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Abstract: The deep geothermal industrial project at Soultz-sous-Foréts is located in the Upper Rhine
Graben, France. As part of the MEET project, this study aims to evaluate the possibility of extracting
higher amounts of energy from the existing industrial infrastructure. To achieve this objective, the
effect of reinjecting fluid at lower temperature than the current fluid injection temperature of 70 °C
was modelled and the drop in the production wellhead temperature for 100 years of operation was
quantified. Two injection-production rate scenarios were considered and compared for their effect
on overall production wellhead temperature. For each scenario, reinjection temperatures of 40 °C,
50 °C and 60 °C were chosen and compared with the 70 °C injection case. For the lower production
rate scenario, the results show that the production wellhead temperature is approximately 1-1.5 °C
higher than for the higher production rate scenario after 100 years of operation. In conclusion, no
significant thermal breakthrough has been observed with the applied flow rates and lowered injec-
tion temperatures even after 100 years of operation.

Keywords: Soultz-sous-Foréts, EGS, Hydro-thermal modeling, Wellbore coupling

1. Introduction

Geothermal energy is a clean, renewable and low-cost solution for heating and power
generation. One of the most challenging problems that humanity is facing is how to miti-
gate the climate change and anthropogenic emission of carbon dioxide, in order to achieve
the Paris agreement that limits the atmospheric temperature rise to 2 °C or less [1]. Carbon
geosequestration is the most desirable solution to this problem [2-5]. However associated
cost and underdeveloped technology limits the industry from its implementation. There-
fore, use of geothermal energy to replace the carbon-based energy sources is gaining mo-
mentum [6]. A milestone of 2 million of heat pumps installation by the European geother-
mal heat pump market was achieved in the year 2019 [7]. The geothermal heat usage and
electricity production in Europe is expected to grow up to 880-1050 TWh/year and 100-
210 TWh/yr in 2050 respectively. This contribution is equivalent to 4-7% of European
power generation in the year 2050 [8]. As part of MEET project, a numerical hydrothermal
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model was developed to critically validate the flow behavior of Soultz-sous-Foréts geo-
thermal power plant from existing operational data. Furthermore, our model was en-
hanced by including discrete fault structures and validated with operational data to allow
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Figure 1: Temperature distribution at 2 km depth TVD in the Upper Rhine Graben [9].

for a realistic prediction of the future operational behavior.

Table 1: Rock matrix parameters [10]

Parameter Unit Upper sediment Buntsandstein Granite
Hydraulic conductivity m s 5x108 1108 9x107°
Specific storage 1m? 8x107 5x107 1.75%108
Porosity - 0.1 0.03 0.03
Thermal conductivity wmiK?! |28 25 25
Thermal capacity Jm3K1- | 2x108 3.2x108 2.9%106
Heat production W m3 5x107 5x107 3x107
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Soultz-sous-Foréts is located in the central Upper Rhine Graben, France and has a great
potential for the geothermal energy exploitation. Soultz-sous-Foréts is the most investi-
gated site in terms of geoscientific studies. The top 1.5 km of the geological succession is
made of thick Quaternary and Tertiary sediments, Mesozoic to Paleozoic sedimentary
rocks above the crystalline basement which is represented by naturally fractured granite
(See Figure 1). The Mesozoic to Paleozoic sedimentary rocks can be subdivided into two
layers: Buntsandstein and Permian. The Buntsandstein is approximately 350 m thick and
comprised of fluvial deposits while the Permian represents more alluvial continental de-
posit filling the paleo-basin of the variscan orogeny [11]. The basement is composed of
monzogranite with K-feldspar mega crystals with localized concentration of biotite
(Depth between 1420 m to 4700 m) and a two-mica granite containing muscovite (Depth
between 4700 m to 5000 m) [12; 13]. In Table 1, the rock properties for the two sandstone
layers and granite are listed [10; 14]. The sedimentary section has a maximum geothermal
gradient of up to >100 K km making the Soultz-sous-Foréts site ideal for geothermal en-
ergy extraction [15]. Free convection along the major faults [16; 17; 18] are the primary
reason causing the increased thermal gradients. For depth greater than 3,700 m, geother-
mal gradient becomes 10 K/km. Figure 2 shows the geothermal gradient at the Soultz-
sous-Foréts site. Sausse et al. [19] and Dezayes et al. [20] used borehole image logs and
core studies to characterize 3D realistic and static fractures of Soultz granite. Sausse et al.
[19] found 53 structures including 39 fracture zones, 7 microseismic structures and 6 ver-
tical seismic profiling (VSP) at the Soultz-sous-Foréts site. At the same time, Dezayes et al.
[20] also identified 39 fractures aligned with a general strike of N160°E at Soultz site. The
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Figure 2: Geothermal gradient at the Soultz-sous-Forets site. Here anomaly in temperature is ob-
servable in the top 3 km section or in the sedimentary layer. We assumed 10 °C temperature at

the surface to calculate this geothermal gradient [Rolin:18].

sedimentary layer above 1,400 m is considered for geothermal activity in the literature
due to their remoteness from the main fluid circulation, and they are considered as a
caprock.

The geothermal project was commenced at Soultz-sous-Foréts in year 1984 and the drill-
ing started in year 1987 [21]. The earliest plan was to create a fractured granite reservoir
in the deep crystalline rock at a depth of 5 km to generate electricity. The industrial elec-
tricity production at this site started in June 2016. Presently, the Soultz-sous-Foréts site
operates three wells with a maximum depth of up to 5000 m (GPK-2, GPK-3 and GPK-4,
see Figure 3). These wells follow the main fault along the NNW-SSE direction. The binary
geothermal power plant is working on an Organic Rankine Cycle (ORC) for the heat to
electricity conversion. The production well is GPK-2 while two wells GPK-3 and GPK-4
are re-injection wells. The hot fluid produced from GPK-2 is fed-into the heat exchanger
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Figure 3: Geometry for numerical modeling of Soultz-sous-Forets geothermal site.

where the heat is transferred to the isobutane of the ORC cycle and reinjected after being
cooled. The fluid production temperature at the Soultz plant is >150 °C and the injection
temperature is 70 °C. The production well (GPK-2), and one injection well (GPK-3) indi-
cate fluid leakage, in the respective depth intervals between 1431 m — 4170 m measured
depth from ground level (MDGL)) and 1447 m — 3988 m MDGL), respectively [22]. Both
injection wells are cased only at the top while the granitic reservoir section is not com-
pleted and in open-hole condition.

For the model geometry, only the hydraulically active fractures with high permeability,
as proven by thermal anomalies, detected microseismicity during stimulation and opera-
tion [19] and which are intersecting multiple wells were included. The model is thus lim-
ited to only 5 major fractures or fault zones as shown in Figure 3. The properties of these
fractures (fault zones) are listed in Table 2.

Although the Soultz-sous-Foréts site has been the focus of more than 60 PhD theses and
300 peer reviewed articles [10], only a few hydrothermal modelling studies were con-
ducted to understand the hydro-thermal behavior of the reservoir in detail over the last
years. These studies were coupled with and validated by field operational data specifi-
cally with tracer tests to understand the flow path within the fractured granite [14].

The flow circulation between GPK-3 and GPK-2 wells was addressed by Sanjuan et al. [22]
through an analytical dispersive transfer model whereas Blumenthal et al. [23], Gessner
etal. [24] and Egert et al. [25] also used dispersive transport models for Soultz-sous-Foréts
site. They investigated the hydraulic connectivity between the injection well (GPK3) and
production well (GPK2 and GPK4) using a multi-well tracer test. Gentier et al. [26] devel-
oped the first discrete fracture network (DFN) model while employing a particle tracking
method to consider the hydraulically active parts and fracture sets for both wells.

More recent modelling studies include Magnenet et al. [27], where a 2D THM model was
developed based on a finite element grid (FEM), Aliyu and Chen [28], where finite element
method (FEM) was used to model hydro-thermal (HT) processes of Soultz while using
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different working fluids, and most recently Vallier et al. [14], where a THM model based
on FEM was developed at reservoir scale coupled with gravity measurements.

Previous studies showed that a single-fracture approach is not sufficient to represent the
hydraulic flow existing at Soultz and 2D models are limited to represent the site in terms
of the complex geometry and interconnection of dominating faults. Thus, this study takes
its roots from the developed 3D THM model based on FEM while hosting 5 fractures
(FZ1800, FZ2120, FZ4760, FZ4770, FZ4925, also see table 2) [10].

From the above literature, it is clear that cold water is injected at 70 °C through both the
injection wells. Therefore, injection of cold water below this temperature may enable
much higher geothermal energy extraction. However, there are no numerical studies so
far to support this idea. In the presented study here, the energy extraction potential from
Soultz-Sous-Foréts for 100 years is investigated and the thermal drawdown at the produc-
tion well can be quantified. The manuscript outline is as follow: first it presents a brief
geological setting of Soultz-Sous-Foréts, followed by numerical modeling studies for the
site. Furthermore, the mathematical and computational technique to model hydro-ther-
mal processes during heat mining from a fractured reservoir is discussed. Next, the well-
bore-reservoir coupling is demonstrated and its impact on wellhead temperature is quan-
tified. In the following section, model results and their discussion are followed by final
conclusions.

Table 2: Fault parameters [10]

Parameter Unit FZ1800 | FZ2120 FZ4760 Fz4770 FZ4925

Hydraulic conductivity | m s* 6.08x10" | 1.7x10° 0.05 2x10° 6.3x10°
6

Specific storage 1m? 2x10° 210 2x10® 2x10® 2x10®

Porosity - 0.1 0.1 0.1 0.1 0.1

Thermal conductivity | Wm?K?! |25 25 25 25 25

Thermal capacity JmiK?t | 29x10° | 2.9%10° 2.9%10¢ 2.9x10¢ 2.9x10¢

Thickness m 12 15 8 15 1

Heat production W m3 3108 3108 3x10° 3x10° 3x10°

Transmissivity m2s?t 7.3x10° | 2.55%10* 0.4 3104 6.3x10°

2. Methodology

In this section, the mathematical modeling is discussed in two stages. In the first part,
governing equations for cold water dynamics in the porous media is presented and in the
second part a mathematical model for fluid leakage from the wellbore is discussed.

2.1 Reservoir flow modeling

A constant heat flux of 0.07 W/m? was assigned at the bottom boundary of the domain.
All other exterior boundaries of the modelled domain are defined as no flow for both fluid
and heat transmission. Since, the weather conditions of Soultz are not available, the
monthly averaged daily weather fluctuation of Strasbourg, France was used for this study.
Strasbourg is approximately 40 km SSE from the Soultz geothermal site. All fractures
within the domain are regarded as internal boundaries, implicitly considering the mass
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and energy exchange between porous media and fractures or fault zones. In the injection
well, the diameter of the well is small and can as simplification be represented by a line.

The coupled heat and mass transfer in a fractured rock matrix can be modeled using the
mass balance equation integrated with heat transport. The governing equation for heat
and mass flow in porous media can be written as:

P1(@mS1+ (1= Gu)Sm) 5t = P1(@m(PmB1 + (1 = Gu)Bn)) 5, = V. (P2 Vp) [1]

In the above equation fluid pressure and temperature in the rock matrix are denoted by p
and T respectively. Here rock porosity is ¢,,, storage coefficients for rock and fluid are
S, and S,,. The thermal expansion coefficient of the fluid and rock matrix is denoted by
B1 and B, respectively. The fluid density and dynamic viscosity are indicated using p,
and p whereas the reservoir permeability is denoted by k,,.

The fractures are assumed as internal boundaries and the flow along the internal fractures
can be denoted by:

P1(sS1 + (L= B)Smp)ents — pr(ay(brBy + (1— dp)Bp)ens: = Vr. (ML 0rp) +
.0 2]

Here fluid pressure and temperature in the fracture are indicated by p and T respectively.
Additionally, ¢f, Sy, By, e, and ky denotes the fracture porosity, storage coefficients of
the fracture, thermal expansion coefficient of the fracture, hydraulic aperture between the
two fracture surfaces, and fracture permeability, respectively. The mass flux exchange be-

tween the fracture and matrix are denoted by n.Q,, = n.(— ’:‘T';) whereas the gradient

operator applicable along the fracture tangential plane is indicated by Vj.

The local thermal non-equilibrium (LTNE) approach to model heat exchange between the
rock matrix and water is implemented in this study. The conductive heat transfer between
rock matrix and pore fluid is the dominant heat exchange mechanism. For the rock matrix,
the heat transfer equation can be written as

(1 - ¢m)pmcp,ma;—;n =V. ((1 - ¢m)AmVTm) + qml(Tl - Tm) [3]

In the above equation rock matrix and fluid temperatures are denoted by T,, and T, re-
spectively. Here rock density, rock specific heat capacity, rock thermal conductivity and
the rock-fluid heat transfer coefficient are denoted by p,,, Cpm, 4n and g, respec-
tively. The heat flux leaving the domain and received by the adjacent fracture can be writ-
ten as

(1 - ¢f)ehprp‘fa;—:" = VT' ((1 - ¢f)eh).fVTTm) + ehqﬂ(Tl - Tm) + n. (_(1 -
) A VTn) [4]

where T, and T; are the matrix and fluid temperatures in the fracture, respectively; ps
is the density of the fracture; C, is the specific heat capacity of the fracture; 4y is the
thermal conductivity of the fracture; and qy; represents the rock fracture-fluid interface
heat transfer coefficient, related to the fracture aperture. Last term on the right-hand side
of the Eq. [4] represents the heat flux exchange between rock matrix and the fracture.

The heat convection equation for the pore fluid can be written as:
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ar kmV
DmpiCypy a—tl + PmpiCpi(— Tp)- VT, =V.(¢pnAVT) + @uui(Tr, — T)) [5]
Here C,,; is the heat capacity of the fluid at a constant pressure and 4, is the thermal

conductivity of the fluid.

The heat flux coupling relationship of the fluid between the domain and the fracture is
satisfied by:

ar k
drenpiCy a—tl + ¢renpiCyi(— L

[6]

Vrp
FT ). VeT; = Ve (prendVeTy) + end (T — T + N q

where the heat flux n.q; = n. (—¢;4,VT,) denotes the heat exchange of the fluid between
porous media and the fracture.

Temperature-dependent fluid thermodynamic properties are implemented into the cou-
pled hydrothermal mass and energy balance equations. The thermophysical properties of
water as a function of temperature including dynamic viscosity (), specific heat capacity
(Cp), density (p), and thermal diffusivity (k) are listed below:

p=138-212x102XxT' +1.36 X 10* X T2 —4.65 x 107 x T3 + 8.90 x 10710 x
T+—-9.08x 1013 xT5 +3.85x 10716 x T®  (273.15 — 413.15K)

[7]

B =401x103 —2.11 x 1075 xT! +3.86 x10™8 x T2 —2.40 x 1011 x T3
(413.15 — 553.15 K) 8]

€, =1.20x10*-8.04x 10" xT' +3.10 x 101 x T? - 5.38 x 10~* x T* + 3.63 x
1077 x T* [12]

pP=1.03x10"°xT3—-1.34x102xT?+4.97 x T + 4.32 X 102 9]

Kk=-869x10"1+895x103xT ' -1.58x10™°>xT? +7.98 x 10~ x T3
[10]

We have used the commercial software COMSOL Multiphysics, version 5.5 [29] for nu-
merically solving the coupled mass and energy conservation equations listed above.
COMSOL Multiphysics solves general-purpose partial differential equations using the fi-
nite element method.

2.2 Wellbore leakage modeling

Understanding the fluid flowing temperature along the wellbore can be useful for an ac-
curate estimation of the overall heat production at the production well head temperature
as well as in estimating any possible leakage caused heat loss along the wellbore. Several
reliable analytical techniques are reported in literature to calculate the flowing tempera-
ture distribution along a wellbore [30-32].
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We have integrated our reservoir simulation with a wellbore flow model as developed by
Hasan et al. [31]. The model constitutes an analytical approach to estimate wellbore-fluid
temperature distribution for steady state flow. In this method, the wellbore is split into
two uniform sections for thermal properties and deviation angle. The analytical equations
are solved sequentially for each section. Figure 4 shows in simplification a typical geo-
thermal well with one deviation angle. The well is inclined at an angle a with the hori-
zontal plane. The heat transfer between wellbore fluid and the rock matrix occurs due to
temperature difference between them. A general energy balance equation for single phase
fluid flow can be expressed as:

muut
Fluid \ \\ Heat
Z=L;TT,
—
2=l TETon
AN \
min

Figure 4: Wellbore heat loss modeling schematic.

dH . dv
——gsma+vd—=i
z

Q
dz w

[11]

Here, H is the fluid enthalpy, g is gravitational constant, z is the variable well depth
from the surface, v is flow velocity, @ is the heat flux per unit of well length and w is
the mass rate. When assuming no-phase change conditions, enthalpy will become:

oH aH

dH = (3)pdT + (E)po = ¢,dT — Cjc,dp [12]

In the above equation, T is the fluid temperature and p is pressure, ¢, is specific heat
capacity of fluid, C; is Joule-Thomson coefficient. If Ty is the fluid temperature, the en-
ergy balance equation will be:

de _ dp

1 Q . dv
= ]E+;(iw+gsma—vz) [13]

The heat flux per unit wellbore length can be expressed as:
Q= —Lgwey, (T —Tey) [14]

Here, T,; is the rock temperature, and Ly is the relaxation parameter defined as:

_ 2m TtoUtoke
L, = 28 [ TtoVtoke 15
R Cpw [Am+(rtovtoTD) [ ]
_e(z-L)L i
Ty =Ty + 5" [gg sina + & — L2 [16]

Lp Cp
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In Eq. (15) and (16), 1y, is the tubing outside radius, Uy, is the overall heat transfer coef-
ficient, k, is rock thermal conductivity, Tp is nondimensional temperature, L is meas-
ured depth of wellbore, g is the geothermal gradient. and @ is the lumped parameter
and it lumps the kinetic energy term as well as the Joule-Thomson coefficient term.

If V is the fluid specific volume and § is fluid entropy then from Maxwell identities, we

can write:

Cor =V+TGIr&Gor = =Gy [17]
dH = c,dT + [V — T(3),ldp [18]
c,C;=—[V—T (g—:)p] [19]

For liquids if p is the liquid density, volume expansivity (8) can be calculated as:

1

8= () =G [20]
dH = c,dT + V(1 — BT)dp [21]
c,C; = —-V(1 - BT) [22]

Therefore, the final output temperature from the wellhead will be:

mc, Tdz
_Imep

Toue = (23]

fmcpdz

In this text, we considered three wells, GPK-3 and GPK-4 as two injection wells and GPK-
2 as production wells. In GPK-3, the wellbore leakage was assumed between 1282 m and
4852 m depth measured from the surface. In case of GPK-2, the wellbore leakage was
modeled between 1264 m to 4244 m depth measured from the surface. The fluid is single
phase water flow and the model parameters are constant specific heat capacity of water
as4200J/kg/k, Lg = 0.00001 1/mand & = 0.00345 K/m, respectively. Here Lp and &
accounts for the casing properties, cement properties and their thicknesses.

3. Results

In this section, first the hydro-thermal numerical modelling results are compared with the
operational data measured at Soultz-sous-Foréts for three years of operation. Further-
more, new injection scenarios are proposed that can be adopted with the existing indus-
trial setup to enhance the energy extraction capability.

The operational data for three years has been made available for Soultz-Sous Forets site
by the site operators and is used here to calibrate the coupled unsteady hydro-thermal
model. Figure 5 shows the injection and production rates at the wellhead for 1163 days
from June 2016 to September 2019. The fluid injection temperature is 70 °C for both the
injection wells.
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Figure 5: Injection schedule at (a) GPK-3 and (b) GPK-4 and production schedule at produc-
tion well GPK-2 for 1163 days of operation from June 2016 to September 2019. Here the
blue lines are the actual injection and production rates. The red dash lines indicate no oper-

ation period.

In Figure 6, the numerical model data is validated with operational data for the time pe-
riod as described above. The measured temperature data is the operational data for 1163
days at the production wellhead. The temperature at the production well based on the
hydro-thermal model is significantly different compared to the operational data. For most
of the operational period, the predicted production well temperature is 15 °C higher than
the measured temperature. Only operation onset and termination stages display smaller
deviation in predicted temperature than observed temperature. Since the wellhead tem-
perature measurement may get affected by the local ambient temperature and the
monthly average temperature near the geothermal site is almost the same for the corre-
sponding months in each operational year, a correction factor to account for the weather
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impact on production temperature based on the numerical model was introduced. Two
scenarios of seasonal impact are considered, (a) 20% impact of ambient temperature (Tef-
tive=Tsimulation + 0.2xambient temperature) and (b) 50 % impact of ambient temperature (Tefctive
=Tsimutation + 0.5xambient temperature) on the production fluid temperature. Figure 6 shows
the comparison of the operational data with the coupled reservoir-wellbore model and
weather influenced production fluid temperature. The integrated wellbore — reservoir
model has the highest overestimation of production temperature. However, when daily

= - i
40 °C
o
s
w
g i
% Measured data
g Reservoir+wellbore model
QEJ L Reservoir+wellbore+0.2 x weather cffect model
= Reservoir+wellbore+0.5 x weather effect model
! N i
0 0.5 1 1.5 2 2.5 3

Time (years)
Figure 6: Qualitative difference between operational data from June 2016 to September 2019 and the

data obtained from numerical model.

weather fluctuation in the integrated wellbore-reservoir model are considered, the pre-
diction matches very well for most part of the operation as shown in Figure 6. The differ-
ence between operational and numerical data while considering 50% of the ambient tem-
perature on the production temperature of the coupled wellbore-reservoir model has the
best matching among all models. However, the model deviates by more than 15 °C from
the operation data during the period of 1.8 years and 2.4 years. Since no other reasons for
these deviations are provided with the operational data set, different measurement pro-
cedures or false measurements at the wellhead are assumed as reasons for these de-
viations.

In the next study, the model was extended to a simulation period of 100 years of operation
to predict the wellhead temperature development at the production well. In this section,
different initial temperatures at the bottom hole section than the operationally measured
data were used. The main objective of this study is to estimate the temperature at the
production well (GPK-2) for different injection temperatures for long-term operational
periods. Two scenarios were considered, A and B. In both scenarios, the injection rates for
the first 1163 days are the same as in the provided operational data set. For the remaining
operational period, scenario A considers four different fluid injection temperatures at the
injection wellhead (70 °C, 60 °C,50 °C and 40 °C). The fluid injection rates are 13.3 L/s and
11 L/s for GPK-3 and GPK-4, respectively and the production fluid rate from GPK-2 is 24.3
L/s for the remaining operational period. In Scenario B, injection rate post 1163 days are
19.6 L/s and 9.7 L/s for GPK-3 and GPK-4 respectively and the production rate at GPK-2
is 29.3 L/s; the same four injection wellhead temperature as for scenario A were consid-
ered, 70 °C, 60 °C, 50 °C and 40 °C.
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Figure 7: Temperature along the injection wells (a) GPK-3 and (b) GPK-4 with depth for Scenario A.

Figure 7 and 9 shows the temperature along the wellbore for scenario A and B respectively
for both injection wells. The wellbore GPK-3 has an open hole section that causes a linear
temperature drop along the wellbore instead of nonlinear temperature drop as shown in
Figure 7(a) and 9(a). It is interesting to note that instead of having different injection-
production rates in all three wells, the fluid production temperature at GPK-2 wellhead is
almost similar for both the scenarios A and B as shown in Figure 8 and 10 respectively.
The small increase in temperature at the production wellhead is due to sudden drop in
the production wellhead pressure. Also, the temperature increase in scenario B is higher
compared to scenario A due to the fact that scenario B has a higher production rate than
scenario A which reduces the time for exchanging heat in the wellbore.

GPK-2 temperature (°C) 3

0 20 40 60 80 100
Time (years)

Figure 8: Wellhead temperature at the production well, GPK-2 with time for Scenario A.


https://doi.org/10.20944/preprints202110.0169.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 October 2021 d0i:10.20944/preprints202110.0169.v1

13 of 16

1000 4200
22000 | E 4400 | 1
3 8
& =)
3 3
= 3000 r = 4600 | 1
[} L
= B
o <t
. Open-hole sectign ; \
£ 4000 | A 4800 | ‘
O @)

5000 : e : = 5000 : : : : :

(a) 40 50 60 70 80 90 100 (b) 80 85 90 95 100 105 110
GPK-3 temperature (°C) GPK-4 temperature (°C)

Figure 9: Temperature along the injection wells (a) GPK-3 and (b) GPK-4 with depth for Scenario B.

Figure 11 shows the comparison of temperature distribution in the fractures and along the
wellbore for scenarios A and B. The higher production rate results in slightly faster ther-
mal drawdown at the production well bottom for scenario B than scenario A. No thermal
breakthrough was observed at the production well bottom even after 100 years of opera-
tion as shown in Figure 11(e & f).

______________ I_______) T
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- 4C Ty =60 °C
5° e Ty = 50 °C
| Ty =40 °C

GPK-2 temperature (°C) Q

1 L 1 1

0 20 40 60 80 100
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Figure 10: Wellhead temperature at the production well, GPK-2 with time for Scenario B.

5. Conclusions

As part of the MEET project, a coupled reservoir and wellbore model for hydraulic and
thermal processes involved during geothermal energy extraction operation at Soultz Sous
Foréts was developed. Operational data from a period of 1163 days of operation was used
to validate the numerical model. The validated hydro-thermal numerical model precisely
simulates the geothermal energy extraction operation for 3 years. Furthermore, two oper-
ational scenarios for 100 years with four different injection wellhead temperatures 70 °C,
60 °C, 50 °C and 40 °C were analyzed and it can be observed that even after 100 years of
operation, thermal breakthrough at the production well is only in the range of 10 to 20°C.
After 100 years of cold fluid injection and hot fluid production, the observed temperature
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Figure 11: Comparison of temperature distribution (in Sl units) in the Fractures for Scenario A and B. Here AT is the temperature drop

in the reservoir from the initial state.

drop at the production wellhead is less than 20 °C. Therefore, our numerical model pre-
dicts that 100 years of geothermal energy extraction operation at Soultz-sous-Foréts is fea-
sible and will have sufficiently high production temperature throughout the operation
duration.
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