
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: May 23, 2023

A novel radial jet drilling stimulation technique for enhancing heat recovery from
fractured geothermal reservoirs

Salimzadeh, S.; Grandahl, M.; Medetbekova, M.; Nick, H.M.

Published in:
Renewable Energy

Link to article, DOI:
10.1016/j.renene.2019.02.073

Publication date:
2019

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Salimzadeh, S., Grandahl, M., Medetbekova, M., & Nick, H. M. (2019). A novel radial jet drilling stimulation
technique for enhancing heat recovery from fractured geothermal reservoirs. Renewable Energy, 139, 395-409.
https://doi.org/10.1016/j.renene.2019.02.073

https://doi.org/10.1016/j.renene.2019.02.073
https://orbit.dtu.dk/en/publications/d30217b3-b153-4031-959e-d546e39cc821
https://doi.org/10.1016/j.renene.2019.02.073


lable at ScienceDirect

Renewable Energy 139 (2019) 395e409
Contents lists avai
Renewable Energy

journal homepage: www.elsevier .com/locate/renene
A novel radial jet drilling stimulation technique for enhancing heat
recovery from fractured geothermal reservoirs

S. Salimzadeh a, b, *, M. Grandahl a, M. Medetbekova a, H.M. Nick a

a Danish Hydrocarbon Research and Technology Centre (DHRTC), Technical University of Denmark, Lyngby, Denmark
b Commonwealth Scientific and Industrial Research Organisation (CSIRO), Clayton, Australia
a r t i c l e i n f o

Article history:
Received 22 October 2018
Received in revised form
23 January 2019
Accepted 14 February 2019
Available online 16 February 2019

Keywords:
Coupled processes
Radial jet drilling
Fractured geothermal reservoirs
Net energy production rate
* Corresponding author. Danish Hydrocarbon Rese
(DHRTC), Technical University of Denmark, Lyngby, D

E-mail address: saeed.salimzadeh@csiro.au (S. Sali

https://doi.org/10.1016/j.renene.2019.02.073
0960-1481/© 2019 Elsevier Ltd. All rights reserved.
a b s t r a c t

In this study, the application of the Radial Jet Drilling (RJD), a novel stimulating technique for enhancing
productivity in the existing wells in deformable naturally fractured reservoirs was investigated using a
robust three-dimensional finite element DFM (discrete fracture-matrix) model. Results showed that the
RJD laterals were more effective in enhancing injectivity/productivity in cases with lower fracture
density, i.e. lower equivalent permeability, while they had no significant effect on the heat production in
these cases. In higher fracture density cases, the RJD laterals improved the heat production while had no
significant effect on the injectivity/productivity. Results also showed that in reservoirs with very low
permeability matrix, the RJD laterals can be used to connect the wells to the fracture network and hence
enhance the well performance. The sensitivity analysis on the average net energy production rate with
respect to the length of the RJD laterals showed that in the situations where the wells were not con-
nected directly to the fractures, the length of RJD laterals played a crucial role in enhancing the average
net energy rate. However, the 100m laterals almost removed the dependency of the average net energy
production rate on the well placement for low, medium and high fracture density cases.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Fossil fuels are still the main contributor in energy market
around the world, however, concerns regarding the security of
energy, climate change and carbon emissions have encouraged
developing strategic plans towards low carbon future by relying on
renewable energy resources (Bruckner et al. [52]). Geothermal
energy stored in the Earth's crust is one of the promising and clean
renewable energy resources in the world [1,2]. Geothermal energy
has the potential to integrate with other sources of energy to
improve the overall energy production and make the heat pro-
duction economically attractive. For instance, the integration of
geothermal energy with heavy oil production [3] is proposed.
Today, geothermal energy is extracted from the earth's crust by
drilling injection and production wells, and the so-called doublet
system in which cold fluid (i.e. water) is injected at the injection
well and the hot water or steam is produced from the production
well, is very popular in geothermal sites around the world [4]. The
arch and Technology Centre
enmark.
mzadeh).
geothermal systems rely on the injected fluid being able to flow
from the injection well to the production well through the reser-
voir, either using the natural permeability of the formation [5,6] or
fractures in the formation as flow paths [7]. In deep geothermal
reservoirs, the formations are typically of very low permeability,
and fractures, natural or man-made, are needed to enhance the
fluid flow within these reservoirs.

In the enhanced geothermal systems (EGS), the natural
permeability of the reservoir is enhanced by creating high-
permeability flow paths, and many projects are carried out
around theworld including the Fenton Hill EGS in the United States,
Soultz EGS in France, and Cooper Basin EGS in Australia [8]. The
conventional method for creating the flow paths is the hydraulic
fracturing (i.e. fracking), however, due to the uncertainties as well
as the seismic activities associated with fracking, the application of
this method has been restricted in Europe [9]. For the hydraulic
fracturing to become an option for stimulation, there is a need for
the industry to demonstrate to government and the community
that hydraulic fracturing processes pose a minimal risk to people
and the environment. Recently, a new well stimulation method,
known as Radial Jet Drilling (RJD), has become an attractive tech-
nology for enhancing well productivity/injectivity in low
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performing geothermal wells [10]. The method has been frequently
used in oil wells to bypass the damaged zone [11] or to connect the
well to natural fractures as shown in Fig. 1. The RJD stimulation
technique has several benefits over the conventional hydraulic
fracturing technique, including negligible chance of inducing seis-
micity, lower amount of water needed, more controls on the di-
rection and the length of the laterals, and most importantly, it is
cost effective to perform in existing wells. Thus, the RJD is
considered as a viable alternative to conventional hydraulic stim-
ulation technologies for enhanced or engineered geothermal sys-
tems, and has triggered several research projects around the world
(e.g. Refs. [10,12]). Within the geothermal fields, recently this
technique was performed in a low performing injection well in
Klaipeda, Lithuania, leading to an increase of injectivity of about
14% [13]. For the RJD method to be successful, a minimum porosity
of about 3e4% of the formation is required [14]. The location of the
jetting nozzle in the RJD technique can be estimated by monitoring
the acoustic emissions generated by the jetting process as shown
by Ref. [15] in a jetting experiment in a quarry.

Considerable efforts have been expended in developing
Fig. 1. (a) RJD laterals created from the main wellbore to bypass the damaged zone around th
lateral is used to improve the access of the well to the natural fracture, (d) the cross-section
the RJD lateral drilled with water using rotating nozzle in chalk, (f) the cross-section of the R
2- forward orifice, 3- backward orifice; (h) Rotating nozzle: 1- static inner body, 2- rotating b
Nozzles in the pictures are in mm-scale.
thermal-hydraulic-mechanical models (THM: e.g. Refs. [7,16,17])
and together with chemical reactions (THMC: e.g. Refs. [18,19,53])
for geothermal reservoirs. Numerical models are essential tools for
evaluating the performance of a potential geothermal reservoir and
for studying the effects of different parameters on the productivity
of the reservoir [20e23,54]. Fractures can have a significant impact
on the reservoir response, and the energy production, thus, their
accurate geometrical representation in the numerical model, as
well as their dynamic behaviour under varying reservoir state
variables (pressure, temperature and stress) is crucial in making
realistic predictions [24]. In addition, fractures can contribute to the
short-circuiting between the injector and producer wells, a com-
mon problem in geothermal reservoirs that affects the energy re-
covery from the system. In short-circuiting, a high-conductivity
channel is created between the injector and producer wells (mainly
through the fractures), preventing the cold fluid from accessing the
bulk rock where the heat is stored. The RJD laterals can also
contribute to the short-circuiting problem by connecting the well
to the “wrong” fracture or mitigate the problem by creating new
paths for flow. Furthermore, the local increase in the fracture
e well, (b) the RJD lateral is used to connect the well to the natural fracture, (c) the RJD
of the RJD lateral drilled with water using static nozzle in chalk, (e) the cross-section of
JD lateral drilled with acid using static nozzle in chalk, (g) Static nozzle: 1- nozzle body,
ody, 3- static outer body, 4- forward orifice, 5- rotating body orifice, 6- backward orifice.
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aperture due to the combined poroelastic and thermoelastic de-
formations of the rock matrix can facilitate the creation of short-
circuits [19,25e29]. Although several recent studies have investi-
gated the utility of RJD laterals for well stimulation and well flow
enhancement (e.g. [30]), to the best knowledge of authors, a
comprehensive study of the application of RJD technique in frac-
tured geothermal reservoirs is missing and the present study aims
to fill the gap.

In this study, the application of the RJD laterals in enhancing
injectivity/productivity of the geothermal reservoirs as well as their
effects on the heat production is investigated using several cases of
fracture densities (low, medium, and high), fracture geometries
(short and long fractures), well placements (whether the well is
connected to the fractures or located away from the fractures), and
the RJD laterals length (zero, 25m, 50m, and 100m). The numerical
analyses are performed using a robust three dimensional finite
element method, capable of simulating non-isothermal flow
through the wells, RJD laterals, fractures and rock matrix. The
sensitivity of the net energy production rate, the production tem-
perature, and the pumping energy to the lateral length, orientation
and their connection to the fracture network is studied. The effects
of matrix deformation, aperture variation, matrix permeability, and
hydraulic fracture development from the RJD laterals on the pro-
duction temperature and injectivity/productivity are also investi-
gated and the results are presented. Finally, the net energy
production rate from the wells is calculated using the thermal en-
ergy produced minus the pumping energy consumed. The sensi-
tivity of the average net energy production rate to the laterals
length, well placements, and the fracture densities is investigated
and the results are presented.

2. Radial jet drilling (RJD) technology

In the RJD technique, the power of a fluid jet (commonly water,
sometimes mixed with acid) is utilised to drill small diameter
holes from the main wellbore as shown in Fig. 1. RJD laterals can
reach up to 100m of extension [31], and in different directions
from a single depth, thus, they can effectively be used to bypass
the damaged zones around the wells, connect the well to the
nearby fractures, and improve the efficiency by creating conduc-
tive flow paths between the reservoir and the wellbore [11]. The
method is relatively fast, cost efficient, and could be used as an
alternative to the conventional well stimulation techniques,
especially in layered reservoirs and in formations that are close to
the water contact.

The process of radial jet drilling is relatively simple: a bottom-
hole assembly, generally referred to as ‘deflector shoe’, is connected
to a tubing and lowered to the target depth. For cased hole in-
tervals, a coiled tubing conveyed milling assembly is lowered
through the tubing. At the bottom, the deflector shoe deflects the
milling bit towards the casing. After milling a hole into the casing, a
jetting assembly is lowered through the tubing. The coiled tubing
conveyed jetting assembly consists of a self-propelled jetting
nozzle attached to a flexible hose [15]. Commonly, two different
nozzles are used for RJD as shown in Fig. 1: static nozzle and
rotating nozzle. The static nozzle is made of one body, which is
connected to the high pressure hose with a thread connection. It
has forward and backward orifices. The forward orifices mainly
serve for eroding and breaking the surface of the formation, while
the backward orifices widen the hole as well as push the nozzle
forward. The diameter of each forward orifice is 0.15mm and the
diameter of the backward orifice is 0.4mm, and 15e20 l/min flow
rate provides exit velocities of about 358e478m/s [32,33]. The
rotating nozzle has three main components, the inner and outer
static body and the rotating part around the static body. The
rotating nozzle also has forward and backward orifices with similar
functionality as in the static nozzle. The diameter of the forward
orifice is 0.3mm, while the diameter of the backward orifice is
0.5mm, and 15e20 l/min flow rate provides exit velocities of
171e228m/s [32]. Commonly water is used as the jetting fluid;
however, in carbonate rocks such as chalks, acid-aided water is
proven to be more effective [34]. The cross-sections of the RJD
lateral drilled in chalk with water and acid using static and rotating
nozzles are shown in Fig. 1. In some cases, water is not an option to
use, for example in water-sensitive formations due to the risk of
swelling. In such cases, diesel is a natural alternative to use. The
diameter of the hole varies between 2 and 5 cm, depending on
several factors including the size and type of nuzzle, the strength
properties of formation rock, the jetting fluid, and the far field in
situ stresses [34,35]. Tight chalk has shown resistance against
drilling with water using the static nozzle, but some penetration
has been achieved using rotating nozzles. Rotating nozzles generate
the highest rate of penetration (ROP) values in both laboratory and
quarry experiments [15,34].

An important aspect of the RJD technology is the sustainability
of the increase in production. Having a small diameter, the RJD
laterals cannot be protected by casing, thus they are susceptible to
collapse under reservoir conditions. Observations from field cases
show that shortly after jetting, the production increases signifi-
cantly, but it suffers from the reduction in long term [36]. This may
occur due to loss of strength in the formation rock; therefore it is
likely that the RJD laterals have a limited life time [37,38]. After the
drilling, the in situ stresses are redistributed with concentrations
near the lateral's walls. If the redistributed stresses exceed the rock
strength, instability issues may take place. At injection wells, the
temperature difference between the fluid in the well and the sur-
rounding formation induces thermal strains which affect both the
axial and tangential stresses [39,40]. At production wells, the high
inflow rates into the laterals can cause erosion and fine production,
resulting in enlarged hole, hence triggering mechanical instability
and eventually the hole collapse. Stability analyses have shown that
small diameter RJD laterals are relatively stable under static loads
i.e. immediately after drilling, but they may not be stable under
dynamic reservoir conditions in the long term [40].
3. Methodology

3.1. Computational model

In the present study, fractures are modelled as discrete surfaces
in the three-dimensional matrix. The single-phase flow through
fractures is defined using lubrication equation, while single-phase
flow through the matrix follows the Darcy's law. The elastic defor-
mationmodel is expressed satisfying the condition of equilibrium on
a representative elementary volume (REV) of the porous medium as

divðDε� apmI� bsKðTm � T0ÞIÞ þ F ¼ 0 (1)

where, D is the drained stiffness matrix, ε ¼ ðVuþ VuT Þ=2 is the
strain, u is the displacement vector, a ¼ 1� K=Ks is the Biot coef-
ficient of poroelasticity, K is bulk modulus of rock, Ks is bulk
modulus of the solid grains, bs is the volumetric thermal expansion
coefficient of the rock matrix, Tm is the matrix temperature, T0 is
the initial temperature, I is the second-order identity tensor, F is the
body force per unit volume, and pm is the fluid pressure in the
matrix. Fluid flow through deformable matrix is expressed
combining the mass conservation with Darcy's law for a single-
phase fluid as
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where, km is the permeability tensor of the matrix, g is the vector
of gravitational acceleration, mf is the fluid viscosity, f is the
porosity, cf and bf are coefficients of the fluid compressibility and
volumetric thermal expansion, respectively. The governing equa-
tion for heat transfer through the rock matrix can be obtained by
combining Fourier's law with an energy balance for saturated rock.
It is assumed that the fluid velocity in the rock matrix is slow
enough such that the solid grains and the fluid in the rock matrix
are always in local thermal equilibrium. Convective, i.e., conduction
and advection, heat transfer in rock matrix can be written as

divðlmVTmÞ ¼ rmchm
vTm
vt

� bsKTm
vðdiv uÞ

vt
� fbf Tm

vpm
vt

þ rf chf vmVTm (3)

where, vm is the fluid velocity in matrix, lm ¼ ð1� fÞls þ flf is the
average thermal conductivity tensor of the matrix, ls is the thermal
conductivity tensor of the rock, rm is the average density of the
matrix (saturated rock), chm is the average matrix heat capacity
such that rmchm ¼ ð1� fÞrschs þ frf chf , rs is the rock density, chs is
the rock heat capacity, lf is the thermal conductivity tensor of the
fluid, rf is the fluid density, and chf is the fluid heat capacity.
Assuming a high aspect ratio fracture that has a lateral extent much
larger than its aperture, the fluid flow through deformable fracture
can be written as

div

 
a3f

12mf
Vpf
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vt
þ af cf

vpf
vt

� af bf
vTf
vt

(4)

where, pf is the fluid pressure in the fracture, and af is the fracture
aperture. Finally, the governing equation for heat transfer through
the fluid in the fracture can be obtained by combining Fourier's law
with an energy balance for the fluid. The advective heat transfer
through the fluid in the fracture can be written as

div
�
af lfVTf

�
¼ af rf chf

vTf
vt

� af bf Tf
vpf
vt

þ af rf chf vf :VTf (5)

where, Tf is the fluid temperature in the fracture, vf is the fluid
velocity in fracture. The continuity of pressure and temperature
across fractures is satisfied by assuming Tf ¼ Tm and pf ¼ pm on the
fractures. More details on the computational model can be found in
Refs. [7,28].

The governing equations are approximated numerically using
the finite element method. Spatial and temporal discretisations are
realised using Galerkin method and finite difference techniques,
respectively. These techniques are geometrically flexible so that
complex intersections of fractures and the resulting complexly
shaped matrix blocks can be discretised with small elements, while
larger parts of the rock matrix can be meshed coarsely, (cf. [41]).

The displacement vector u, the matrix fluid pressure pm, and the
rock matrix temperature Tm are taken as primary variables. Using
the standard Galerkin method, the primary variable X ¼ fu;pm; pf ;
Tm; Tf g within an element is approximated from its nodal values as
X ¼ N bX (6)

where N is the vector of shape functions and bX is the vector of
nodal values. Using the finite difference technique, the time de-
rivative of X is defined as

vX

vt
¼ Xtþdt �Xt

dt
(7)

where Xtþdt and Xt are the values of X at time t þ dt and t,
respectively. Implicit backward Euler time discretisation technique
has been used to develop the set of discretised equations in matrix
form of SX ¼ F, in which S is the element's general stiffness ma-
trix, and F is the vector of right-hand-side loadings.

The components of the stiffness matrix are dependent upon the
primary unknown variables, i.e., conductance, capacitance and
coupling coefficients of the fracture are all dependent on the frac-
ture aperture; therefore, a Picard iteration procedure is adopted to
reach the correct solution within acceptable tolerance. For the
current iteration, sþ 1 in the current step, nþ 1, the solution-
dependent coefficient matrices in the stiffness matrix S are upda-
ted using weighted average solution vector Xsþq

nþ1 defined as

Xsþq
nþ1 ¼ ð1� qÞXs�1

nþ1 þ qXs
nþ1 (8)

where Xs�1
nþ1 and Xs

nþ1 are the solution vectors of the two most
recent iterations in the current timestep nþ 1, and q ¼ 2=3 is the
weighing coefficient. For the first iteration s ¼ 1, the previous
timestep solution is used as

X0
nþ1 ¼ X1

nþ1 ¼ Xn (9)

where Xn is the solution vector from previous timestep n. The it-
erations are repeated until consecutive normalised values of Xs

nþ1
agree to within a specified tolerance ε

Xsþ1
nþ1 �Xs

nþ1

Xsþ1
nþ1

< ε (10)

The tolerance is set to 0.01 in this work. The discretised equa-
tions are implemented in the Complex SystemsModelling Platform
(CSMPþþ, also known as CSP), an object-oriented application
programme interface (API), for the simulation of complex geolog-
ical processes and their interactions (formerly CSP, cf. [42]). Un-
structured elements are used for spatial discretisation of surfaces
(triangles) and volumes (tetrahedra). Fracture flow, and heat
transfer equations are solved on the surface elements, whereas,
matrix deformation, fluid flow and heat transfer equations are
solved on the volume elements. The ensuing set of linear algebraic
equations is solved at each timestep using the algebraic multigrid
method, SAMG [43]. The proposed numerical model is validated
against several analytical solutions and other numerical simula-
tions. Validation examples are performed in other publications by
the authors (e.g. Refs. [7,28].
3.2. Well model

In this study, the wells and RJD laterals are modelled as 1D line
objects. Since the flow into a wellbore is mainly a radial flow, the
problem of singularity arises, in which, the region where pressure
gradients are the largest is closest to a well and is far smaller than
the spatial size of elements. Using local mesh refinement around
the well can alleviate this problem at the cost of simulation time
[30,44]. Thewell model computes flow into the wellbore accurately
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using accurate well equations that allow the computation of the
bottomhole pressurewhen a production or injection rate is given or
the computation of the rate when the bottomhole pressure is
known. In this study, the well flow is defined as [45].

Q ¼ 2p
ffiffiffiffiffiffiffiffiffiffi
k1k2

p
h

mf lnðre=rwÞ
ðpw � pmÞ (11)

where, k1 and k2 are matrix permeabilities in two orthogonal di-
rections perpendicular to the wellbore, h is the height of the
element, rez0:2h is the equivalent radius at which the steady state
flowing pressure for the actual well equals the numerically
computed pressure for the well element [46], rw is the radius of the
wellbore, pw is the well pressure (bottomhole pressure), and pm is
the fluid pressure at the matrix. A laminar flow through the wells
and laterals is assumed as

Q ¼ pr4w
8mf

Vpw (12)

Using the well model, the dependency of the pressure/flow rate
on the element size has been significantly reduced as shown in
Fig. 2 for a simple well test. As shown in this figure, without using
the well model, results for the well pressure corresponding to a
constant production rate are significantly mesh dependent. The
Fig. 2. (a) The production temperature with and without using the well model in a
simple doublet system. The dashed lines show the results without using the well
model, and the mesh size used for wells is 20m. The injection and production are
defined using either constant pressure injection/production or constant flow rate. (b)
Sensitivity of the well pressure to the mesh size: dotted lines show the results without
using the well model; solid lines show the results using the well model; and dashed
line shows the exact solution.
simulation results approaches the exact (analytical) solution as the
size of the elements at the well reduces. However, using the well
model, the mesh dependency has been removed and the pressure
results for different mesh sizes are very close to the exact solution.
Using the well model is crucial for small-diameter RJD radials to
capture the accurate radial pressure/flow rate and its overall
contribution to the production of the main wellbore. Also, in Fig. 2,
the results for the fluid temperature at production in a simple
doublet system are presented and compared for two cases with and
without the well-model. The application of the well-model in two
cases is compared: constant pressure injection/production versus
constant flow rate. When the bottom-hole-pressure (BHP) is
defined, again the well flow rate will be mesh dependant, thus the
fluid temperature at production can be erroneous. However, when
the flow rate is defined at the wells, the error due to lack of using a
well model is limited to the BHP and the pressure in vicinity of the
wells, while the heat transfer and the production temperature are
not affected significantly as shown in Fig. 2.

3.3. Simulation models and scenarios

Heat production is simulated through a combination of an in-
jection well and a production well, i.e. a geothermal doublet. The
geothermal reservoir is consisted of a single layer of thickness
100m and lateral extent of 3 km by 3 km as shown in Fig. 3. The
wells fully penetrate the layer. Two types of fractures: short and
long are considered. For short fractures, three cases of fracture
densities are considered: low, medium and high densities as shown
in Fig. 4. The fractures extend fully through the layer thickness.
Fracture network extension may follow the fractal law [47]. In this
study, fractures are created using a novel method in which the
propagation of fractures are simulated dynamically using the
equations of motion, and mass and momentum conservations, and
include the interactions between different fractures (Welch and
Luthje [55]). For each short fracture set, three well placements are
considered: 1) the injection and productionwells are located in the
rock matrix and away from the fractures, 2) the injection well is
located close to the fractures and the production well intersects a
fracture, 3) both wells intersect the fractures. The spacing between
wells in all cases is kept constant and equal to 1017m. For the long
fracture case, the wells are located in the matrix and away from the
fractures.

Four RJD laterals in both injection and production wells are
considered. The laterals are positioned horizontally in the centre of
the layer. For the long fracture case, the size and direction of laterals
are varied to investigate the connectivity of the laterals to the
fracture network. RJD laterals are a good candidate for inducing
hydraulic fractures. In this case, the RJD laterals are pressurized to
create hydraulic fractures, and since there are many laterals drilled
in one plane, there is a good chance for the induced hydraulic
fractures to intersect and create a larger plane in the desired di-
rection. In short fracture cases with well placement 1 (wells are
located away from the fractures), the effect of using a hydraulic
fracture in place of the RJD laterals is investigated. It is assumed that
a circular fracture of radius 100m is induced through the RJD lat-
erals as shown later in Fig. 9. The well placement 1 which is located
on the matrix is selected for the hydraulic fracturing case, as the
other cases would develop uncertainties in the induced fracture
geometry due to the presence of the natural fractures connected to
the induced fracture.

In all simulations, the injection and production rates are set to
Q ¼ 0:02 m3/s, the initial reservoir pressure is set to 20MPa, the
initial temperature is set to 80 �C, and the isotropic in situ stress is
set to 35MPa. Water is injected at a temperature of 20 �C. The
model parameters are given in Table 1. The matrix is considered



Fig. 3. The geometry of the simulation model, as well as initial and boundary conditions.
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permeable with permeability varying between km ¼ 1� 10�15 m2

to km ¼ 1� 10�13 m2 and the fractures initial aperture is set to a
uniform value of 1mm. The equivalent permeability of the low,
medium and high fracture density cases with matrix permeability
of km ¼ 1� 10�13 m2 are calculated as 3.6� 10�13m2,
6.5� 10�13m2, and 1.6� 10�12m2, respectively. Since the fractures
are distributed relatively uniform, the equivalent permeabilities in
both horizontal directions are similar. For long fractures, the matrix
permeability is set to km ¼ 1� 10�14 m2. The left and right
boundaries are considered open for all cases, while other bound-
aries are set to no-flow boundaries.

For the deformable matrix, the classic Barton-Bandis model
[48,51] is utilised to express the fracture aperture in terms of the
contact stress as

af ¼ 0:011� 7:33� 10�9sn
1þ 6:67� 10�7sn

(13)

inwhich, sn in the normal component of the contact stress over the
fracture. For short fracture cases with deformable matrix, the
Young's modulus and Poisson's ratio are set to 20 GPa and 0.25,
respectively [28]. While for the long fractures the Young's modulus
and Poisson's ratio are set to 50 GPa and 0.25, respectively [7]. The
initial aperture under initial in situ stress (35MPa) and pressure
(20MPa) is 1mm which is consistent with the rigid-fracture sim-
ulations [27]. For short fractures, the deformable case is considered
for well placement 3 in which both wells are connected to the
fractures. The classic Barton-Bandis model is chosen for this work
as it is commonly employed for simulation of variable fracture
aperture [27,49]. All the simulations are conducted for 30 years as
the lifetime of geothermal plants is commonly designed for a
maximum of 30 years [4,20].

4. Results and discussion

In this section, the application of RJD laterals in heat production
from different geothermal reservoirs is investigated. The different
cases vary in the density of the fractures, size and orientation of RJD
laterals, connectivity of the laterals to the fracture, matrix perme-
ability, as well as the size of the fractures. The simulations are
performed for 30 years using an initial timestep of 1 day which
increases by a factor of 1.2 every step until it reaches to a prescribed
maximum timestep of 0.25 years. First the results for the short
fracture sets are presented and discussed, followed by the results
for long fracture set. Finally, the net production energy rate for
several cases of short fractures are calculated and its sensitivity to
the length of the RJD laterals are investigated.

4.1. Short fractures

The temperature distributions in the matrix after 30 years of
simulation for well placement 3 with RJD laterals for different short
fracture densities are shown in Fig. 5. Thematrix permeability is set
to km ¼ 1� 10�13 m2 in these cases. The temperature distribution
in the low-density case resembles a smooth circle around the in-
jection well, and the fractures do not affect the temperature dis-
tribution significantly. In the high-density case, however, the
fractures are the primary flow paths, thus, disturbance of the
temperature is observed. The RJD laterals in the injection well are
drown into the cold plume, but in the production well two laterals
connect the well to the cold plume while the other two provide
access to the hot matrix behind the production well. In particular,
the laterals in medium and high-density cases connect the pro-
duction well to a network of fractures behind the production well
that provide access to the hot matrix. The pressure (injection and
production) and pressure difference between the injection and
production wells (DP) during 30 years of simulation for all cases of
short fractures are shown in Fig. 6. At the injection well, the build-
up pressure is reducedwith increase in the fracture density, and the
pressure drawdown at the production well is also reduced by
increasing fracture density. This is evidently a sign of increase in the
equivalent permeability of the reservoir due to higher fracture
density. The placement of the well has a significant effect on the
pressure in the low-density case with little effect on the pressure in
the high-density case. In the low density case, when the placement
of thewellsmove from thematrix to the fracture it shows reduction
in the build-up and drawdown pressures at the injection and pro-
ductionwells, respectively. Installing RJD laterals also improves the
injectivity and productivity of the wells by reducing the build-up
and drawdown pressures. The effect of the RJD laterals is more
dominant in the low fracture density case and less dominant in the
high fracture density case.

The production temperature profiles in Fig. 7 show that high
fracture density cases, while providing better injectivity/produc-
tivity, create a shorter path for the cold fluid to reach the produc-
tion, therefore, the production temperature declines faster in the
high fracture density cases than the low fracture density cases.
Interestingly, the RJD laterals have no significant effects on the
production temperature from the low fracture density cases (where
the RJD laterals have the most injectivity/productivity enhance-
ment), while the RJD laterals have positive effects on the produc-
tion temperature from the high fracture density cases (where the
RJD laterals have negligible or low injectivity/productivity effects).
The results for the medium density cases are mixed, for instance
the temperature drawdown is faster for well placement 2 (Fig. 7b),
but it is slower for well placement 3 than the other two cases (low
and high densities). This is due to the orientation and position of
fractures around the production well as shown in Fig. 8 for well
placement 2. In low density case, the production well intersects an
isolated fracture, in the medium density case, the well is connected
to a fracture network in front of the production well which acts
unfavourably for the heat by creating a shortcut to the injection



Fig. 4. Top view of the fracture geometries of short and long fractures used for sim-
ulations. The geothermal reservoir is consisted of a single layer of thickness 100m and
lateral extent of 3 km by 3 km.
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well, and in the high case, the well is connected to a fracture
network behind the production well which acts favourably for the
heat by accessing the hot matrix. Thus, for well placement 2, the
medium density case suffers from faster temperature decline in the
production as shown in Fig. 7b, while the high-density case pro-
vides better heat production. In well placement 3 in medium case,
the production well is connected to a favourable fracture, so the
temperature drawdown is slower as shown in Fig. 7c.

The pressure, pressure difference and temperature evolution of
the hydraulically fractured cases are also included in Figs. 6a, d and
7a, respectively, shown by dotted lines. The fractured RJD laterals
show better injectivity and productivity in the low and medium
density fracture cases compared to the RJD laterals, but show little
improvement in the highly fractured case. The effect of the hy-
draulic fracture on the production temperature is negligible for the
low fracture density case, positive for the medium fracture density
case, and negative for the high fracture density case compared to
the RJD cases. By inspecting the temperature distribution given in
Fig. 9, it is seen that the induced fracture connects to a few isolated
fractures in the low-density case, thus it has negligible effect on the
heat production. However, the induced fracture provides higher
contact surfaces for improved injectivity/productivity of the sys-
tem. In the medium density case, the induced fracture at the pro-
duction well connects to several favourable fractures located
behind the productionwell, thus providing access to hot matrix (i.e.
larger area of the reservoir) and improving the heat production
more than the RJD laterals. In the high-density case, the induced
fracture at the production well connects to many fractures around
thewell, so it improves heat production compared to the well itself,
but less efficient than the RJD laterals. Thus, the hydraulic frac-
turing of the RJDs in the high fracture density case perhaps is not
effective as it neither improves the injectivity/productivity nor the
heat production.

While the fracture apertures were constant in previous simu-
lations, another set of simulations with deformable matrix inwhich
the fracture apertures follow the Barton-Bandis model given in Eq.
(7), are performed. The results for the pressure, pressure difference
(Dp) and production temperature for deformable matrix are also
included in Figs. 6c, f and 7c, respectively. Better injectivity is
observed in the Fig. 6c and f for the deformable case, compared to
the constant aperture cases (rigid fracture). This is due to the in-
crease in the fracture apertures due to reduction in the contact
stress around the injectionwell. The reduction in the contact stress
comes from both poroelastic and thermoelastic deformation of the
matrix and fracture. The pressure build-up at the injection well
reduces the contact stress, and the reduction in the matrix tem-
perature results in the contraction of the matrix and thus further
reduction in the contact stress in the fractures. Opposite behaviour
is seen at the production well where the decrease in the fluid
pressure results in an increase in the contact stress and thus lower
fracture aperture and lower conductivity of the fractures. However,
the effect of the pressure reduction at the production well is not as
significant as the effect of cooling the matrix around the injection
well. The positive effect of the deformable matrix at the injection
well is not as much as the effect of RJD laterals for the low fracture
density case, which due to scattered fractures it is not surprising.
However, for other two fracture density cases e medium and high
e the effect of the deformable matrix on the injectivity is as much
as the effect of RJD laterals. When it comes to the heat production,
the deformablilty of matrix has negligible effects on the heat pro-
duction from low fracture density case but has negative impact on
the heat production from the medium to high density cases. This is
due to unfavourable flow paths created in the deformable case.
Therefore, for medium to high fracture densities, the effect of ma-
trix deformability and dynamic fracture aperture variation should



Table 1
The rock and fluid properties used in the simulations.

Parameter Value Unit

Matrix porosity (f) 0.25 e

Matrix permeability (km) 10�15,10�14, 10�13 m2

Solid density (rs) 2500 kg/m3

Young's modulus (E) 20, 50 GPa
Poisson's ratio (n) 0.25 e

Solid heat capacity (chs) 790 J/kg�C
Fluid heat capacity (chf) 4180 J/kg�C
Vol. thermal exp. solid (bs) 2.4� 10�5 /�C
Vol. thermal exp. fluid (bf) 7.66� 10�4 /�C
Fluid compressibility (cf) 4.6� 10�10 Pa�1

Fluid density (rf) 1000 kg/m3

Thermal conductivity-solid (ls) 3.5 W/m�C
Thermal conductivity-fluid (lf) 0.6 W/m�C

S. Salimzadeh et al. / Renewable Energy 139 (2019) 395e409402
be considered to achieve realistic predictions for the geothermal
system.

In the cases described above, the matrix had a relatively high
permeability (km ¼ 1� 10�13 m2) thus the heat propagated in both
fractures and matrices. Fractures can play a more significant role in
transferring fluids if the matrix does not have a comparable
permeability. In another case of high-density fracture with well
placement 3 (wells are connected to the fractures), the matrix
permeability is reduced to km ¼ 1� 10�15 m2. As a result, the
injected clod fluid mainly remains in the fractures as shown in
Fig. 10, and the heat energy stored in the matrix remains unmined
which results in very fast drawdown of temperature in the pro-
duced water. As shown in this figure, the cold front has penetrated
towards the production well through the fractures.
Fig. 5. Temperature distribution in the matrix after 30 years of simulation for well
placement 3: a) low density, b) medium density, c) high density fractures with RJD
laterals. The laterals are shown with white lines.
4.2. Long fractures

For the case of long, connected fractures, the matrix perme-
ability is set to km ¼ 1� 10�14 m2 and, both injection and pro-
duction wells are located in the matrix and away from the fracture
network. Four horizontal RJD laterals are added to each well at the
centre of the layer. The effect of the RJD laterals' connectivity to the
fracture network is investigated using several connected and un-
connected cases as shown in Fig. 11. In this figure, the pressure
distribution after the first step (1 day) for the long fracture case for
three configurations of the RJD laterals: a) 100m laterals connected
to the fracture network, b) 50m laterals unconnected to the frac-
ture network, and c) 100m laterals rotated 45⁰ and unconnected to
the fracture network are presented. In this figure, the wells and RJD
laterals are represented by the high-pressure gradients. Results
show that in the first case, the connection of the laterals to the
fracture network significantly improves injectivity and productivity
as the pressure build-up at the injection well is just 3.81MPa, and
the pressure drawdown at the productionwell is just 5.45MPa. The
zones with high-pressure concentration around the injection and
productionwells are extended to the nearby fractures. While in the
other two cases with no direct connectivity of the RJD laterals to the
fracture network, the pressure build-up and drawdown varies be-
tween 13.1 and 23.0MPa, and 14.0e23.0MPa, respectively. Inter-
estingly, when the laterals are connected to the fracture network,
the higher fracture density around the injection well improves the
injectivity more than the productivity at the production well, thus
the pressure build-up (3.81MPa) is considerably less than the
pressure drawdown (5.45MPa). But when the laterals are not
connected to the fracture network, the density of the fracture
network does not affect the pressure build-up and drawdown, as
the overall conductivity is mainly determined by the matrix
permeability.
The injection/production pressure and pressure difference be-
tween the injection and production wells (Dp) during 30 years of
simulation for all cases of low permeability matrix with fracture
network are shown in Fig. 12. Tremendously high-pressure build-
up and drawdown is observed for the case without any laterals as
well as for the cases with laterals unconnected to the fracture



Fig. 6. Well pressures (both injection and production) and the pressure difference between injector and producer wells during 30 years of simulation for low (L), medium (M), and
high (H) fracture densities. (a, d) Well placement 1, (b, d) well placement 2, (c, f) well placement 3. The solid lines show cases without RJD laterals, the cases with RJD laterals are
shown in dashed lines, the dotted lines in (a, d) show cases with hydraulic fractures, and the dash-dot lines in (c, f) show cases with deformable fractures. In (a,b, and c) the solid line
in the middle represent the initial reservoir pressure.
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network, that makes the heat production impractical. While for the
case with four laterals of length 100m which connect the wells to
the fracture network, the build-up and drawdown pressures are
finite. Thus, in low permeability reservoirs it is crucial that the RJD
laterals connect the well to the fracture network. The temperature
drawdown profile for different cases of long, connected fractures is
shown in Fig. 13. When the wells are connected to the fracture
network by the RJD laterals, both injectivity/productivity and the
heat production improves. Interestingly, for two cases with un-
connected laterals (50m laterals and 100m rotated laterals) the
heat production curves follow the same trend, which indicates that
the matrix permeability controls the flow, thus laterals' lengths do
not have significant effect on the direction of cold watermovement.
Included in this figure is the case with connected RJD laterals in
deformable matrix. In this case, the fracture aperture varies during
simulations due to the Barton-Bandis model presented in Eq. (7).
Cooling down the matrix during heat production reduces the in situ
stresses and increases the fracture apertures as shown in Fig. 14.
Around the injection well, the maximum aperture has increased to
more than 2mm from the initial value of 1mm, while the aperture
has reduced to 0.78mm around the production well. Higher
apertures result in higher conductivity of the fractures and higher
injectivity, but at the same time creates unfavourable flow path-
ways towards the production well. Thus, the heat production re-
duces when the deformability of thematrix is considered, as shown
in Fig.13. The temperature distributions after 30 years of simulation
for three cases: without RJD laterals, with 100m laterals connected
to the fracture network, and with 100m laterals connected to the
fracture network in deformable matrix are shown in Fig. 15. The
laterals at the injection well divert the injected cold fluid towards
areas behind the well and away from the production well. Those
areas aremarked by circles in Fig. 15b. Thus, laterals create access to
more heat stored in the matrix and improve the heat production as
shown in Fig. 13. In the deformable case, on the other hand, the
higher fracture conductivity enhances the flow of the cold fluid
towards the production well, leaving the heat stored in the matrix
untouched in areas shown by circles in Fig. 15c.

4.3. Net energy production

The net energy production of a system is crucial as it estimates
the performance of the geothermal reservoir. The net energy is



Fig. 7. Production fluid temperature evolution during 30 years of simulation for low (L,
green), medium (M, red), and high (H, black) fracture densities. a) Well placement 1, b)
well placement 2, c) well placement 3. The solid lines show cases without RJD laterals,
the cases with RJD laterals are shown in dashed lines, the dotted lines in (a) show cases
with hydraulic fractures, and the circles in (c) show cases with deformable fractures.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

Fig. 8. Temperature distribution around the production well in well placement 2: a)
low density, b) medium density, c) high density short fractures. The red line shows the
production well. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)
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determined by the energy produced (Eg) minus the energy
consumed by pumps for injection (Ep)

Enet ¼ Eg � Ep (14)

The energy produced from the production well may be written
as (Vik et al. [54])
Eg ¼ rchf Q
ðLT

t¼0

�
T � Tinj

�
dt (15)

where Q is the production flow rate, Tinj is the fluid temperature at
injection. LT is the lifetime for when the temperature at



Fig. 9. Temperature distribution in the fractures after 30 years of simulation for well
placement 1 with hydraulic fractures induced from the RJD laterals. a) low density, b)
medium density, c) high density short fractures.

Fig. 10. Temperature distribution in the high-density short fractures in (a) high and (b)
low permeability matrix (km ¼ 10�13 ; 10�15m2) after 30 years of simulation for well
placement 3. The contours in black show the 70 �C temperature.
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production reaches the minimum temperature the plant sees it
economical to produce. The minimum temperature is set to 65 �C
in this study. The production energy is basically the area between
the production temperature and the injection temperature of
20 �C for the lifetime of the reservoir (until the production tem-
perature reaches to 65 �C). Energy used to pump in the injection
fluid may be written as [50].



Fig. 12. (a) Injection and production pressures, and (b) pressure difference between
the injector and producer wells during 30 years of simulation for different cases of long
fractures in low permeability matrix. In (a) the solid line in the middle represent the
initial reservoir pressure.
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Ep ¼
ðLT

t¼0

QDP
έ

dt (16)

whereDP is the pressure change between the injector and producer
wells, and έ is the energy conversion efficiency factor, that is
assumed to be 0.7 [50]. A sensitivity analysis on the length of the
RJD laterals is performed to investigate its effect on the net energy
production. The length of the RJD laterals is varied between zero
(no RJD laterals installed), 25m, 50m and 100m. Four RJD laterals
are placed in the centre of each injection and production wells, for
three different well placements and in three cases of short frac-
tures: low, medium and high fracture densities. The results for the
average net energy rate (net energy divided by the lifetime of the
reservoir) versus laterals length are shown in Fig. 16. The average
net energy is calculated as the sum of the net energy produced
(positive values) divided by the time of that positive net energy
production. The negative values for the net energy production are
omitted. For all cases, the average net energy production increases
with the length of the laterals. The reasons for this are two-fold:
Firstly, the longer laterals improve injectivity/productivity of the
Fig. 11. Pressure distribution in the matrix after the first step of simulation (1 day) in
long fractures: a) with 100m RJD laterals connected to the fracture network, b) with
50m RJD laterals unconnected to the fracture network, c) with 100m RJD laterals
rotated 45⁰, and unconnected to the fracture network. The laterals are shown with
high-pressure gradient lines.



Fig. 13. Production temperature during 30 years of simulation for different cases of RJD
laterals in low permeability matrix with long fractures.

Fig. 14. Fracture aperture distribution after 30 years of simulation for the case of low
permeability matrix (km ¼ 10�15m2) with long fractures.

Fig. 15. Temperature distribution in the matrix after 30 years of simulation. a) The case
without RJD laterals. b) The case with 100m RJD laterals. c) The case with 100m lat-
erals in deformable matrix. The circles show the affected areas by RJD laterals in b and
deformable matrix in c.
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well hence reduce the energy needed for pumping. Secondly, the
longer laterals provide access to the fracture network around the
producer well, and hence provide access to the hot matrix behind
the production well. For well placement 1 (in the matrix and away
from the fractures), the net energy rate is more sensitive to the
lateral length, as the well is placed in the matrix and away from the
fractures. Therefore, higher length of laterals improves the injec-
tivity/productivity of the wells. Higher densities of the fractures
also improve the net energy rate produced as the fractures improve
the injectivity/productivity of the system. For well placement 2, the
net energy rate improves faster in short laterals (i.e. 25m and 50m)
than the long laterals (100m) as the short laterals perhaps already
connect the injection well to the fractures, thus the longer laterals
have lower impact on the average net energy production rate. For
well placement 3, the wells are already connected to the fractures,
thus the RJD laterals have minor impact on the injectivity/pro-
ductivity of the wells as shown in Fig. 16. Interestingly, the 100m
laterals remove the dependency of the average net energy pro-
duction rate on the well placement, and all the three well place-
ments for each case of the fracture densities (low, medium, and
high) almost develop the same average net energy production rate.
The well placement 1 in high fracture density case is an exception
as the long laterals improve the heat production by connecting the
production well to the hot matrix behind the production well.
5. Conclusions

The application of the RJD laterals in enhancing the heat pro-
duction from the geothermal reservoirs was investigated using
several cases of low, medium and high density short fractures as
well as long connected fractures with connected/unconnected RJD
laterals. The key findings of this study are as follows:

� The RJD laterals can be very effective in enhancing injectivity/
productivity and/or heat production from the fractured reser-
voirs. The best performance of the RJD laterals in enhancing
injectivity/productivity was observed in low fracture density
cases in which the main wellbore was not directly connected to
the fractures. In the high fracture density case, the RJD laterals



Fig. 16. The average energy rate versus the RJD laterals length for three well place-
ments: 1 (solid lines), 2 (dashed lines), and 3 (dotted lines) for three short fracture
densities: low (green), medium (red) and high (black). Laterals lengths vary between
zero, 25m, 50m and 100m. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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can be effective in heat production by providing access to the
hot rock. In low permeability reservoirs that the flow mainly
occurs through the fracture network, the RJD laterals should
connect to the fracture network in order to be effective.

� The RJD laterals can be further used to induce hydraulic frac-
tures in low fracture density cases, while in medium to high
fracture density cases, the deformability of the rock matrix and
its effect on the fracture aperture variation should be accounted
for.

� The deformable matrix improved the chance of creating
unfavourable pathways between the injection and production
wells.

� Results for the net energy production rate showed higher
sensitivity to the lateral lengths in low fracture density cases
and in cases where the well was not connected to the fractures.
The laterals can in principle remove the dependency of the net
energy rate to the position of the wells with respect to the
fractures by creating direct connections between the wells and
the fractures.

In summary, the RJD technique can be used as an alternative
well stimulation technique for geothermal reservoirs provided that
the formation can be jetted properly. The extend, direction of lat-
erals and their connectivity to the natural fractures are crucial pa-
rameters in evaluating the success of this technique.
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Nomenclature

af Fracture aperture (m)
cf Fluid compressibility (1/Pa)
chf Fluid heat capacity (J/kg �C)
chm Matrix heat capacity (J/kg �C)
D Drained stiffness matrix (Pa)
Enet Net energy (J)
Eg Gross energy (J)
Ep Pumping energy (J)
F Body force (N/m3)
g Gravitational acceleration (m/s2)
h Reservoir thickness (m)
I Second-order identity tensor (�)
K Matrix bulk modulus (Pa)
k1 k2 Matrix permeability in two orthogonal directions 1

and 2 perpendicular to the wellbore
km Matrix permeability tensor (m2)
Ks Solid grain's bulk modulus (Pa)
N Shape function (�)
pf Fluid pressure in fracture (Pa)
pm Fluid pressure in matrix (Pa)
pw Fluid pressure in wellbore (Pa)
Q Flow rate (m3/s)
re Equivalent wellbore radius (m)
rw Wellbore radius (m)
t Time (s)
T0 Initial Temperature (�C)
Tf Fluid temperature in fracture (�C)
Tm Matrix temperature (�C)
u Displacement vector (m)
vf Fluid velocity in fracture (m/s)
vm Fluid velocity in matrix (m/s)
a Biot coefficient (�)
bf Fluid volumetric expansion coefficient (1/�C)
bs Solid volumetric expansion coefficient (1/�C)
ε Strain tensor (�)
ε Convergence tolerance (�)
έ Energy conversion efficiency factor (�)
mf Fluid viscosity (Pa s)
rf Fluid density (kg/m3)
rm Matrix density (kg/m3)
f Porosity (�)
q Averaging weight coefficient (�)
lf Fluid thermal conductivity (J/m�C)
lm Matrix thermal conductivity (J/m�C)
sn Contact (normal) stress (Pa)
X Vector of unknown variablesbX Nodal values of X
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