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Abstract. Enhanced Geothermal Systems (EGS) are widely
used in the development and application of geothermal en-
ergy production. They usually consist of two deep boreholes
(well doublet) circulation systems, with hot water being ab-
stracted, passed through a heat exchanger, and reinjected into
the geothermal reservoir. Recently, simple analytical solu-
tions have been proposed to estimate water pressure at the ab-
straction borehole. Nevertheless, these methods do not con-
sider the influence of complex geometrical fracture patterns
and the effects of the coupled thermal and mechanical pro-
cesses. In this study, we implemented a coupled thermo-
hydro-mechanical (THM) model to simulate the processes of
heat extraction, reservoir deformation, and groundwater flow
in the fractured rock reservoir. The THM model is validated
with analytical solutions and existing published results. The
results from the systems of single fracture zone and multi-
fracture zones are investigated and compared. It shows that
the growth of the number and spacing of fracture zones can
effectively decrease the pore pressure difference between in-
jection and abstraction wells; it also increases the production
temperature at the abstraction, the service life-spans, and heat
production rate of the geothermal reservoirs. Furthermore,
the sensitivity analysis on the flow rate is also implemented.
It is observed that a larger flow rate leads to a higher abstrac-
tion temperature and heat production rate at the end of the
simulation, but the pressure difference may become lower.

1 Introduction

The Increasing development of geothermal energy has be-
come a central issue globally for its low-carbon generation
and environmental friendliness (Sun et al., 2018). However,
the exploitation of geothermal energy is widely restricted by
reservoir structure and properties. Nearly 98 % of geothermal
energy is stored within the Hot Dry Rocks (HDRs) (Arm-
stead and Tester, 1987), whose permeability and porosity are
very low. Thus, the low permeabilities being the main obsta-
cle for successful exploitation of the heat resources.
Generally, the HDRs are located 3—10km beneath the
ground level, with temperatures ranging between 150 to 650°
(Brown et al., 1995). The Enhanced Geothermal System
(EGS) was developed to overcome the low permeability of
HDR systems (Olasolo et al., 2015). An EGS is a man-made
reservoir created in the subsurface where hot rocks are avail-
able, but they are insufficiently permeable for the high flow
rate circulation to be economical. In EGS, the cold fracturing
fluid is injected into the subsurface to increase the permeabil-
ity by dilating pre-existing fractures or creating new ones.
The increased permeability allows the fluid underground to
circulate through the newly created fracture zones. The hot
fluid is abstracted from the abstraction well; then the cold
fluid is re-injected into the subsurface to form the circula-
tion. Two main criteria need to be addressed when designing
an EGS (Kaya et al., 2011; Rivera et al., 2015; Figueiredo
et al., 2020): (1) temperature at the abstraction well: if the
temperature decreases quickly during the operation, the life-
time of the EGS will be much restricted; (2) the pore pres-
sure difference between wells of injection and abstraction;
if the pressure difference is too large, the EGS will not be
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cost-effective, i.e., the cost of injection and abstraction will
be too high. Therefore, these two criteria are investigated in
our study.

Recently, a mathematical model capable of handling the
thermal, hydraulic, and mechanical (THM) coupled pro-
cesses was developed and implemented within different nu-
merical simulators for the investigation of the performance
of the geothermal reservoirs in EGS (e.g., Ogata et al., 2018;
Pandey et al., 2018; Danko and Bahrami, 2012; Li et al.,
2016). The THM numerical model can simulate the migra-
tion of fluid, thermal transfer, and matrix deformation in the
fractured underground structures and become the suitable ap-
proach for investigating the multi-physical processes in EGS.
In EGS, usually several artificially fracture zones are created.
Usually, these fractures are oriented roughly parallel to each
other (Lei et al., 2019). To handle the geometrical complex-
ity of the fracture systems and decrease computational ef-
fort, some studies focus on one single fracture zone (e.g.,
Figueiredo et al., 2020; Knarud and Geving, 2015). How-
ever, this kind of operation ignores the influence from neigh-
bouring fractures and/or fracture zones. Therefore, the heat
production rates are likely to be under-or over-estimated.

The main objective of this study is to apply and test a THM
numerical model capable of simulating the coupled THM
processes occurring in an EGS. The mathematic model is
firstly validated by the analytical solutions, then the THM
model consisting of parallel fracture zones is validated with
the model proposed by Figueiredo et al. (2020). The model
assumes that fractures were already created or re-opened
within the fracture zone. Commonly, more fracture zones are
present in an EGS. Even though the rock permeability is ex-
tremely low and the fracture zones in the EGS are not hy-
draulically connected, they can influence each other through
the stress distribution. Therefore, in this study, we investi-
gate the THM effects induced by the fracture zone number
and spacing on the overall pressure and temperature distribu-
tions at the injection and extraction wells by comparing the
results successively among several sets of parallel fracture
zones. Furthermore, a sensitivity analysis on the flow rate is
also implemented to investigate the role of flow rate in the
heat production process in EGS.

2 Mathematical model of the THM coupled processes
in the EGS

The mathematical model describing the coupled THM pro-
cesses involved in EGS is similar to those described by Sun
et al. (2018) and Yao et al. (2017).

Darcy’s law describes the fluid flow in the subsurface
porous system:

K
uy = ——(Vp—pg) (D
u
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in which, K is the permeability tensor of the porous media
which is assumed to be homogenous and isotropic,

w is the dynamic viscosity of water. With the mass varia-
tion of water being considered:

) K

L0V o (Vp-pe)+ Q=0 @
n
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In which S is storage term, here:
S=¢Xr+(1—¢)Xm 4

Where ¢ is the initial porosity assumed to be homogenously
distributed, X y and X, are the compressibility of water and
surrounding matrix respectively.

Deformation is assumed to be elastic. The force balance
equation is given with:

Vo+F,=0 )

with F), is the external force, mainly gravity, o is the stress
tensor acting on the matrix. According to previous research
(Rutqvist and Tsang, 2002; Rutqvist et al., 2013), the stress-
induced mechanical porosity ¢efr can be expressed by sta-
tionary initial porosity ¢ and the volumetric strain &,:

Gett = 1 — (1 — Pp)exp(—&y) (6)

with the volumetric strain being the sum of the axial strain,
according to Hook’s law and theory of poroelasticity:

1
gii = E[Ui/i _v<o—]’.j+a,gk>]ijk=xyz (7)
(7,'/1‘ =0ji — b (P — Pref) ()

where E is the elastic modulus, v is the Poisson’s ratio, ol.’,.
the effective stress in the porous medium, o;; is the external
stress acting on the matrix, oy is the biot-coefficient, p is the
pore pressure and prer is the stationary reference pressure.
To obtain the effective permeability of surrounding rocks, an
empirical relationship between the permeability and poros-
ity has been generally applied (Pashin et al., 1998; Pan and
Connell, 2007; Li et al., 2016; Rutqvist and Tsang, 2002):

Ker =K -exp (%) 9

The power-law coefficient n varies with different geological
material and structure, usually between 3 to 25 (Rutqvist et
al., 2013), in which the value 15 is widely applied in the re-
searches (Rutqvist and Tsang, 2002; Rutqvist et al., 2013;
Figueiredo et al., 2020).

In the non-isothermal model, the influence of tempera-
ture variations on the strain is also considered, the influence
mainly results from thermal expansion and contraction:

eth = (T) - (T — Tref) (10)
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in which ey, is the strain caused by temperature variations,
o (T) is the coefficient of thermal expansion, in general, the
direction of thermal expansion or contraction depends on the
property of the material. Here, all materials are assumed to
be homogeneous; thus « (7T') is isotropic. T' — Trer is the tem-
perature changes during the non-isothermal injection and ab-
straction of water. The temperature distribution and thermal
transfer is described by the energy conservation equation:

oT
(,OCPw)effE —pCpyuy VT =V - (kettVT) + Q=0 (11)
in which, Cp is the heat capacity of water, k is the thermal
conductivity, uy, is Darcy velocity, Q is the thermal source
and sink, the subscript eff stands for an average value of wa-
ter and surrounding rocks:

(pCPw)ef‘f = ¢PwCPw + (1 - ¢) mePm (12)
keft = ¢pkw + (1 — @) ki + kdisp (13)

where pw, Pm, Cpw, CPm, kw and k;,, are density, heat capac-
ity and thermal conductivity of water and surrounding rocks
respectively; kgisp is the coefficient of thermal dispersion

3 Numerical simulation of the heat extraction
3.1 Simulation strategy

The numerical simulator COMSOL Multiphysics is em-
ployed to solve the complex coupled partial differential equa-
tions, which uses the finite element method for space dis-
cretization when solving the system of partial differential
equations describing the coupled THM processes. The pro-
duction strategies for EGS are presented in Fig. 1. Four sce-
narios have been raised to implement the influence of the
fracture structures on the performance of geothermal reser-
voirs. The blue part presents the fracture zones in which the
cold water is injected and hot water is abstracted. Scenario
1 has one fracture zone located in the middle (250 m above
the lower boundary) of the surrounding rocks; scenario 2 and
3 have two parallel fracture zones, but the zone spacings are
different; Scenario 4 has three parallel fracture zones. The
total injection and abstraction rates are the same for the four
scenarios, i.e., 12 L/s (Figueiredo et al., 2020). The rates are
assumed to be distributed evenly for the scenarios with multi
fracture zones, which means for the scenario 2 and 3, the rate
is 6 L/s and the value is 4 L/s for the scenario 4. The heating
processes within the injection and abstraction tubes and the
preferentially flow within the fracture zone is ignored.

3.2 Geometry and boundary conditions

The simulated domain size is 1000 m by 1000 m by 750 m,
and the size of the fracture zones is 500 m by 500 m by 25 m.
The top of the domain is located 6000 m below ground level.
The x-coordinate axis is parallel to the fracture direction and
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the z-axis is vertical. The abstraction and injection wells are
symmetrical to the centre of the modelling domain. The spac-
ing between the two wells is 250 m.

Because of the low permeability of the surrounding rock
matrix, it is assumed that water will not enter the rock mate-
rial, and all outside model boundaries are assumed tight for
fluid flow. A static temperature distribution linearly increas-
ing from 132 °C at the top boundary with a constant thermal
gradient of 18 °C/km is assigned (Figueiredo et al., 2020).
This temperature gradient has been observed in several sites
in Sweden (Ahlbom et al., 1995). It is also assumed that the
top and bottom boundaries are at large distances from the
fracture zones, and the temperature at the two boundaries is
set constant to the initial temperature. The normal displace-
ments are set to be zero for all six boundaries. The initial
pressure distribution in the system results from a hydrostatic
pressure gradient (9.81 MPa/km) and an atmospheric pres-
sure of 0.1 MPa at the surface. This results in the pressure of
63 MPa at the top and 73.4 MPa at the bottom of the domain.
The vertical stress distribution is calculated from an over-
burden density of 2700 kg/m? and the horizontal stress is set
equal to the vertical stress. Table 1 presents the other param-
eters used in the model. Coldwater is injected into the injec-
tion borehole with a temperature of 47°. After being heated
by the surrounding rocks, the thermal water is abstracted at
the abstraction borehole located 250 m away from the injec-
tion borehole. The total production time is 30 years.

3.3 Methodology to estimate the heat production
performance

In this work, heat production rate (W) and the totoal pro-
duced energy (E) are employed for the judegment of the heat
production performance of the aforementioned 4 scenarios.
The formulas for W and E are as following:

W =Y WH)=) 00 Cpy- (Towl®) —Tin) (14)

where n is the number of fracture zones, Q (¢) is the pro-
duction rate, Cpy, is the water capacity and Ty, () and Ti,
are the production temperature and injection temperature re-
spectively.

With the value of total simulation timet,, the total pro-
ducted energy can be described:

ts ts n
E:/0 W(t)dt:/0 ZIQ(I)'CPW'(Tout(t)_Tin)dt
(15)

4 Model validation and verification

The validation of the THM model is necessary before its fur-
ther application. The two-dimensional analytical solutions
considering fluid flow in single fracture zone is firstly em-
ployed to validate our model.
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Figure 1. Geometry and scenarios for the numerical simulation (Scenario 1: single fracture zone; Scenario 2: two parallel fracture zones with
tight spacing; Scenario 3: two parallel fracture zones with loose spacing; Scenario 4: three parallel fracture zones).

Table 1. Parameters used in models.

Parameters

Fracture zone  Surrounding rocks

Porosity [-]
Permeability [m?]
Elastic modulus [GPa]
Poisson’s ratio [—]

Rocks density [kg/m3]

Specific heat capacity of rock [J/kg/K)]

Thermal conductivity [W/m/K]
Thermal expansion coefficient [1/K]

0.02 0.02

1x 10~ 1x10"18
10 50

0.2 0.2

2700 2700

790 790

29 29
2.5¢-4 2.5¢-4

Afterward, the THM model is applied to a realistic three-
dimensional EGS system for which no analytical solutions
are available, and it is compared with published literature
data, i.e., Figueiredo et al. (2020). The hydro-mechanical
coupled model, without including the thermal coupling, has
been used to perform a verification benchmark with the aca-
demic simulator DuMu® (Zhou et al., 2020).

Adyv. Geosci., 54, 229-240, 2021

4.1 Two-dimensional validation of the coupled
thermal- hydraulic model

For the validation of the thermal-hydraulic coupling, the an-
alytical solution proposed by Lauwerier et al. (1955) and
Barends et al. (2010) is employed. This solution describes
the temperature variation caused by the heat convection and
conduction within a single fracture with a given aperture. As
presented in Fig. 2, the single fracture is located in the middle
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Figure 2. Geometry of the singe fracture TH model.

Table 2. Parameters for single fracture model.

Parameters Value
Ty (K) 150
Tin (K) 30
Ay (W/m/K) 3

pw (kg/m3) 1000
ps (kg/m3) 2700
df (mm) 0.1
Cy (J/kg/K) 4200
Cs (J/kg/K) 1000
vy (m/s) 0.001

of the geometry, surrounded by rock matrices. The thickness
of the rock matrices is assumed to be infinite. Heat is trans-
ferred by thermal conduction in the rock matrix while heat
convection dominates within the fracture. During the heat ab-
straction, water is injected into the fracture with a constant
flow velocity vr and temperature T,. The analytical solution
can be described as following:

A Cpyd
Ty =To+ (Tin + Tp) erfc ( s%/ (pwCpydr) )

2/ vw (Vwt —x) Ag/ (psts)

U (z— %) (16)

where Ty is the initial temperature of the system, Ay is the
thermal conductivity of the matrix rocks, pw, ps, Cp,, and
Cp;, are the density and heat capacities of water and rock ma-
trix respectively, dr is the fracture aperture, “erfc()” is the
residual error function and “U()” is the unit step function.
The detailed value of the parameters for the analytical solu-
tion and numerical simulation are presented in Table 2

The comparisons of numerical simulation with the ana-
lytical solution are presented in Fig. 3. Figure 3a illustrates
the temperature variation over time at different positions
(x =10, 30 and 50m). Spatial temperature distribution at
different time points (r =10, 30 and 504d) is illustrated in
Fig. 3b.

In this case, the variations of pressure and temperature re-
sulting from the thermal consolidation obtained with the nu-
merical model are compared with the analytical solution. The
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thermal consolidation problem is a typical problem involv-
ing coupled THM effects, i.e., temperature variation, pres-
sure dissipation, and mechanical deformation (Guo et al.,
2020), which is the same as the THM coupling effect within
the fractured porous material underground. The analytical
solution is proposed by Ghassemi and Zhang (2004). The
geometry of the validation model is presented in Fig. 4. A
wellbore with radius R =0.1 m is located in the middle of
the reservoir with an initial temperature of 200°. The reser-
voir is assumed to be infinite and fully saturated with wa-
ter initially. At the beginning of the simulation, the wellbore
rapidly is cooled and maintained at 80°, and the simulation
lasts 1 x 10*s. The other parameters are the same as Ghas-
semi and Zhang (2004). Figure 5 presents the comparison
results. Figure 5a and b illustrate the distributions of temper-
ature and pore pressure at different time points. The simula-
tion results have an excellent agreement with the results from
the analytical solution for both the cases, which indicates the
accuracy and feasibility of the numerical model and its im-
plementation.

4.2 Mesh sensitivity analysis

Scenario 1 is selected for performing a sensitivity analysis
with respect to the mesh size. The results for the sensitiv-
ity analysis for the mesh and boundaries are presented in
Fig. 6a. For our numerical model, the mesh of the fracture
zone is done with cubical elements and for the surround-
ing rock matrix, tetrahedral elements. The elements are uni-
formly distributed within the whole domain. It is observed
that the pore pressure difference between injection and ab-
straction wells varies with various finite element grids. The
pore pressure difference is 6.87 MPa when the number of el-
ements is 12 702. With the increase of element number, the
pressure difference decreases until the mesh number reaches
15322. From the 15 322 elements, the pressure difference re-
mains approximately constant. Therefore, in this paper, a grid
with 15 322 elements is selected.

Figueiredo et al. (2020) study focused on the EGS per-
formance containing a single fracture zone. The authors did
investigate the influence of fracture proximity to the simula-
tion domain boundary. Since the distances between the frac-
ture zone and domain boundaries vary between the differ-
ent scenarios, a sensitivity analysis regarding the distance is
performed (Fig. 6b). As expected, the closer to the bound-
ary, the higher the influence is observed, with a high differ-
ence between results. The pressure differences increase with
increasing distance, and they become smaller (< 0.01 MPa)
when the distance equals 250 m. Thus, the distance of 250 m
is further used in this work.

Adyv. Geosci., 54, 229-240, 2021
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Figure 3. Comparison between analytical solution and numerical simulation.

Figure 4. Geometry of the thermal consolidation THM model.

4.3 Validation and verification of the three-dimensional
numerical model

The THM coupled processes are nonlinear and very com-
plex; the validations based only on the analytical solutions
are insufficient. The comparison with the published THM
model is necessary and the agreement between different sim-
ulators enhances the confidence for our numerical model.
This is the purpose of performing the benchmarks (Zhou et
al., 2020).

The results obtained with our THM model are compared
with Figueiredo et al. (2020) model. The simulated domain
size and the parameters employed for our validation model
are set to be the same as Figueiredo et al. (2020), i.e.,
2000 m x 2000 m x 110 m with a fractured zone of 1000 m
x 1000m x 10 m located in the middle part. The detailed
parameters are presented in Table 1. The finite element mesh

Adyv. Geosci., 54, 229-240, 2021

setting is the same as the mesh sensitivity analysis, and there
are altogether 17 876 elements generated in the validation
model.

Figure 7 presents the pore pressure difference between in-
jection and abstraction wells plotted versus time for the two
numerical simulators. It is observed that the results are in
very good agreement. The pore pressure difference reaches a
peak after ten days of injection, where it remains stable and
starts decreasing after approximately 1000 d in both models.
The good agreement of the results indicates the THM model
is reliable.

5 Simulation results

Having the model verified with analytical solutions and pub-
lished results, we studied the effect of different reservoir
characteristics, e.g., single fracture zone compared to the
complex (multi-fracture) system on heat production.

Figure 8 presents the temperature distribution in the 30th
year for the four scenarios. Besides the fracture zones, a flat
perpendicular to the fracture zones is also applied to present
the heat distribution among the rock matrix. The y coordinate
of the perpendicular plane is the same as the value of the in-
jection well. Obviously, the low-temperature zones mainly
exist within the fracture zones, and the decrease of tempera-
ture is comparably lower in the surrounding rock matrix than
that in fracture zones. This is because, within fracture zones,
the heat is transferred by both thermal conduction and con-
vection, while due to the lower permeability of the rock ma-
trix, only thermal conduction works within the rock matrix.
Additionally, with the increase of the fracture zone number,
the vertical extent of the low-temperature zones decreases,
but the horizontal extent increases, indicating the connection
and influence from the neighboring fractures are enhanced.

Figure 9a and b presents the comparison of the pore pres-
sure difference between injection and abstraction wells and
the abstraction temperature among different scenarios, re-
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Figure 5. Comparison between analytical solution and numerical simulation.
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Figure 7. Pore pressure difference with time for the two numeri-
cal simulators, i.e. current THM model implemented in COMSOL
Multiphysics and Figueiredo et al. (2020) using TOUGH-FLAC
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spectively. It is observed that the pressure difference and pro-
duction temperature vary with the number, spacing, and lo-
cation of fracture zones. Scenario 2 and 3 are applied for the
investigation of the fracture zone spacing and scenario 4 is
used for the fracture zone location. Since the domain is sym-
metric for scenarios 2, 3, and 4, only the results from one (the
one closer to origin) side of the fracture zones are presented
here.

As illustrated in Fig. 9a, the overall tendencies for all the
scenarios are the same, but the discrepancies are apparent.
By comparing scenario 1 with scenario 2, 3 and 4, it can be
obtained that the multi-fracture system can decrease the pore
pressure difference due to the lower injection and abstraction
rate. Comparing scenario 2 and 3, the fracture zone spacing
has a noticeable influence on the pore pressure difference.
The final values are 4.93 and 6.06 MPa, respectively. This
indicates the decrease in the distance between the fracture
zones can effectively decrease the pore pressure difference.
Furthermore, for the three parallel fracture zone system, it
is obtained that the middle fracture zone has a comparably

Adyv. Geosci., 54, 229-240, 2021
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Figure 8. Temperature distribution at 30th year for 4 scenarios.

lower pressure difference (3.57 MPa) than that (4.23 MPa) of
the side fracture zone.

The temperature evolutions are presented in Fig. 9b. It is
observed that during the initial period of the simulation (ap-
prox. 500 d), the discrepancies among the scenarios are min-
imal. This is because, at the beginning of the injection, the
energy supply from the near rock matrix is sufficient. The
production temperature from scenario 1 firstly decreases at
about 500 d. After 2000d, the production temperatures start
to diverge depending on the different fracture zone spacings
and their locations. By comparing scenarios 2 with 3, the
lower spacing results in a lower temperature at abstraction
well. This is because in scenario 2, when the energy stored
in the rock matrix between the two fracture zones is con-
sumed, i.e., the temperature of the rock matrix tends to be the
same as the cold water; the rock matrix between two frac-
ture zones can still provide the energy for heating the cold
water in scenario 3. Therefore, from this time, the abstrac-
tion temperature of scenario 2 begins to be lower than that of
scenario 3. The same reason can explain the discrepancy for

Adyv. Geosci., 54, 229-240, 2021

120 140

scenario 4; the middle fracture zone obtains less energy from
the surrounding rock matrix, resulting in a higher drop of
the temperature at abstraction well. Furthermore, the multi-
fracture zone system extends the life-span of the geothermal
reservoirs. Provided that the reservoir life-span is the period
before the abstraction temperature is lower than 120° (Guo
et al., 2016), the approximately life-span of scenario 1 is the
shortest while the life-span of scenario 4 is the longest.
Figure 10 presents the heat production rates over time for
the four scenarios. It can be observed that for all the four
scenarios, as time passes, the production rates begin to drop
from the initial value of 4637 KW. The tendencies of the pro-
duction rates are all similar with the production temperature
at abstraction. For scenario 1, the production rate begins to
decrease after approximately 1000 d and drops to 3544 KW
at the end of the simulation (10 000 d). For the scenario 2 and
3, the breakthrough time is slightly later, at approximately
1900d, the drop starts and finally the production reached
4002 and 4055 kW respectively. The discrepancy of the pro-
duction rate for the two scenarios results from the different

https://doi.org/10.5194/adgeo-54-229-2021
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Figure 10. Reservoir heat production rates variation with time for
the four modelling scenarios.

fracture spacing between the neighbouring fracture zones.
For scenario 4, the time for the breakthrough is the latest, at
approximately 2400d. After the breakthrough, the produc-
tion rate gently decreases to 4225 kW at the end of the simu-
lation.

By comparing the four scenarios, it is observed that the
number of the fracture zones is of much higher importance
for the performance of the heat production in EGS. With the
number increasing from 1 to 3, the final production rates
increase from 3544 to 4225kW,; the amplitude reaches to
nearly 19.2 %. Thus, it can be obtained that the multi-fracture
zone system can improve the reservoir heat production rate.

Additionally, the breakthrough time and the cumulatively
produced energies of the four scenarios at the 30th year are
presented in Table 3. The breakthrough time is proportional
to the number of the fracture zone, which indicates the energy
production of multi- fracture zone reservoir is more stable
and enduring than the single- fracture zone reservoir. It is also
observed that after the 30-year service time, the variations for
different scenarios are noticeable; the maximum discrepancy
is 12 % from scenario 1 and 4. Thus, it can be concluded that
the multi- fracture zone system provides a more stable and
robust energy output.

https://doi.org/10.5194/adgeo-54-229-2021

The performance of the geothermal reservoirs for different
flow rates is presented in Fig. 11. Scenario 2 is employed for
the investigation. It is found that the pressure difference has
an initial shoot-up and a subsequent decrease as the simula-
tion progresses. Additionally, the shoot-up and steep reduc-
tion are related to the flow rate because of the mechanical
response of the fracture zone- matrix system. In the injec-
tion well, by injecting the working fluid, the overpressure
becomes positive, which leads to an increase of permeabil-
ity and then a reduction of the overpressure and the same for
abstraction well. Meanwhile, the larger flow rate leads to a
larger hydro-mechanical effect (a more considerable increase
of permeability). Therefore, the subsequent steeper reduction
in the pressure difference between the two wells is more ev-
ident for the larger flow rate. Figure 11b illustrates the eval-
uation of outlet temperature over time. It is obvious that the
outlet temperature and breakthrough time have an inverse re-
lationship with the flow rate, the larger the flow rate is; the
higher and later the outlet temperature and breakthrough time
are.

Figure 12 presents energy production rates and their evo-
lution over time for three flow rates (6, 12, and 24 L/s). It
is found that the lowest flow rate has the most stable energy
production rate. On the other hand, the largest flow rate re-
sults in a higher production rate at the initial injection period,
which later decreases slowly. The average energy production
rates over the whole simulation time are 7929, 4354, and
2278 kW when the flow rates are 24, 12, and 6 L/s, respec-
tively. It shows that the efficiency of reservoir energy produc-
tion is not strictly proportional to the flow rate, e.g., from 6 to
24 L/s, the flow rate increases 300 %, but the average energy
production rate only increases 248 %. Thus, the determina-
tion of flow rate is of importance to reach the equilibrium of
the performances of energy production and economics.

Adyv. Geosci., 54, 229-240, 2021
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Table 3. Cumulative produced energy for 4 scenarios at 30th year.

Scenario 1

2 3 4

Breakthrough time (day) 1000
Average produced energy (kW) 4.0 x 103
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Figure 11. Evolution of (a) pressure difference and (b) temperature at the production well for different flow rates (Scenario 2).
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Figure 12. Evolution of energy production with time for three flow
rates (Scenario 2).

6 Conclusion

A thermo-hydro-mechanical (THM) model for studying the
cold-water injection in EGS was implemented in a com-
mercial finite element software and here presented. Model
validation and verification were conducted by comparing
the model results with two analytical solutions for a two-
dimensional idealized domain and the comparison with
Figueiredo et al. (2020) THM model in a three-dimensional
EGS problem. The very good agreements among the results
are a good indicator of the reliability of the numerical model
to represent the coupled THM processes characteristic for
EGS.

Based on the single fracture zone system raised by
Figueiredo et al. (2020), in this study, a sensitivity study is
implemented to remove the interference from the mesh set-
ting and the narrow distance between the fracture zone and
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boundaries which strongly affects the results of the numeri-
cal simulation. The influences of the multi-fracture zones and
their properties on the EGS reservoir performance are also in-
vestigated. In this sense, four scenarios were proposed where
the fluid flows through a single-fracture, two- and three- par-
allel vertical fracture zones. The pressure difference between
injection and abstraction wells, heat production rate, and av-
erage produced energy are calculated and compared. These
are important factors mainly for the assessment of the eco-
nomics of the geothermal production plant. Above all, the
following conclusions can be drawn:

1. From Fig. 9a and b, it can be obtained that the tem-
perature at the abstraction well is affected by the frac-
ture zone spacing and its location, but only in a limited
way, i.e., a lower spacing results in a lower production
temperature; the abstraction temperature of middle frac-
ture zone is lower than that of the side fracture zones.
However, during the first period (approx. 2000 d), there
is almost no difference in temperatures. On the other
hand, the spacing and the locations of the fracture zones
strongly influence the pore pressure differences.

2. By comparing the production temperatures among the 4
scenarios in Fig. 9b, it is observed that the multi- frac-
ture zone system can effectively extend the service life-
span of the EGS compared with the single fracture sys-
tem. The heat production rate and average produced en-
ergy are proportional to the number of fracture zones.
The highest average energy production rate is obtained
with scenario 4, the three- parallel fracture zone system,
i.e., 4.48 x 10> kW over 30 years. Additionally, by com-
paring the results from scenario 2 and 3 in Fig. 10, the
conclusion that a larger spacing between the neighbour-
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ing fracture zones leads to a higher heat production rate
can be obtained.

3. The numerical sensitivity analysis concerning the oper-
ational flow rates of the EGS reservoir (Fig. 11) showed
that a larger flow rate results in higher initial pressure
difference values, which are subsequently followed by a
steeper reduction. Due to the hydro- mechanical effects,
the pressure difference from the larger flow rate (24 L/s)
can be lower than that from the lower flow rate (12 L/s).
The final outlet temperature and the breakthrough time
have an inversely proportional relationship with the flow
rate.

4. The relationship between flow rate and average energy
production rate is not linear (Fig. 12). Higher energy
production rates are obtained at higher flow rates but
are declining faster than those at lower flow rates.
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