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Abstract

Knowing the long-term performance of geothermal energy extraction is crucial to decision-
makers and reservoir engineers for optimal management and sustainable utilisation. This article
presents a three-dimensional, numerical model of coupled thermo-hydraulic processes, in a
deep heterogeneous geothermal reservoir overlain and underlain by impermeable layers, with
discrete fracture. The finite element method is employed in modelling the reservoir, after
conducting a verification study to test the capability of the solver and the results obtained are
in agreement with the existing models. The model is then used to investigate the responses of
human control parameters (injection flow rate, fluid injection temperature, and lateral well
spacing) on reservoir productivity, using different operation scenarios. The injection flow rate
is found to be more efficient, concerning reservoir productivity, than the other two parameters.
To this end, the study concludes that, by varying some parameters in the subsurface, reservoir
productivity can be optimised efficiently. The numerical model developed provides in-depth
insight to stakeholders and reservoir engineers concerning the essential parameters to control

during exploration and exploitation.

Keywords: geothermal energy extraction, coupled thermo-hydraulic, discrete fracture, finite

element method, parameters analyses
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1. Introduction

Geothermal energy is a base load energy resource that is available universally beneath us in
great quantity. One form of this resource is the deep geothermal system, from which energy is
mined by forcing circulating fluids via an injection well to create a reservoir and then extracting
the fluid back through a production well in a closed loop [1]-[4]. Before exploiting the energy,
preliminary studies on the geological formations and petrophysical properties of a selected field
needed to be conducted. However, field experiments are very expensive to perform [5], and the
long-term performance of the systems should be investigated before engagement. Numerical
modelling can provide essential information that will guide in determining the long-term
performance of geothermal systems. To simulate and evaluate the behaviour of a deep
geothermal system for its commercial viability, a reliable numerical method that can handle
the complexity of subsurface flow is needed [6]. The modelling of geothermal systems has
become a useful technology with applications to more than 100 fields worldwide [7]. Also,
computational meshes of large, complex, three-dimensional models with more than 4000
blocks are now used routinely [7]. The first development of a geothermal reservoir simulation
took place in the early 1970s [8]. However, the most accepted one in the geothermal industry
was the 1980 code comparison exercise organised by the US Department of Energy [9], which
consisted of testing several geothermal simulators on a set of six test problems. As a result, a
progressive improvement in the capabilities of simulation codes for geothermal reservoir
modelling has been acquired.

There have been substantial advances in numerical simulation for geothermal reservoirs
over the past several decades, with the steady growth of computational power and the
development of numerical models that have minimised several simplifying hypotheses. The
advances include the implementation of more accurate equations of state for the fluid system,
for instance, in the TOUGH2 and TOUGHREACT codes and the FALCON code [10]-[12].
Also, there has been tremendous progress in the ability to represent geometric complexity and
heterogeneity in simulation codes; examples include FEFLOW, GOCAD, and OpenGeoSys
[13], [14]. Computational schemes that are faster and more accurate have also been elaborated
in reservoir simulation. Other numerical simulation codes are still under development,
especially those by the current reservoir modelling working group, inaugurated with the help
of the International Partnership for Geothermal Technology (IPGT). The IPGT is an
international organisation with five member countries (Australia, Iceland, New Zealand,
Switzerland, and the United States) aiming to improve understanding of geothermal potentials

and usage in the globe [15]. The organisation proposed to develop a standard geothermal
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simulation code that will couple the various interactions arising during exploitation by the year
2020. The Geothermal Technology Office (GTO) under the Energy Department of the United
States has initiated a code comparison study program that will improve the state of the art of
geothermal simulation codes [16]. The program focused on examining existing codes,
identifying dissimilarities, and illustrating the modelling capabilities of a global compilation
of several numerical simulators for assessing geothermal technologies. Six benchmark
problems were proposed, and the program commenced in 2014. According to White and
Phillips [17], 12 groups participated in the challenge, and each group had a unique numerical
simulator and analytical approaches providing a detailed mechanistic approach, modelling
process, and solution scheme. Ghassemi et al. [18] reported on some of the outcomes of the
program, stating that none of the 12 members was able to participate in all six problems due
specifically to code limitations.

Therefore, geothermal modelling tools exist for several decades, but they were unable
to cope with modern demands, both in resolving scientific and resource specific questions and
in computational practicability [19]. Although concepts can be rigorously tested for
consistency with data as soon as these become available, it is never early to establish a
computational model [18]. An appropriate numerical modelling tool is vital in planning the
energy extraction operations. The essential key instruments in planning the operations include
parametric studies. Shook [21] conducted an extensive study on some naturally occurring
parameters and their effect on energy recovery using the TETRAD code by employing the
geysers' geothermal data. The parameters include capillary pressure and relative permeability
relationship, initial liquid saturations, fracture spacing, and geologic structure. Nalla et al. [22]
studied the effect of formation properties and operational variables of wellbore heat exchangers
(WBHX) for enhanced geothermal systems (EGS) using the TETRAD simulation code.
Vacchiarrelli et al. [23] carried out a parametric study on the effects of fracture aperture and
fracture rotation angle on reservoir productivity by applying the GEOCRACK simulation code.
Recently, Chen and Jiang [24] reported the heat extraction performance of EGS using different
wellbore layout configurations. The layout investigated include doublet, triplet-straight line,
triplet-triangle, and quintuplet. Jain et al. [25] examined the effect of various wellbore
arrangements under different injection rates by employing the SHEEMAT simulation code.
The injected rates employed were 50 1/s, 100 1/s and 150 1/s, and the wellbore configurations
studied include doublet, triplet, and reversed-triplet. Poulsen et al. [26] analysed the effect of
thermal conductivity of confining beds, production rate, injection temperature, and reservoir

thickness on the productivity of low enthalpy geothermal reservoirs. Aliyu et al. [27] studied
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the effect of extraction well placement on geothermal productivity using the dual porosity
approach.

Especially, not much attention has been paid to the parametric studies on human-
controlled parameters in geothermal energy extraction. Bedre and Anderson [28] first
introduced the idea by analysing naturally occurring parameters and human-controlled
parameters of low-enthalpy geothermal systems in the United States using the 'One Factor At
a Time' (OFAT) method. Saeid et al. [29] developed a prototype model capable of estimating
the lifetime of low-enthalpy systems, based on the OFAT method proposed in [28]. In [28] the
reservoir is represented as a three-dimensional (3-D) model with the assumption of a simplistic
porous media approach for the fracture systems using the TOUGH2 five-spot model, whereas
in [29], the contributions of fracture systems is ignored in their representation but an explicit
3D model of the reservoir is depicted with underlying and overburdened strata. It can be
summarised from the above literature that the previous research focuses specifically on low-
enthalpy geothermal systems, naturally occurring parameters, and stochastic modelling tools
in the reservoir representations. Thus, not much has been reported on human-controlled
parameters in geothermal energy extraction, more specifically on enhanced geothermal
systems with open boundaries.

In this study, a 3-D numerical model of a deep and heterogeneous geothermal reservoir
is developed with a discrete fracture using the Soultz EGS scheme. The system proposed here
considers the influence of the surrounding media, the reservoir, and the fractures concurrently
in the estimation of the effect of human control parameters on geothermal energy extraction.
In this model, the fluid is circulated through an inclined vertical well connected to the matrix
(i.e., not a fracture) in a fully saturated porous medium, unlike the previously reported models
in which the injection and the production wells communicate via a single planar fracture or
multiple. Although, a fracture is also included in this model that intersects the matrix at an
angle but without connecting the wellbores to communicate. The reason for these assumptions
in the current model is that sometimes the wellbores do not connect through fractures, as in the
case of Soultz triplet geothermal reservoir where a low connection between GPK3 (injection
well) and GPK4 (the second production well) is experienced due to calcite deposition [30].
Moreover, the geothermal reservoir is modelled as an open system that allows for additional
sources or losses from the surrounding boundaries. As a result, water losses in the reservoir are
accounted for in the model. The significance of this assumption can be supported by a real-life
case of an existing geothermal reservoir. For instance, the five-month circulation test regarding

hydraulics, conducted in the Soultz geothermal reservoir during 2005, showed that only 30%
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of fluid mass injected is recovered at the production wells, displaying the open nature of the
reservoir [31]. The test result opposed the hot dry rock (HDR) concept that considered the
reservoir to be a closed system with no naturally existing fluid present before its injection [32].

The contribution of the present work includes these three aspects. First, this study has
proposed a mixed transport of fluid and heat in the reservoir from both the matrix block and
the fracture, respectively. Second, the 3-D model takes into account the effect of fluid losses
or gains concerning the nature of open systems in subsurface media, whose long-term influence
on the extraction wellbore temperature cannot be underestimated for a 30-year extraction
period. Third, in this investigation, each of the human-controlled parameters (injection flow
rate, injection temperature, and lateral well spacing) are examined under different operational
scenarios with other parameters. For example, injection flow rate in this study ranges from 20
I/s to 70 1/s. Therefore, when examining the effect of the injection flow rate on production,
different cases of injection temperature and well spacing are considered, because their impact
can also affect reservoir productivity.

The model addresses the limitations of previous research, which ignored the influence
of fractures, reservoir representation, open boundaries influence, and the inclusion of different
operational schemes. The study estimates the consequence of individual parameters on others
and their corresponding influences on the productivity of a geothermal reservoir. Solving the
structure of this heterogeneous system, which is nonlinear in parameters and has a coupled
interaction in nature, requires the use of a powerful numerical solver. The finite element
method (FEM) is adopted here because of its robustness in dealing with such problems. The
FEM package employed in the study is COMSOL with a link to MATLAB that serves as a
framework for implementing the numerical model and making the required coupling between
the physics [33]. At the end, numerical studies are carried out to verify the developed model,
and sensitivity analyses are performed to investigate the influence of the parameters on

reservoir productivity.

2. Modelling ther mo-hydraulic coupled problems

The first step in the analysis of coupled fluid flow and heat transport problems consists of
defining the geometry, material properties, initial and boundary conditions [34]. The geometry
can be created or imported from a CAD program once it is developed by including the material
properties and initial and boundary conditions. The next step is defining the mathematical

model and coupled processes to be solved. The final two stages are independent of the type of



166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186

187

188

189

190

191

192
193
194

numerical technique employed in solving the mathematical model except that the chosen
solution procedures should be capable of solving the model accurately.

Modelling geothermal energy exploration and exploitation requires coupling the
complex interaction occurring among different phenomena in the subsurface. These
phenomena include fluid flow, heat transport, chemical transport and mechanical deformation.
However, this study is limited to the coupled processes of heat transport and fluid flow in a
fully saturated and fractured porous media. Figure 1 presents the two-way coupled approach
used in this study, the illustration showed the hydraulic process is affected by temperature
gradient directly through the change in density and viscosity of the fluid, and the thermal
process, on the other hand, is influenced by the convective heat transfer through Darcy's

velocity term. For further details on coupled processes in the field of geosciences see [35].

The macroscopic governing equations describing the behaviour of the fully coupled TH model
demonstrated in the previous section compels the application of conservation laws of energy
and mass. In this study, the derived equations are based on a dual porosity-permeability model
(the model that accounts for rock matrix and fracture properties as a separate continuum).
Therefore, this section will derive the partial differential equations for both the fluid flow and
heat transport using the dual porosity-permeability approach are given here.

The law of conservation of mass governs the fluid flow expression in porous media,
and the law states that the mass inflow subtracted by the mass outflow is equal to the total mass
accumulated by a system. Thus, the conservation of mass fluid in porous matrix system is

2 ()7 (p)=0 ()

where V - is the divergence operator, p,V is the fluid mass flux and p ¢ is the mass per unit
volume within the matrix. The term p, 1is the fluid density, ¢ is the matrix porosity and Vv is

the Darcy's flux or velocity, which is defined as
K
v=—(-VP+p gV2) )
y7i

where « is the intrinsic permeability of the matrix, U is the dynamic viscosity, P is the fluid
pressure, g is the acceleration due to gravity, and z is the elevation. Substituting equations (2)

into (1) and rearranging gives
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Expanding the first term in the equation (3) by expressing the porosity and density as functions

of the fluid pressure, and applying the product rule and chain rule of differentiation yields

) (4 1op PP, 0P

2 = 4
P =00t oo 4)
Also, the equation of state (EOS) [36] defines the fluid and matrix compressibilities as
9
(_‘,f :Lﬂ andC :l% (5)

p. P’ " poP

where C, and C, are the fluid and matrix compressibility, respectively. Rearranging equations

(5) and inserting the terms into equation (4) yields

d oP
= op)=0p. (c, + Cm)g (6)

where q)(Cf +Cm) is defined as linearised storage S, and equation (6) becomes

9
ot

oP

Y (7)

(¢p|_ )=pLS

The generalised equation applied for solving problems in porous matrix is obtained by

substituting equation (7) into (3)

oP K
pLsg_i_V'pL{;(_VP+pLgVZ)j|:O (8)

For the porous matrix with fracture, the conservation of fluid mass within the fracture system

is
%(pL¢f )"‘V : (pLVf )+Qf +Q, =0 )

The subscript’s f and mrefer to fracture and matrix, respectively. The term p, @, is mass per
unit volume within the fracture, p,V; is defined as the fluid mass flux within the fracture and
@; 1s the fracture porosity. The term Q; denotes the flow from the matrix to the fracture which

sometimes referred as the matrix-fracture transfer term. This term describes the flow in the
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fracture system contains a source term that represents the transport of fluid from the matrix to
the fracture that is assumed to be distributed over the entire domain. Two different approaches

can be used to determine the matrix-fracture transfer term Q;, as described in [37-39].

However, in this study, the latter model [40] is chosen and is given as

1 8 L 1 if xeQ;
Qq :_ZZ, (X)m _[(g;f)dxa and g, (X):{o cItherwilaé (10)

where |Qi | represents the volume of the ith matrix block (i.e. Q.)and y,(x) is its characteristic

function. On the other hand, the term Q,, is the external sources or sinks of fluid that may be
comprised of an injection or production source and sometimes others sources/sinks from the
surrounding boundaries. In this case, the expression of Q,, is adopted from [41], by assuming

that the sum of the normal components of fluid flow from the matrix block through the

boundary cell, given here as

Q=- [ V-vP nux (11)

cellboundary ,U

The Darcy’s flux or velocity of the fluid in an equivalent fracture system V; , defined as
Kf
v, =7(—fo +p,GV2) (12)

in which the fracture permeability &, is assumed to obey laminar flow by applying the

concept of parallel plate and considering it as a uniform plate, expressed as

b2

Ky BEE) (13)

where b is the fracture aperture.

Substituting equation (13) into (12), and inserting output back into equation (9), and
also replacing the first term in bracket of equation (9) by applying similar expression obtained
in (7) gives the generalised expression (14) for solving fracture problems in porous media,

namely

oP

b2
PLS; a—tf+V-pL[m(—fo +pLgVZ):|+Qf +Q,=0 (14)
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However, it is critical to note that solving equations (8) and (14) requires boundary conditions,

which are p v-n, and p v, -n for the matrix and fracture, respectively. Explicit details are

provided in section 3 under the finite element formulations.

In this paper, local thermal equilibrium heat transport equations between the solid and fluid

phases is considered, in which the solid temperature (Ty) is equal to the fluid temperature (T,
) (i.e., Tg=T, =T ). Here, it is assumed that heat conduction in the solid and fluid phases occur

side-by-side so that there is no net heat transport from one phase to the other. Therefore, the
classical Newton's law of cooling is not applicable here, because it is very hard to estimate all
the parameters included in the formula. However, it is only possible to apply the formula under
laboratory conditions. The governing equation defining heat transport in porous media is the

conservation of energy law expressed as
0
aAE+V-qE =0 (15)

where Ag is the energy per unit volume is given
Ac = PspsC,sT +(1_¢S)pLCp,LT =pc,T (16)

in which ¢ and ¢, are the solid and liquid volume fraction (porosity), respectively; C, s and

C, . are the specific heat capacity for the solid and liquid, respectively; ps is the density of the

solid and T is the temperature. Also, g is the energy flux given by

Qe :pLVCp,LT +q (17)

The coupled contribution of convective heat transfer is giving in the first term of the right-hand

side of equation (16) while q=—AVT is the input of conductive heat transfer referred as the
Fourier’s law, where A is the effective thermal conductivity of both the solid and liquid phases
expressed as A=@s A +(1—@g)A,, in which A is the solid thermal conductivity and A, is

liquid thermal conductivity. Substituting equations (16) and (17) with their derivatives into
equation (15) yields the general expression for solving heat transport in the porous matrix as,

1.€.

aT
pe, S+ (p.ve, T—AVT)=0 (18)

Similarly, the conservation of fracture energy within a matrix block is given by
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gAf,E +V'Qf,E+Qf,E+Qm,E:0 (19)

oT
t +V-(pv e, T=2,VT)+Q, ¢ +Q,¢ =0 (20)

PCpa—

where Q; ¢ and Q, ¢ are the energy sources/sinks for the fracture and matrix systems, A ¢ is
the energy per unit volume within the fracture expressed similarly to equation (17), ¢ ¢ is the

energy flux within the fracture. However, by putting into consideration it obeys the theory of
parallel plate for fracture opening. Expanding and solving for the sub-equations within (19) as
presented in the matrix section of the heat transport (equation (15-18)) on fractures, yields the

general expression for heat transport in fractures given in equation (20).

3. Finite element formulation for coupled TH model

This section presents the application of finite element method (FEM) to coupled TH problems
in fully saturated and fractured porous media. The use of the coupled procedures and the partial
differential equations (PDE) displayed above is incorporated in developing the FEM model. It
is essential to define the initial and boundary conditions (BC) of the problem before
formulating the finite element solutions. The initial conditions specify the field pressures and

temperatures at t=0, i.e.
P=PR,,T=T,in Q and on I' (21)

where Q is the domain of interest and I is the boundary.

In the case of BC’s, they can be defined in two different kind that include the Dirichlet BC I

, and the Neumann BC T'“. For the fluid flow, the Dirichlet pressure BC can be imposed as a

constant value either at the injection/extraction wellbore boundaries, or far-field boundaries as
P=PonT, (22)

The Neumann BC for the fluid flow can be prescribed as a mass flux normal to the boundary

surface or at the injection/extraction wellbore boundaries as

Op :pLE(_VP'FpLgVZ)T -n on Iy (23)

10
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where N is normal to the boundary. Also, sometimes it can be employed as no-flow boundaries
by setting equation (23) to zero.
In the case of heat transfer, the Dirichlet temperature BC can be imposed as a value (in the case

of isothermal condition) at the injection wellbore boundary or far-field boundaries as
T=TonT; (24)

The Neumann BC for the heat transfer can be imposed as a heat flux normal to a boundary or

as an injection wellbore boundary (in the case of non-isothermal condition), which is given as
¢ =(=AVT+p,Cp vT) -n on T¥ (25)

In addition, the Neumann BC can also be prescribed as heat flux value at the heat outflow BC

in the production wellbore boundary using the expression for the convective heat transfer as

Gr = pLv.n.

The boundary value problem presented in the previous section, for example equations (8) is

written as
X(u)=B(u)+J=0 in Q (26)
Y(u)=D(u)+K=0 on T (27)

where X and Y are the derivate of differential operators, B and D are appropriate differential
operators, and J and K are known functions independent of the field variable u, which are the

exact solution of the boundary value problem. By considering the integral statement

j @ X (U)dQ+ j 'Y (u)dr'=0 (28)

Q

is satisfied for a set of arbitrary functions ¢ and ¢, which is equivalent to satisfying differential
equation (26) and (27). If equations (26) and (27) are satisfied, then equation (28) is true. An

approximate solution is sought in the class of functions U, namely
j
u=0=>» Ng=Na (29)

which is obtained by introducing a set of trial or shape functions N, regarding the coordinates;

and & are the unknown values defined at points (nodes) in the domain €2 and the boundary

I" . If equation (29) is substituted into (26) and (27), they remain an error, or residual, i.e.

11
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R=R,+R.= X (0)+Y(0) (30)

To minimise the residual over the whole domain and the boundary, a zero value for an
appropriate number of integrals of the error over Q and I', weighted by weighting functions w

and W, is sought, which is called the weighted residual method (WRM) [42], namely

j w' X (0)dQ+ j W'Y (0)dr'=0 (31)

Expression (31) is an approximation to the integral defined in equation (28) and results in a set

of equations for the unknowns &, which can be written as
Ka=f (32)

where K is the stiffness matrix, a is the unknown field; and f is the load matrix defined as
Ky=2 K = f° (33)
e=l

where K is known as the stiffness matrix for the € element and ° is the boundary flux for

the €” element, and the derivative of the differential operators X and Y must be continuous
over the domain. The WRM, that is equation (31), is now applied to mass conservation

equations (8) and its Neumann boundary condition equation (21), which yields

IWT VT{E(—VP+pLsz)} dQ +jWTSa—PdQ+IWT 5(—VP+pLsz)T-n—& -dl'=0
Q ﬂ Q at rd lLl

L
(34)
By limiting the choice of the weighting functions [42], such that

w=0 on T} (35)

W=—w on T} (36)

Applying the Green’s theorem on the first portion of equation (34) and incorporating equations

(35) and (36) into it, gives

J‘{— (wv)" (—EVP +£pLszﬂdQ +J.WT s® 4o+ IWT e dr—o (37)
o H H Q ot ra PL

12
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The same procedure applied to the fluid flow when used in the energy balance equation in (18),
and its Neumann boundary conditions in (24) by limiting the choice of weighting functions,

such that
w=0 on I; (38)
W=-w on I7 (39)

also applying the Green’s theorem to the second portion of equation (18), yields

aT

[w'e,p S0+ [wp,ve,, - VT dQ+[(Vw)" - (- AVT)dQ + [w'q"dr=0 (40)
Q Q Q

Ty

Equations (37) and (40) are the weak formulation (weak form) of the governing equations
presented in section 2.2, and by applying the Galerkin FEM to discretise the weak form
spatially [43]. The state variables are expressed regarding the nodal values and shape functions

as
P=N_P;T=N,T (41)

where P and T are the scalars of the nodal values of the pressures and temperature, N, and
N, are shape functions. For a coarse tetrahedral element of 3D problem, they can be
represented as
Ny =[Np Np, Np; Np, ], Ny =diagonal {N,; Ny, Np; Npi b, i=1,4
(42)
N; =[N;, N, Ny No, |, Ny =diagonal {N; N, N, N..}, i=1,4 (43)
By the introduction of equation (41) into equations (37) and (40); then applying the Galerkin

FEM, and replacing the weighting functions W and W with the corresponding shape functions

N, and N;, gives

J-{(VNP)TEVNPFA’—(VNP)TE,oLsz}dQ +jN;s\|Pa—PdQ+jN;idr=o (44)
2 Jz H 2 ot Mo PL
[Nfc,pNT %—IdQJrJ.[(NTTcp,Lqm ~VNT)'I°]dQ+.|'VNTT(—/1VNT)'I:dQ + [Nfqg"dr=0
Q Q Q Iy

(45)

13
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Further discretising equations (44) and (45) gives

Ke=[ NISN,dQ (46)
MP(T):_[(VNP)T £VNPdQ (47)
o 2
P T K + 4

f (T):J‘(VNP) ;pLng_jNP_de (48)

Ky =[Nfc,pNd (49)

M+ (P)=[{NJ (p,vc,, - VN )+ VNI (= AVN, )jd@ (50)
t7(P)=— [N]q,dr (51)

7
where K is the compressibility matrix; M | is the permeability matrix; f P is the load matrix

for the fluid flow process; K; is the capacity matrix; M is the conductivity matrix; and fT

is the load matrix for the heat transport. The staggered method is considered in coupling terms

of the equations (44) and (45). By using equations (46) - (51), equations (44) and (45) are

written as
R P .,
Mp(T)P+KP§:f (T) (52)
MT(P)-f+KTE)a_-,I[-:fT(P) (53)

The above equations are represented in matrix form as

S S

Similarly, by applying the procedure of FEM solution obtained in (52) and (53) to the fracture
equations in (14) and (20), yields

M f(T)Pf +Kp ¢ _:fp’f(T) (55)

14
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R d
My (PJT, +Kq a—tf= T (P) (56)

where Ky ; is the compressibility matrix for the fracture; M ¢ is the permeability matrix for
the fracture; f ™' is the load matrix for the fracture flow; K;¢ is the capacity matrix for the

fracture; M is the conductivity matrix for the fracture; and £ is the load matrix for the

T,f

fracture heat transport.

4. Solution procedure and verification

In this study, the fluid flow and the heat transport field equations are considered as independent
systems for the pressure, and thermal multi-coupling mathematical model. The staggered
method equation is used with the Galerkin method (finite element discrete method) in the
geometry domain to obtain the numerical solution of the coupling iteration problems. Then, by
applying the finite difference method (FDM) in the time domain as discussed in [44], to obtain
the solution of the coupled equations (52) and (53), by

M, (TR, —Rl/At+K[6R,, +(1-0)R = °(T) (57)
M (P)T,., ~TJ/At+ K [6T,, +(1-0JT =17 (P) (58)
For the discrete fracture equations (55) and (56), the solution is obtained from
M, (TIP, —P J/at+K,, |6 +1-6)P, = 17/ (T) (59)
M, (PIT,,, ~T, JAt+K,  loT,  +(1-6)T, |17 (P) (60)

where t and t+1indicates the previous and current time steps, respectively; At is the time
step size; @ is the relaxation parameter with limit 0<6<1. The FDM is employed to calculate
parameter by time step, and the specified initial time step with an acceleration factor of 1. It is
verified by repeated calculations to be stable and reliable for the computed results. The solution
of the TH coupled nonlinear model is attained by using a mixture of Newton-Raphson and

Picard schemes [45].
The convergence termination criterion employed for the nonlinear iterations in the study is the

weighted Euclidean norm, which terminates the iteration solutions when the relative tolerance

exceeds the relative error computed [46], given as
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where N is the number of fields and N; is the number of degrees of freedom in field j. The
double subscript denotes the degree of freedom index i and j component. E is the estimated

s ). U

error in the scalar, W, ; =max (]ui ihS; is the current approximation to the solution scalar,

)]

i.j

and S, is a scale factor for which the program determines the scaling process.

To verify the solution capabilities described, a simple two-dimensional (2D) model is analysed
by implementing the model in COMSOL with a link to MATLAB (COMMAT). The
verification carried out here is the disturbance caused by the presence of fracture in a porous
medium with a uniform flow. A similar problem was analysed by Strack as reported in [47],
where an analytical model for this issue is derived as the potential flow. In this study, the model
verified reported in [47] is used to verify the proposed model. Figure 2 presents the 2D model
of the problem with a 1D fracture as a hydraulic conduit. Fluid is injected and extracted on the
left Pin and right Pout sides of the model, respectively. On the other hand, the top and bottom
represent no flow boundaries VP-n=0. The fracture is 2 m in length with an orientation angle
of 45°, and the flow is assumed to be laminar along its surface, and the shape is assumed to
have normal displacements at the sides, as used in the case of a pressurised crack in an elastic

medium, expressed as
b=b_, v1-x" (62)

where b is the aperture at the centre and X’ is the normalised local coordinate systems. Table

1[47] presents other parameters used in the numerical simulation of the porous media.

The results obtained are grouped into two sets. The first set of the results is the pressure
distribution in the vicinity of the fracture and its flow pattern. Figure 3(a) presents the pressure
distribution of the previously reported results [47], while Figure 3(b) depicts the numerical
simulation carried out by the developed FE model. As observed, the results are in good
agreement between the previous model and the FE model formulated in this work. The second
set of the result verified in this study is the pressure profile along a diagonal line from the

bottom-left passing through the fracture to the top-right of the geometry. Figure 4 presents the
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results of both the previous work and the current FE model. As can be seen, the graph shows a
good agreement between the two solutions. Therefore, the capability of the newly developed

FE model is verified using a related problem applicable to porous medium modelling.

5. Geothermal reservoir case study

Figure 5(a), shows a schematic representation of the reservoir geometry for Soultz geothermal
system (i.e. half part of the reservoir), it depicts a deep geothermal system with 800 m x 800
m x 5000 m deep. The reservoir is assumed to be 300 m in thickness and is located at about
4.5 km below the ground surface, and bounded at top and bottom by impermeable layers of
granite. The top and bottom layers in Figure 5(a) represent the overburden and underburden,
and the middle layer in-between display the reservoir. The wellbores constitute a doublet
(single injector and producer) 11 m apart at the ground surface, and 600 m apart laterally at the
reservoir level as given in the Soultz geothermal system. Also, the injection well is positioned
100 m and 400 m in the horizontal and vertical distances, while the production well is located
700 m and 400 m in both the x and y coordinates as shown in Figure 5(a). Both the injector and
producer are inclined to angles of 10° and -10°, respectively.

Moreover, a single fracture intersects the reservoir through the overburden down to the
underburden layer as in Figure 5(a). The fracture dips at an angle of 60°, which is a normal
faulting regime to be precise with an approximated aperture of 50 mm.

Table 2 presents the petro-physical properties and physical parameters used in the
numerical model [4]. The material properties are extracted from the Soultz geothermal system
as in [4]. For the fluid material properties, expressions presented by Holzbecher [48] are
employed in the study, which includes density, viscosity, thermal conductivity, and heat

capacity. Details of the properties can be found [48]. The system at initial pressure is

hydrostatic throughout the model, and the initial temperature (T;;) is given as

T, =T —0.03[K/m|x (- z), where T, is surface temperature and is assumed to be 283.15

K. The boundary condition applied for the temperature is 40°C (fluid injection temperature),
and for the hydraulic process is 30 I/s (injection flow rate). Moreover, explicit details of the

boundary conditions used in the geothermal reservoir model are provided in Table 3.
5.1 Mesh and solution conver gence

In this model, the meshes are divided into three-dimensional (3-D) tetrahedral (for the matrix

block), two-dimensional (2-D) triangular (for the fracture), and one-dimensional (1-D) line
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(wells) elements, respectively. Figure 5(b) showed the mesh system that connects finer and fine
grids in the calculation to reduce the impact of boundary effects. The implementation of the
finer meshes on the wellbores is to increase the calculation accuracy; and also strengthens the
calculating intensity and workload. Therefore, the mesh division method not only increases
calculation accuracy but also eradicate the deviation caused by inappropriately selected
boundary conditions, which have some significant effect on the long-term extracting vicinity
and heat recovery after extraction.

The mesh convergence study of the proposed geothermal reservoir has been examined
to explore the model computational efficiency in handling the cases of various structural
variations mentioned. Five mesh sizes are utilised: M1=20463, M2=39925, M3=68780,
M4=189774, and M5=747838 starting from coarse to extra fine. Figure 5(c) shows the results
representing temperature profiles along the production wellbore for all meshes. It is also
evident that there is no significant difference in the results between the five meshes, though the
results of the coarse and normal meshes, M1 and M2, are less accurate. However, it manifests
no numerical oscillations. Notwithstanding, it can be deduced that the model converged at M3
mesh. The CPU time for 55-time steps are M1=108 s, M2=201 s, M3=363 s, M4 = 1083 s, and
M5=10177 s in an Intel(R) Core(TM) 15-5200U CPU @ 2.20 GHz, 2 cores.

To overcome numerical errors in the FEM solution, it is essential to check the
convergence criterion for the solution. The convergence criterion in equation (58) is employed
for the error estimation during solution iterations for the geothermal reservoir modelling.
Figure 5(d) shows the number of iterations and the corresponding errors. The result indicates

that an average of five iterations is sufficient to obtain an accurate solution.

5.2 Effect of cold water front

For the matrix block, the analysis is performed with an injection rate of 20 1/s, an injection
temperature of 40°C, and a well lateral distance of 600 m. The temperature distribution study
confirms the activity of the coupled processes (between the thermal and hydraulic properties)
because the heat transfer mechanism is found to obey convective-dominated behaviour due to
the strong coupling. Figure 6(a) shows the temperature at time t=0, which happens to be same
as the initial temperature of the system, affirming that the effect of the Dirichlet BC is yet to
commence. However, there was a regional groundwater flow induced by the gradient from top
to bottom existing before the injection. Figure 6(b) shows temperature distribution results after

15 years of simulation, with some part of the matrix experiencing the cooling effect of the
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injected fluid temperature. The process continues to propagate until the end of the simulation

(30 years), as shown in Figure 6(c).

To investigate the effect of cold water front in the reservoir, the cold water, at a temperature of
40°C, is injected at a rate of 20 I/s through two different injections well scenarios; one is
situated 100 m and the other 50 m away from the left end. Hot water is extracted by two
production wells; the first is located at 700 m, and the second at 750 m from the left end, as
shown in Figure 7(a-f). The effect of the cold water front propagation is examined after 1, 10
and 30 years of simulation for 600 m and 700 m lateral well spacing’s as shown in Figures 7(a-
f). In all the cases analysed, it was observed that the injected fluid creates a cold front near the
injection well, which later evolves through the reservoir domain because the injected fluid is
cooler than the geothermal reservoir.

Also, it should be noticed that the temperatures of the right boundaries are kept equal
to the initial temperature of the reservoir until the cold-water front reaches the boundary, and

after that, the temperature of the boundary starts increasing as presented in Figures 7(c-f).

5.3 Parametric studies
Developing a design model efficient in assessing the lifespan of a geothermal reservoir requires
the understanding of some key control parameters during exploration and exploitation. In this
study, three basic human control parameters are analysed by varying one parameter at a time
using the OFAT approach, while keeping the rest at a constant based on the Soultz geothermal
case, as presented in Section 5.1. The human control parameters studied here are injection flow
rate (discharge), injection fluid temperature, and lateral well spacing. Studying these three key
parameters provides a preliminary evaluation of the effects of reservoir parameters on the
commercial applicability of enhanced geothermal system utilisation. The effects of the
parameters are assessed based on the productivity of the reservoir during the exploitation period
of 30 years. The geothermal reservoir conditions specified are simulated to acquire the
anticipated variations in temperature, pressure, and thermal energy over 30 years. The
parameters studied vary over the range of values that are acceptable for the geothermal
exploitation of the Soultz site.

In a nutshell, the temperature of the reservoir was monitored using the parameters given

above at production wellhead with a simulation period of 30 years.

5.3.1 Effect of injection flow rate
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The injection flow rate is one of the human control parameters that have a direct effect on the
reservoir lifespan. In order to quantify the effect, six cases were analysed. These cases range
from 20 to 70 1/s with an incremental step of 10 1/s. Each of the cases is then studied under
different scenarios of injection temperature and well separation distances of 40°C and 50°C,
and 600 and 700 m, respectively. All other parameters remain constant as explained before.
Figure 8 shows the production wellbore temperature curves for the effect of various injection
flow rates. Figures 8(a) and 8(b) present the temperature history at the production well for the
scenarios of 40°C and 50°C under the effect of 600 m well distance, while Figures 8(c) and
8(d) show the production temperature for the same scenarios of injection temperature above
with 700 m well spacing.

Figure 8a shows the temperature curves at the production wellbore for the different
injection flow rates under a constant injection temperature of 40°C and lateral well spacing of
600 m. As seen, the temperature curves differ for the various cases; the higher rate declines
earlier than the lower rate. For example, the 70 1/s injection flow rate starts to decline just after
0.8 years of simulation, whereas the 20 1/s injection flow rate begins to decrease after
approximately 2.6 years. As a result, the produced temperature is higher when the injection
flow rate is lower, and vice versa. The reason for the variation is that the greater the injection
flow rate, the faster the cooling of the reservoir is, and the lower the flow rate, the slower the
cooling becomes. The same trend is observed in Figure 8b when the injection fluid temperature
is changed to 50°C in similar operational scenarios as in Figure 8a, with slight shifts in the
production temperature. It is noted that the increase in the injection fluid temperature to 50°C
has a lesser effect on the produced temperature in those cases.

Figure 8c presents the temperature breakthrough curves at the production well for
different injection flow rates under the influence of 40°C injection temperature and 700 m
lateral well spacing. In these cases, the earliest decline starts after 1.6 years of simulation for
the highest injection rate (i.e. 70 1/s) and 5.6 years in the case of lowest injection flow rate (20
1/s). Furthermore, the decrease in the production temperature at the extraction well during the
30-year simulation is 8.31°C and 8.93°C for the lowest and highest injection flow rates,
respectively. The low decline is recorded in these cases because the lateral well spacing
between the injector and the producer is larger, so the production well bore is not affected much
by the reservoir cooling after a 30-year simulation. Likewise, the same response is observed in
Figure 8d with slight changes in the production temperature due to the increase in the injection

fluid temperature.
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In all the cases and scenarios, it is observed that as the injection rate increases, the reservoir
temperature decreases rapidly. Moreover, the injection temperature and the well spacing also
have some effects on the production rate. The maximum temperature is achieved when the
injection temperature is at its lowest and well spacing is at its largest, then combined with the

lower injection rate as shown in the figures presented.

5.3.2 Effect of injection fluid temperature
The surrounding rock supplies some amount of the heat enthalpy conducted in the reservoir;
however, the injected fluid temperature governs the major heat enthalpy added into the
reservoir due to the convective heat transfer. In this study, six cases of fluid injection
temperature are investigated. These cases range from 10°C to 60°C with an incremental step
of 10°C, and each of the cases is additionally studied under varying scenarios of pumping rates
of 20 1/s and 30 I/s, and well lateral spacing of 600 m and 700 m. Figure 9 shows the temperature
production curves for the effect of injection fluid temperatures. Figures 9(a) and 9(b) present
the produced temperature for the scenarios of 20 I/s and 30 /s following the influence of 600
m well spacing. Figure 9a shows the breakthrough temperature curves at the production well;
the temperature curves begin to decline after approximately 1.8 years of simulation with a
temperature of 150.93°C in almost all cases. After approximately 10-12 years of simulation, a
little gap is observed between the different injection temperature scenarios, and it continues to
widen till the 30-year simulation period. The reason for these similarities in the production
temperature breakthrough curves is that the effect of reservoir cooling started in approximately
the same period in all cases. Similarly, Figure 9b shows the production breakthrough curves
for the different injection temperature scenarios when combined with 30 I/s injection flow rate
and 600 m lateral well spacing. As can be seen, the production temperature trend is similar to
Figure 9a with little difference; in this case, the decline started after approximately 1.2 years
of simulation (earlier than the former scenario) with a temperature of 150.93°C in almost all
cases. Also, in this scenario, some little deviations are seen from approximately 8.5-10 years,
and these continue to grow until the end of the simulation. The idea behind the earlier variation
between the different cases is the increase in the injection flow rate to 30 1/s, which causes the
fast cooling of the reservoir.

Similarly, Figures 9(c) and 9(d) show the production temperatures using the same
injected rate with 700 m well spacing. Figure 9c shows the temperature curves at the production
wellbore for different cases of the injection fluid temperature under the influences of 20 /s

injection flow rate and 700 m lateral well spacing. As seen, the temperature breakthrough
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curves have a similar trend except in the case of the 10°C injection fluid temperature rate. The
production temperature began to decline after approximately 4.2 years of the simulation cases
of 20°C to 60°C, while in the case of the 10°C injection scenario, it began at approximately
three years of simulation. The temperatures at the decline stages are 150.73°C and 150.74°C,
in both the former and the latter, respectively. As the simulation continues, the breakthrough
curve for the 10°C injection cases shows a sudden transition change from lower to higher
between 8.8 and 9.2 simulation period and maintains a regular pattern till the end of the
simulation, whereas the other cases maintain the same decline pattern. The reason for the
variation of the 10°C case with remaining scenarios is that after equilibrium is reached for
cooling the higher injection rate propagates faster to the production wellbore than the former.
Likewise, Figure 9d shows similar breakthrough curves as in Figure 9c with little difference
concerning the starting period of decline and the transition phases of the 10°C injection due to
the increase in the injection flow rate. Apart from those points, all other trend remains the same.
In all the scenarios studied, it is observed that there were no significant changes in the produced

temperature from the reservoir.

5.3.3 Effect of lateral well spacing
To overcome the cold water effect and water losses that result from reduced productivity of
reservoir wells, they must be placed at an optimum distance from each other. The choice of
place will depend on the geological formation and production flow rates. Larger well spacing
results in greater reservoir sizes and vice versa. However, with large spaces between wells,
fluid losses are likely to be a significant problem, and with small spaces, the fluid losses are
negligible. Therefore, the well spacing must be optimised to achieve the maximum possible
reservoir size and production flow rate. In this work, six scenarios of well lateral spacing are
examined. The spaces between the reservoir wells are chosen as 400, 500, 600, 650, 700, and
750 metres long, respectively. Also, in each of the scenarios, different injection rates, of 20 I/s
and 30 I/s, and injection fluid temperatures, of 30°C and 40°C, are analysed. Figure 10 presents
the temperature curve at the production wellbore for the effect of lateral well spacing. Figures
10(a) and 10(b) show the produced temperature in the cases where 20 I/s were injected at 30°C
and 40°C, respectively while Figures 10(c) and 10(d) show the production temperature when
30 1/s were injected at 30°C and 40°C respectively.

Figure 10a shows the temperature breakthrough curve at the extraction well for the
different scenarios of the lateral well spacing when combined with an injection fluid

temperature of 30°C and injection flow rate of 20 I/s. As can be seen, the further the spacing,
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the higher the produced temperature, and vice versa. For instance, in the case of 400 m lateral
well spacing, the temperature begins to decrease just after 0.8 years of the simulation period.
Concerning the 700 m lateral wellbore spacing, the decline starts after approximately 9.4 years.
Moreover, after a simulation period of 30 years, the produced temperature for the closer well
spacing (i.e., 400 m) was approximately 116°C, and the largest spacing (750 m) is 145°C,
which amounted to a 30°C temperature difference between the two cases. The reason for this
significant deviation between the scenarios is the closer the spacing, the higher the impact of
cold water propagation on the production wellbore, and vice versa. Likewise, a similar trend
of Figure 10a is seen in Figures 10b-d, with slight sights in the temperature breakthrough curves
due to the different injection fluid temperatures and flow rates employed.

In all the scenarios, it is observed that as the lateral well spacing increases, the

production temperature rises.

5.4 Energy extraction rates
The model adopted in this investigation is the one proposed by Kruger [49][50] for the

calculations of the total energy extraction in all the scenarios and cases, expressed here as

AEi =Qi Cp,LATi (63)

where AE, is the annual energy produced in the i™ year, Q is the total production flowrate
in the i™ year, C » 18 the specific heat capacity of the circulated fluid, and AT, is the

temperature difference between the extracted and injected fluid in the i™ year. The total energy

produced from the system for 30 years of extraction can be written as

AE= iAEi (64)

i=1

Based on the limitations of the injection flow rate range and other parameter combinations
studied in this work using the OFAT approach, the results show that as the injection flow rate
increases, the energy extraction rate increases with a positive linear relationship as indicated in
Figure 11, which shows that the injection rate increase affects the production output. Figure 11
also shows the influence of well spacing and the effect of injection fluid temperature on the

energy extraction rate when combined with injection scenarios. The results revealed that wider
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well spacing coupled with lower fluid injection temperatures yields higher energy when

compared to larger spacing with higher rates.

As for the effect of fluid injection temperature on the energy extraction rate, Figure 12 shows
an inverse relationship between fluid injection temperature and the energy extraction rate. As
the fluid injection temperature rises, the energy extracted from the reservoir declines

significantly, because AT, reduces with the rising fluid injection temperature. Hence, the

reservoir lifespan is prolonged for the reproduction of hot water with the same temperature.
Also, these cases are further investigated with different well spacing and fluid injection rates,
and the results showed that larger well spacing linked with a higher injection fluid rate

generates greater extraction energy in comparison to other combinations.

Figure 13 presents the effect of well spacing on the extraction energy of the reservoir. In all the
scenarios analysed, it is observed that, as the well spacing increased, the energy extracted from
the system increases rapidly due to the cold water front propagation affecting the closer wells
earlier than the further ones. The increase shown in Figure 13 occurs in a nonlinear manner
with two different gradients; the gradient of the first two spacing is steeper than the remaining

ones because the latter spacing have similar resistance to the cold water front.

6. Conclusions

In this paper, a three-dimensional numerical model for coupled thermo-hydraulic processes in
a heterogeneous fractured geothermal reservoir overlain and underlain by impermeable layers
is proposed. The primary objective is to examine the effect of human control parameters on
geothermal reservoir productivity. A verification study is first performed to test the capability
of the solver, and the outcomes achieved are in agreement with the existing solvers. Also
presented in the studies is the effect of cold water in the matrix block and reservoirs before
conducting the main analyses on the human control parameters. An extensive parametric
analysis is investigated for a broad range of the parameters and operational scenarios. The
injection flow rate has a significant effect on energy production as the rate increases, the energy
extraction rate rises, and the system lifetime decreases. Thus, higher injection flow rate is a
positive factor in production and, at the same time, a negative factor on reservoir lifespan. In
the case of fluid injection temperature, the effect is less significant to production because, as

the injection temperature increases, the extraction energy declines rapidly and the reservoir
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lifespan increases. The well lateral spacing also behaves similarly to the injection flow rate,
but it is not as effective as the injection flow rate regarding energy extraction and provides a
longer reservoir lifetime than the former.

The developed model gives in-depth insight to stakeholders and reservoir engineers
with regard to the key parameters to control during exploration and exploitation. The results
presented can be effectively employed in the design of human control parameters in a
geothermal reservoir system. The model can also serve as a reference solution to other complex

interactions encountered in reservoir simulations.
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Table 1: Model parameters adopted in model verification [42]

Parameters Symbol Value Unit
Porosity ) 1 %
Hydraulic conductivity K le-5 m/s
Fracture hydraulic conductivity K, le3 m/s
Specific storage S 1 e4 m/s
Injection pressure P 4.965 e+5 Pa
Extraction pressure P -4.965 e+5 Pa
Density P 1,000 kg/m?
Viscosity H 0.001 Pa.s
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882

883

884 Table 2: Geological and petro-physical properties of the system [4]
Parameter Symbol Value Unit
Overburden Layer
Thermal conductivity A 2 W/m/K
Density P, 2500 Kg/m’
Heat capacity C,s 900 J/kg/K
Porosity ) 0.1 1
Permeability K 1e-18 m?
Reservoir
Thermal conductivity A 3 W/m/K
Density 2. 2650 Kg/m?
Heat capacity C,s 850 Jkg/K
Porosity 1 0.3 1
Permeability K 1 e-16 m?
Underburden Layer
Thermal conductivity A 3.5 W/m/K
Density 2. 2700 Kg/m?
Heat capacity C,s 850 J/kg/K
Porosity o 0.3 1
Permeability K le-18 m?
Fracture
Thermal conductivity A s 3.5 W/m/K
Density Pris 1200 Kg/m?
Heat capacity C,s 800 J/kg/K
Porosity @, 0.01 1
Permeability K, le-12 m?
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Table 3: The boundary conditions employed in the geothermal reservoir model

Physics Boundary reference Boundary condition
Hydraulic Injection wellbore (i.e. injection flow QV)injection = 30 1/
rate) 0<t<30
Production wellbore (i.e. production Q) pogucion =—301/s
flow rate) 0<t<30
Surfaces (top & bottom) except at the Q(t)=0
injection and production areas. 0<t<30
Surfaces (front, back, left, and right). P(t)=p, 9(H,-D), ie, —oHxx
0<t<30
Thermal Injection wellbore (i.e. injection T () injection =40°C
temperature) 0<t<30
Production wellbore (i.e. unknown T(t) produion = 7
temperature to be calculated) 0<t<30
Surfaces (top & bottom) except at the -n.-q(t)=0
injection and production areas. In this 0<t<30

case, the boundaries are thermal
insulated.

Surfaces (front, back, left, and right).

TH=T,, @) if nv<O,
-n-q(t)=0, if n-v>0,
0<t<30
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Figure 3(a): Pressure distribution in [42]

Figure 3(b): Pressure distribution for the current FE model

Figure 3: Verification of the proposed procedure with the existing model in [42]
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