated or reduced by increasing
well spacing. Higher reservoir thermal conductivity will also lead to
earlier well interference and larger temperature drops through
time. However, the lateral length and ﬂow rate compensate for each
other on overall heat extraction performance. For a given thermal
reservoir, optimizing the operational parameters, such as length,
Fig. 18. Temperatures after 30 years for a 10 lateral well system under 25 m well
spacing with 1 W/m/K thermal conductivity a); 3.5 W/m/K thermal conductivity b);
and 5 W/m/K thermal conductivity c).
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Fig. 20. Schematic diagram of conductive heat transfer between total wellbore and
outside reservoir in closed-loop geothermal energy recovery system with consideration of the geothermal gradient.

Fig. 19. Flow diagram of the working ﬂuid in a closed-loop geothermal energy recovery system with consideration of geothermal gradient existing (black dashed line).

Table 3
Parameters of reservoir and well system used in this case of studying heat exchange
in vertical wellbores.
Parameter

Symbol

Value

Unit

Depth
Length lateral
Reservoir temperature
Surface temperature
Flow rate per lateral
Number of laterals
Inner diameter lateral
Inner diameter of vertical wellbore
Inlet temperature at the surface
Density of ﬂuid
Speciﬁc heat capacity of ﬂuid
Rock thermal conductivity of lateral part
Rock thermal conductivity of vertical part
Density of rock
Speciﬁc heat capacity of rock
Segment length used in Natural Coupling Method

h
L
Tr
Ts
qf
Nl
Dl
Dv
Tinlet

3000
4000
150
5
20
10
0.156
0.21
60
1000
4180
3.5
2.0
2500
1100
100

m
m

C

C
m3/hr

rf

cf

ll
lv
rr

cr
Lseg

m
m

C
kg/m3
J/K/kg
W/m/K
W/m/K
kg/m3
J/K/kg
m
Fig. 21. Working ﬂuid temperature variation in a single lateral wellbore.

producing higher outlet temperatures with potential for power
generation. We have restricted our assessment to the thermodynamic viability of this technology. Demonstration projects have
proven that the drilling technology is viable. We have not assessed
the economics of this technology, which will in large part be related
to drilling costs. Overall, this technology removes the need of
permeable zones which conventional geothermal production
methods require and avoids artiﬁcial fracturing in an enhanced
geothermal system, thereby providing an alternative solution for
many high enthalpy geothermal projects. As well, a closed-loop
system eliminates challenges related to production of geothermal
ﬂuids, including scaling and environmental risks. Further research
can greatly expand the deployment of geothermal development to
support the transition to clean energy resources.

spacing, ﬂow rate and number of laterals in the project design
phase can greatly increase efﬁciency.
The heat exchange effect in vertical injection and production
sections is minimal in a 10-multilateral closed-loop conﬁguration.
With the application example case, the closed-loop geothermal
energy recovery technology could provide 9e11 MW stable heat
production over 30-years of operation.
Our results show that a deep closed loop system can effectively
produce energy over long time periods under suitable geological
settings regarding thermal gradient and thermal conductivity. Both
of these parameters are easier to determine or already known in
many petroleum basins. Our model was based on average conditions and the resultant outlet temperature may be more suitable for
district heating rather than power generation. That being said,
higher temperature target reservoirs would be capable of
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