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Abstract: The deep geothermal industrial project at Soultz-sous-Forêts is located in the Upper Rhine 19 

Graben, France. As part of the MEET project, this study aims to evaluate the possibility of extracting 20 

higher amounts of energy from the existing industrial infrastructure. To achieve this objective, the 21 

effect of reinjecting fluid at lower temperature than the current fluid injection temperature of 70 ℃ 22 

was modelled and the drop in the production wellhead temperature for 100 years of operation was 23 

quantified. Two injection-production rate scenarios were considered and compared for their effect 24 

on overall production wellhead temperature. For each scenario, reinjection temperatures of 40 ℃, 25 

50 ℃ and 60 ℃ were chosen and compared with the 70 ℃ injection case. For the lower production 26 

rate scenario, the results show that the production wellhead temperature is approximately 1-1.5 ℃ 27 

higher than for the higher production rate scenario after 100 years of operation. In conclusion, no 28 

significant thermal breakthrough has been observed with the applied flow rates and lowered injec- 29 

tion temperatures even after 100 years of operation. 30 

Keywords: Soultz-sous-Forêts, EGS, Hydro-thermal modeling, Wellbore coupling 31 

 32 

1. Introduction 33 

Geothermal energy is a clean, renewable and low-cost solution for heating and power 34 

generation. One of the most challenging problems that humanity is facing is how to miti- 35 

gate the climate change and anthropogenic emission of carbon dioxide, in order to achieve 36 

the Paris agreement that limits the atmospheric temperature rise to 2 ℃ or less [1]. Carbon 37 

geosequestration is the most desirable solution to this problem [2-5]. However associated 38 

cost and underdeveloped technology limits the industry from its implementation. There- 39 

fore, use of geothermal energy to replace the carbon-based energy sources is gaining mo- 40 

mentum [6]. A milestone of 2 million of heat pumps installation by the European geother- 41 

mal heat pump market was achieved in the year 2019 [7]. The geothermal heat usage and 42 

electricity production in Europe is expected to grow up to 880-1050 TWh/year and 100- 43 

210 TWh/yr in 2050 respectively. This contribution is equivalent to 4-7% of European 44 

power generation in the year 2050 [8]. As part of MEET project, a numerical hydrothermal 45 
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model was developed to critically validate the flow behavior of Soultz-sous-Forêts geo- 46 

thermal power plant from existing operational data. Furthermore, our model was en- 47 

hanced by including discrete fault structures and validated with operational data to allow 48 

for a realistic prediction of the future operational behavior. 49 

 50 

Table 1: Rock matrix parameters [10] 51 

Parameter Unit Upper sediment Buntsandstein Granite 

Hydraulic conductivity m·s-1 5×10-8 1×10-8 9×10-9 

Specific storage 1·m-1 8×10-7 5×10-7 1.75×10-8 

Porosity - 0.1 0.03 0.03 

Thermal conductivity W·m-1·K-1 2.8 2.5 2.5 

Thermal capacity J·m-3 K-1· 2×106 3.2×106 2.9×106 

Heat production W·m-3 5×10-7 5×10-7 3×10-7 

 52 

Figure 1: Temperature distribution at 2 km depth TVD in the Upper Rhine Graben [9]. 
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Soultz-sous-Forêts is located in the central Upper Rhine Graben, France and has a great 53 

potential for the geothermal energy exploitation. Soultz-sous-Forêts is the most investi- 54 

gated site in terms of geoscientific studies. The top 1.5 km of the geological succession is 55 

made of thick Quaternary and Tertiary sediments, Mesozoic to Paleozoic sedimentary 56 

rocks above the crystalline basement which is represented by naturally fractured granite 57 

(See Figure 1). The Mesozoic to Paleozoic sedimentary rocks can be subdivided into two 58 

layers: Buntsandstein and Permian. The Buntsandstein is approximately 350 m thick and 59 

comprised of fluvial deposits while the Permian represents more alluvial continental de- 60 

posit filling the paleo-basin of the variscan orogeny [11]. The basement is composed of 61 

monzogranite with K-feldspar mega crystals with localized concentration of biotite 62 

(Depth between 1420 m to 4700 m) and a two-mica granite containing muscovite (Depth 63 

between 4700 m to 5000 m) [12; 13]. In Table 1, the rock properties for the two sandstone 64 

layers and granite are listed [10; 14]. The sedimentary section has a maximum geothermal 65 

gradient of up to >100 K km-1 making the Soultz-sous-Forêts site ideal for geothermal en- 66 

ergy extraction [15]. Free convection along the major faults [16; 17; 18] are the primary 67 

reason causing the increased thermal gradients. For depth greater than 3,700 m, geother- 68 

mal gradient becomes 10 K/km. Figure 2 shows the geothermal gradient at the Soultz- 69 

sous-Forêts site. Sausse et al. [19] and Dezayes et al. [20] used borehole image logs and 70 

core studies to characterize 3D realistic and static fractures of Soultz granite. Sausse et al. 71 

[19] found 53 structures including 39 fracture zones, 7 microseismic structures and 6 ver- 72 

tical seismic profiling (VSP) at the Soultz-sous-Forêts site. At the same time, Dezayes et al. 73 

[20] also identified 39 fractures aligned with a general strike of N160OE at Soultz site. The 74 

sedimentary layer above 1,400 m is considered for geothermal activity in the literature 75 

due to their remoteness from the main fluid circulation, and they are considered as a 76 

caprock.  77 

The geothermal project was commenced at Soultz-sous-Forêts in year 1984 and the drill- 78 

ing started in year 1987 [21]. The earliest plan was to create a fractured granite reservoir 79 

in the deep crystalline rock at a depth of 5 km to generate electricity. The industrial elec- 80 

tricity production at this site started in June 2016. Presently, the Soultz-sous-Forêts site 81 

operates three wells with a maximum depth of up to 5000 m (GPK-2, GPK-3 and GPK-4, 82 

see Figure 3). These wells follow the main fault along the NNW-SSE direction. The binary 83 

geothermal power plant is working on an Organic Rankine Cycle (ORC) for the heat to 84 

electricity conversion. The production well is GPK-2 while two wells GPK-3 and GPK-4 85 

are re-injection wells. The hot fluid produced from GPK-2 is fed-into the heat exchanger 86 

Figure 2: Geothermal gradient at the Soultz-sous-For𝑒 ts site. Here anomaly in temperature is ob-

servable in the top 3 km section or in the sedimentary layer. We assumed 10 ℃ temperature at 

the surface to calculate this geothermal gradient [Rolin:18]. 
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where the heat is transferred to the isobutane of the ORC cycle and reinjected after being 87 

cooled. The fluid production temperature at the Soultz plant is >150 ℃ and the injection 88 

temperature is 70 ℃. The production well (GPK-2), and one injection well (GPK-3) indi- 89 

cate fluid leakage, in the respective depth intervals between 1431 m – 4170 m measured 90 

depth from ground level (MDGL)) and 1447 m – 3988 m MDGL), respectively [22]. Both 91 

injection wells are cased only at the top while the granitic reservoir section is not com- 92 

pleted and in open-hole condition.  93 

For the model geometry, only the hydraulically active fractures with high permeability, 94 

as proven by thermal anomalies, detected microseismicity during stimulation and opera- 95 

tion [19] and which are intersecting multiple wells were included. The model is thus lim- 96 

ited to only 5 major fractures or fault zones as shown in Figure 3. The properties of these 97 

fractures (fault zones) are listed in Table 2.  98 

Although the Soultz-sous-Forêts site has been the focus of more than 60 PhD theses and 99 

300 peer reviewed articles [10], only a few hydrothermal modelling studies were con- 100 

ducted to understand the hydro-thermal behavior of the reservoir in detail over the last 101 

years. These studies were coupled with and validated by field operational data specifi- 102 

cally with tracer tests to understand the flow path within the fractured granite [14]. 103 

The flow circulation between GPK-3 and GPK-2 wells was addressed by Sanjuan et al. [22] 104 

through an analytical dispersive transfer model whereas Blumenthal et al. [23], Gessner 105 

et al. [24] and Egert et al. [25] also used dispersive transport models for Soultz-sous-Forêts 106 

site. They investigated the hydraulic connectivity between the injection well (GPK3) and 107 

production well (GPK2 and GPK4) using a multi-well tracer test. Gentier et al. [26] devel- 108 

oped the first discrete fracture network (DFN) model while employing a particle tracking 109 

method to consider the hydraulically active parts and fracture sets for both wells. 110 

More recent modelling studies include Magnenet et al. [27], where a 2D THM model was 111 

developed based on a finite element grid (FEM), Aliyu and Chen [28], where finite element 112 

method (FEM) was used to model hydro-thermal (HT) processes of Soultz while using 113 

Figure 3: Geometry for numerical modeling of Soultz-sous-For𝑒 ts geothermal site. 

GPK4 

GPK2 

GPK3 
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different working fluids, and most recently Vallier et al. [14], where a THM model based 114 

on FEM was developed at reservoir scale coupled with gravity measurements. 115 

Previous studies showed that a single-fracture approach is not sufficient to represent the 116 

hydraulic flow existing at Soultz and 2D models are limited to represent the site in terms 117 

of the complex geometry and interconnection of dominating faults. Thus, this study takes 118 

its roots from the developed 3D THM model based on FEM while hosting 5 fractures 119 

(FZ1800, FZ2120, FZ4760, FZ4770, FZ4925, also see table 2) [10]. 120 

From the above literature, it is clear that cold water is injected at 70 ℃ through both the 121 

injection wells. Therefore, injection of cold water below this temperature may enable 122 

much higher geothermal energy extraction. However, there are no numerical studies so 123 

far to support this idea. In the presented study here, the energy extraction potential from 124 

Soultz-Sous-Forêts for 100 years is investigated and the thermal drawdown at the produc- 125 

tion well can be quantified. The manuscript outline is as follow: first it presents a brief 126 

geological setting of Soultz-Sous-Forêts, followed by numerical modeling studies for the 127 

site. Furthermore, the mathematical and computational technique to model hydro-ther- 128 

mal processes during heat mining from a fractured reservoir is discussed. Next, the well- 129 

bore-reservoir coupling is demonstrated and its impact on wellhead temperature is quan- 130 

tified. In the following section, model results and their discussion are followed by final 131 

conclusions. 132 

 133 

Table 2: Fault parameters [10] 134 

Parameter Unit FZ1800 FZ2120 FZ4760 FZ4770 FZ4925 

Hydraulic conductivity m·s-1 6.08×10-

6 

1.7×10-5 0.05 2×10-5 6.3×10-5 

Specific storage 1·m-1 2×10-6 2×10-6 2×10-6 2×10-6 2×10-6 

Porosity - 0.1 0.1 0.1 0.1 0.1 

Thermal conductivity W·m-1·K-1 2.5 2.5 2.5 2.5 2.5 

Thermal capacity J·m-3 K-1 2.9×10-6 2.9×10-6 2.9×10-6 2.9×10-6 2.9×10-6 

Thickness m 12 15 8 15 1 

Heat production W·m-3 3×106 3×106 3×106 3×106 3×106 

Transmissivity m2·s-1 7.3×10-5 2.55×10-4 0.4 3×10-4 6.3×10-5 

2. Methodology 135 

In this section, the mathematical modeling is discussed in two stages. In the first part, 136 

governing equations for cold water dynamics in the porous media is presented and in the 137 

second part a mathematical model for fluid leakage from the wellbore is discussed. 138 

2.1 Reservoir flow modeling 139 

A constant heat flux of 0.07 W/m2 was assigned at the bottom boundary of the domain. 140 

All other exterior boundaries of the modelled domain are defined as no flow for both fluid 141 

and heat transmission. Since, the weather conditions of Soultz are not available, the 142 

monthly averaged daily weather fluctuation of Strasbourg, France was used for this study. 143 

Strasbourg is approximately 40 km SSE from the Soultz geothermal site. All fractures 144 

within the domain are regarded as internal boundaries, implicitly considering the mass 145 
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and energy exchange between porous media and fractures or fault zones. In the injection 146 

well, the diameter of the well is small and can as simplification be represented by a line.  147 

The coupled heat and mass transfer in a fractured rock matrix can be modeled using the 148 

mass balance equation integrated with heat transport. The governing equation for heat 149 

and mass flow in porous media can be written as: 150 

𝝆𝟏(𝝓𝒎𝑺𝟏 + (𝟏 − 𝝓𝒎)𝑺𝒎)
𝝏𝒑

𝝏𝒕
− 𝝆𝟏(𝜶𝒎(𝝓𝒎𝜷𝟏 + (𝟏 − 𝝓𝒎)𝜷𝒎))

𝝏𝑻

𝝏𝒕
= 𝛁. (

𝝆𝟏𝒌𝒎

𝝁
𝛁𝒑)   [1] 151 

In the above equation fluid pressure and temperature in the rock matrix are denoted by p 152 

and T respectively. Here rock porosity is 𝝓𝒎, storage coefficients for rock and fluid are 153 

𝑺𝟏 and 𝑺𝒎. The thermal expansion coefficient of the fluid and rock matrix is denoted by  154 

𝜷𝟏 and 𝜷𝒎 respectively. The fluid density and dynamic viscosity are indicated using 𝝆𝟏 155 

and 𝝁 whereas the reservoir permeability is denoted by 𝒌𝒎.  156 

The fractures are assumed as internal boundaries and the flow along the internal fractures 157 

can be denoted by:  158 

𝝆𝟏(𝝓𝒇𝑺𝟏 + (𝟏 − 𝝓𝒇)𝑺𝒎𝒇)𝒆𝒉
𝝏𝒑

𝝏𝒕
− 𝝆𝟏(𝜶𝒇(𝝓𝒇𝜷𝟏 + (𝟏 − 𝝓𝒇)𝜷𝒇))𝒆𝒉

𝝏𝑻

𝝏𝒕
= 𝛁𝑻. (

𝒆𝒉𝝆𝟏𝒌𝒇

𝝁
𝛁𝑻𝒑) + 159 

𝒏.𝑸𝒎              [2] 160 

Here fluid pressure and temperature in the fracture are indicated by p and T respectively. 161 

Additionally, 𝝓𝒇, 𝑺𝒇, 𝜷𝒇, 𝒆𝒉 and 𝒌𝒇 denotes the fracture porosity, storage coefficients of 162 

the fracture, thermal expansion coefficient of the fracture, hydraulic aperture between the 163 

two fracture surfaces, and fracture permeability, respectively. The mass flux exchange be- 164 

tween the fracture and matrix are denoted by 𝒏.𝑸𝒎 = 𝒏. (−
𝝆𝒌𝒎

𝝁𝛁𝒑
) whereas the gradient 165 

operator applicable along the fracture tangential plane is indicated by 𝛁𝑻. 166 

The local thermal non-equilibrium (LTNE) approach to model heat exchange between the 167 

rock matrix and water is implemented in this study. The conductive heat transfer between 168 

rock matrix and pore fluid is the dominant heat exchange mechanism. For the rock matrix, 169 

the heat transfer equation can be written as  170 

(𝟏 − 𝝓𝒎)𝝆𝒎𝑪𝒑,𝒎
𝝏𝑻𝒎

𝝏𝒕
= 𝛁. ((𝟏 − 𝝓𝒎)𝝀𝒎𝛁𝑻𝒎) + 𝒒𝒎𝒍(𝑻𝒍 − 𝑻𝒎)     [3] 171 

In the above equation rock matrix and fluid temperatures are denoted by 𝑻𝒎 and 𝑻𝒍, re- 172 

spectively. Here rock density, rock specific heat capacity, rock thermal conductivity and 173 

the rock-fluid heat transfer coefficient are denoted by 𝝆𝒎 , 𝑪𝒑,𝒎 , 𝝀𝒎  and 𝒒𝒎𝒍  respec- 174 

tively. The heat flux leaving the domain and received by the adjacent fracture can be writ- 175 

ten as  176 

(𝟏 − 𝝓𝒇)𝒆𝒉𝝆𝒇𝑪𝒑,𝒇
𝝏𝑻𝒎

𝝏𝒕
= 𝛁𝑻. ((𝟏 − 𝝓𝒇)𝒆𝒉𝝀𝒇𝛁𝑻𝑻𝒎) + 𝒆𝒉𝒒𝒇𝒍(𝑻𝒍 − 𝑻𝒎) + 𝒏. (−(𝟏 − 177 

𝝓𝒎)𝝀𝒎𝛁𝑻𝒎)             [4] 178 

where 𝑻𝒎 and 𝑻𝒍 are the matrix and fluid temperatures in the fracture, respectively; 𝝆𝒇 179 

is the density of the fracture; 𝑪𝒑,𝒇 is the specific heat capacity of the fracture; 𝝀𝒇 is the 180 

thermal conductivity of the fracture; and 𝒒𝒇𝒍 represents the rock fracture-fluid interface 181 

heat transfer coefficient, related to the fracture aperture. Last term on the right-hand side 182 

of the Eq. [4] represents the heat flux exchange between rock matrix and the fracture.  183 

The heat convection equation for the pore fluid can be written as: 184 
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𝝓𝒎𝝆𝒍𝑪𝒑,𝒍
𝛛𝑻𝒍

𝝏𝒕
+ 𝝓𝒎𝝆𝒍𝑪𝒑,𝒍(−

𝒌𝒎𝛁𝒑

𝝁
). 𝛁𝑻𝒍 = 𝛁. (𝝓𝒎𝝀𝒍𝛁𝑻𝒍) + 𝒒𝒎𝒍(𝑻𝒎 − 𝑻𝒍)    [5] 185 

Here 𝑪𝒑,𝒍 is the heat capacity of the fluid at a constant pressure and 𝝀𝒍 is the thermal 186 

conductivity of the fluid. 187 

The heat flux coupling relationship of the fluid between the domain and the fracture is 188 

satisfied by: 189 

𝝓𝒇𝒆𝒉𝝆𝒍𝑪𝒑,𝒍
𝛛𝑻𝒍

𝝏𝒕
+ 𝝓𝒇𝒆𝒉𝝆𝒍𝑪𝒑,𝒍(−

𝒌𝒇𝛁𝑻𝒑

𝝁
). 𝛁𝑻𝑻𝒍 = 𝛁𝑻. (𝝓𝒇𝒆𝒉𝝀𝒍𝛁𝑻𝑻𝒍) + 𝒆𝒉𝒒𝒇𝒍(𝑻𝒎 − 𝑻𝒍) +  𝒏. 𝒒𝒍   190 

[6] 191 

where the heat flux 𝒏. 𝒒𝒍 = 𝒏. (−𝝓𝒍𝝀𝒍𝛁𝑻𝒍) denotes the heat exchange of the fluid between 192 

porous media and the fracture. 193 

Temperature-dependent fluid thermodynamic properties are implemented into the cou- 194 

pled hydrothermal mass and energy balance equations. The thermophysical properties of 195 

water as a function of temperature including dynamic viscosity (𝝁), specific heat capacity 196 

(𝑪𝒑), density (𝝆), and thermal diffusivity (𝜿) are listed below: 197 

𝝁 = 𝟏. 𝟑𝟖 − 𝟐. 𝟏𝟐 × 𝟏𝟎−𝟐 × 𝑻𝟏 + 𝟏. 𝟑𝟔 × 𝟏𝟎−𝟒 × 𝑻𝟐 − 𝟒. 𝟔𝟓 × 𝟏𝟎−𝟕 × 𝑻𝟑 + 𝟖. 𝟗𝟎 × 𝟏𝟎−𝟏𝟎 × 198 

𝑻𝟒 − 𝟗. 𝟎𝟖 × 𝟏𝟎−𝟏𝟑 × 𝑻𝟓 + 𝟑. 𝟖𝟓 × 𝟏𝟎−𝟏𝟔 × 𝑻𝟔        (𝟐𝟕𝟑. 𝟏𝟓 − 𝟒𝟏𝟑. 𝟏𝟓 𝑲)                    199 

[7] 200 

𝝁 = 𝟒. 𝟎𝟏 × 𝟏𝟎−𝟑 − 𝟐. 𝟏𝟏 × 𝟏𝟎−𝟓 × 𝑻𝟏 + 𝟑. 𝟖𝟔 × 𝟏𝟎−𝟖 × 𝑻𝟐 − 𝟐. 𝟒𝟎 × 𝟏𝟎−𝟏𝟏 × 𝑻𝟑  202 

(𝟒𝟏𝟑. 𝟏𝟓 − 𝟓𝟓𝟑. 𝟏𝟓 𝑲)                                                        [8] 201 

𝑪𝒑 = 𝟏. 𝟐𝟎 × 𝟏𝟎𝟒 − 𝟖. 𝟎𝟒 × 𝟏𝟎𝟏 × 𝑻𝟏 + 𝟑. 𝟏𝟎 × 𝟏𝟎−𝟏 × 𝑻𝟐 − 𝟓. 𝟑𝟖 × 𝟏𝟎−𝟒 × 𝑻𝟑 + 𝟑. 𝟔𝟑 × 203 

𝟏𝟎−𝟕 × 𝑻𝟒 [12]  204 

𝝆 = 𝟏. 𝟎𝟑 × 𝟏𝟎−𝟓 × 𝑻𝟑 − 𝟏. 𝟑𝟒 × 𝟏𝟎−𝟐 × 𝑻𝟐 + 𝟒. 𝟗𝟕 × 𝑻 + 𝟒. 𝟑𝟐 × 𝟏𝟎𝟐                  [9] 205 

𝜿 = −𝟖. 𝟔𝟗 × 𝟏𝟎−𝟏 + 𝟖. 𝟗𝟓 × 𝟏𝟎−𝟑 × 𝑻𝟏 − 𝟏. 𝟓𝟖 × 𝟏𝟎−𝟓 × 𝑻𝟐 + 𝟕. 𝟗𝟖 × 𝟏𝟎−𝟗 × 𝑻𝟑        206 

[10] 207 

We have used the commercial software COMSOL Multiphysics, version 5.5 [29] for nu- 208 

merically solving the coupled mass and energy conservation equations listed above. 209 

COMSOL Multiphysics solves general-purpose partial differential equations using the fi- 210 

nite element method.  211 

2.2 Wellbore leakage modeling 212 

Understanding the fluid flowing temperature along the wellbore can be useful for an ac- 213 

curate estimation of the overall heat production at the production well head temperature 214 

as well as in estimating any possible leakage caused heat loss along the wellbore. Several 215 

reliable analytical techniques are reported in literature to calculate the flowing tempera- 216 

ture distribution along a wellbore [30-32]. 217 
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We have integrated our reservoir simulation with a wellbore flow model as developed by 218 

Hasan et al. [31]. The model constitutes an analytical approach to estimate wellbore-fluid 219 

temperature distribution for steady state flow. In this method, the wellbore is split into 220 

two uniform sections for thermal properties and deviation angle. The analytical equations 221 

are solved sequentially for each section. Figure 4 shows in simplification a typical geo- 222 

thermal well with one deviation angle. The well is inclined at an angle α with the hori- 223 

zontal plane. The heat transfer between wellbore fluid and the rock matrix occurs due to 224 

temperature difference between them. A general energy balance equation for single phase 225 

fluid flow can be expressed as:  226 

𝒅𝑯

𝒅𝒛
− 𝒈 𝒔𝒊𝒏𝜶 + 𝝂

𝒅𝝂

𝒅𝒛
= ± 

𝑸

𝒘
          [11] 227 

Here, 𝑯 is the fluid enthalpy, g is gravitational constant, 𝒛 is the variable well depth 228 

from the surface, 𝝂 is flow velocity, 𝑸 is the heat flux per unit of well length and 𝒘 is 229 

the mass rate. When assuming no-phase change conditions, enthalpy will become: 230 

𝒅𝑯 = (
𝝏𝑯

𝝏𝑻
)𝒑𝒅𝑻 + (

𝝏𝑯

𝝏𝒑
)𝑻𝒅𝒑 = 𝒄𝒑𝒅𝑻 − 𝑪𝑱𝒄𝒑𝒅𝒑       [12] 231 

In the above equation, 𝑻 is the fluid temperature and 𝒑 is pressure, 𝒄𝒑 is specific heat 232 

capacity of fluid, 𝑪𝑱 is Joule-Thomson coefficient. If 𝑻𝒇 is the fluid temperature, the en- 233 

ergy balance equation will be: 234 

 
𝒅𝑻𝒇

𝒅𝒛
= 𝑪𝑱

𝒅𝒑

𝒅𝒛
+

𝟏

𝒄𝒑
(±

𝑸

𝑾
+ 𝒈 𝒔𝒊𝒏𝜶 − 𝝂

𝒅𝝂

𝒅𝒛
)        [13] 235 

The heat flux per unit wellbore length can be expressed as: 236 

𝑸 ≡  −𝑳𝑹𝒘𝒄𝒑(𝑻𝒇 − 𝑻𝒆𝒊)          [14] 237 

Here, 𝑻𝒆𝒊 is the rock temperature, and 𝑳𝑹 is the relaxation parameter defined as: 238 

𝑳𝑹 ≡
𝟐𝝅

𝒄𝒑𝒘
[

𝒓𝒕𝒐𝑼𝒕𝒐𝒌𝒆

𝝀𝒎+(𝒓𝒕𝒐𝑼𝒕𝒐𝑻𝑫)
]           [15] 239 

𝑻𝒇 = 𝑻𝒆𝒊 +
𝟏−𝐞(𝒛−𝑳)𝑳𝑹  

𝑳𝑹
[𝒈𝑮 𝒔𝒊𝒏𝜶 +  𝜱 −

𝒈 𝒔𝒊𝒏𝜶

𝒄𝒑
]       [16] 240 

Figure 4: Wellbore heat loss modeling schematic. 
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In Eq. (15) and (16), 𝒓𝒕𝒐 is the tubing outside radius, 𝑼𝒕𝒐 is the overall heat transfer coef- 241 

ficient, 𝒌𝒆 is rock thermal conductivity, 𝑻𝑫 is nondimensional temperature, 𝑳 is meas- 242 

ured depth of wellbore, 𝒈𝑮 is the geothermal gradient. and 𝜱 is the lumped parameter 243 

and it lumps the kinetic energy term as well as the Joule-Thomson coefficient term.  244 

If 𝑽 is the fluid specific volume and 𝑺 is fluid entropy then from Maxwell identities, we 245 

can write: 246 

(
𝝏𝑯

𝝏𝒑
)𝑻 = 𝑽 + 𝑻(

𝝏𝑺

𝝏𝒑
)𝑻 & (

𝝏𝑺

𝝏𝒑
)𝑻 = −(

𝝏𝑽

𝝏𝑻
)𝒑        [17] 247 

𝒅𝑯 = 𝒄𝒑𝒅𝑻 + [𝑽 − 𝑻(
𝝏𝑽

𝝏𝑻
)𝒑]𝒅𝒑         [18] 248 

𝒄𝒑𝑪𝑱 = −[𝑽 − 𝑻 (
𝝏𝑽

𝝏𝑻
)
𝒑
]                 [19] 249 

For liquids if 𝝆 is the liquid density, volume expansivity (𝜷) can be calculated as:  250 

𝜷 ≡ (
𝟏

𝑽
) (

𝝏𝑽

𝝏𝑻
)
𝒑
≡ (−

𝟏

𝝆
)(
𝝏𝝆

𝝏𝑻
)𝒑              [20] 251 

𝒅𝑯 = 𝒄𝒑𝒅𝑻 + 𝑽(𝟏 − 𝜷𝑻)𝒅𝒑          [21] 252 

𝒄𝒑𝑪𝑱 = −𝑽(𝟏 − 𝜷𝑻)           [22] 253 

Therefore, the final output temperature from the wellhead will be: 254 

𝑻𝒐𝒖𝒕 =
∫𝒎 𝒄𝒑 𝑻 𝒅𝒛

∫𝒎 𝒄𝒑 𝒅𝒛
          [23] 255 

In this text, we considered three wells, GPK-3 and GPK-4 as two injection wells and GPK- 256 

2 as production wells. In GPK-3, the wellbore leakage was assumed between 1282 m and 257 

4852 m depth measured from the surface. In case of GPK-2, the wellbore leakage was 258 

modeled between 1264 m to 4244 m depth measured from the surface. The fluid is single 259 

phase water flow and the model parameters are constant specific heat capacity of water 260 

as 4200 J/kg/k, 𝑳𝑹 = 𝟎. 𝟎𝟎𝟎𝟎𝟏 1/m and 𝜱 = 𝟎. 𝟎𝟎𝟑𝟒𝟓 K/m, respectively. Here 𝑳𝑹 and 𝜱 261 

accounts for the casing properties, cement properties and their thicknesses. 262 

3. Results 263 

In this section, first the hydro-thermal numerical modelling results are compared with the 264 

operational data measured at Soultz-sous-Forêts for three years of operation. Further- 265 

more, new injection scenarios are proposed that can be adopted with the existing indus- 266 

trial setup to enhance the energy extraction capability. 267 

The operational data for three years has been made available for Soultz-Sous Forets site 268 

by the site operators and is used here to calibrate the coupled unsteady hydro-thermal 269 

model. Figure 5 shows the injection and production rates at the wellhead for 1163 days 270 

from June 2016 to September 2019. The fluid injection temperature is 70 ℃ for both the 271 

injection wells. 272 
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In Figure 6, the numerical model data is validated with operational data for the time pe- 273 

riod as described above. The measured temperature data is the operational data for 1163 274 

days at the production wellhead. The temperature at the production well based on the 275 

hydro-thermal model is significantly different compared to the operational data. For most 276 

of the operational period, the predicted production well temperature is 15 ℃ higher than 277 

the measured temperature. Only operation onset and termination stages display smaller 278 

deviation in predicted temperature than observed temperature. Since the wellhead tem- 279 

perature measurement may get affected by the local ambient temperature and the 280 

monthly average temperature near the geothermal site is almost the same for the corre- 281 

sponding months in each operational year, a correction factor to account for the weather 282 

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. 

Injection 

Injection 

Production 
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impact on production temperature based on the numerical model was introduced. Two 283 

scenarios of seasonal impact are considered, (a) 20% impact of ambient temperature (Teffec- 284 

tive=Tsimulation + 0.2×ambient temperature) and (b) 50 % impact of ambient temperature (Teffective 285 

=Tsimulation + 0.5×ambient temperature) on the production fluid temperature. Figure 6 shows 286 

the comparison of the operational data with the coupled reservoir-wellbore model and 287 

weather influenced production fluid temperature. The integrated wellbore – reservoir 288 

model has the highest overestimation of production temperature. However, when daily 289 

weather fluctuation in the integrated wellbore-reservoir model are considered, the pre- 290 

diction matches very well for most part of the operation as shown in Figure 6. The differ- 291 

ence between operational and numerical data while considering 50% of the ambient tem- 292 

perature on the production temperature of the coupled wellbore-reservoir model has the 293 

best matching among all models. However, the model deviates by more than 15 ℃ from 294 

the operation data during the period of 1.8 years and 2.4 years. Since no other reasons for 295 

these deviations are provided with the operational data set, different measurement pro- 296 

cedures or false measurements at the wellhead are assumed as reasons for these de- 297 

viations.  298 

In the next study, the model was extended to a simulation period of 100 years of operation 299 

to predict the wellhead temperature development at the production well. In this section, 300 

different initial temperatures at the bottom hole section than the operationally measured 301 

data were used. The main objective of this study is to estimate the temperature at the 302 

production well (GPK-2) for different injection temperatures for long-term operational 303 

periods. Two scenarios were considered, A and B. In both scenarios, the injection rates for 304 

the first 1163 days are the same as in the provided operational data set. For the remaining 305 

operational period, scenario A considers four different fluid injection temperatures at the 306 

injection wellhead (70 ℃, 60 ℃, 50 ℃ and 40 ℃). The fluid injection rates are 13.3 L/s and 307 

11 L/s for GPK-3 and GPK-4, respectively and the production fluid rate from GPK-2 is 24.3 308 

L/s for the remaining operational period. In Scenario B, injection rate post 1163 days are 309 

19.6 L/s and 9.7 L/s for GPK-3 and GPK-4 respectively and the production rate at GPK-2 310 

is 29.3 L/s; the same four injection wellhead temperature as for scenario A were consid- 311 

ered, 70 ℃, 60 ℃, 50 ℃ and 40 ℃. 312 

 313 

  314 

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

data obtained from numerical model. 
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Figure 7 and 9 shows the temperature along the wellbore for scenario A and B respectively 315 

for both injection wells. The wellbore GPK-3 has an open hole section that causes a linear 316 

temperature drop along the wellbore instead of nonlinear temperature drop as shown in 317 

Figure 7(a) and 9(a). It is interesting to note that instead of having different injection- 318 

production rates in all three wells, the fluid production temperature at GPK-2 wellhead is 319 

almost similar for both the scenarios A and B as shown in Figure 8 and 10 respectively. 320 

The small increase in temperature at the production wellhead is due to sudden drop in 321 

the production wellhead pressure. Also, the temperature increase in scenario B is higher 322 

compared to scenario A due to the fact that scenario B has a higher production rate than 323 

scenario A which reduces the time for exchanging heat in the wellbore.  324 

Figure 7: Temperature along the injection wells (a) GPK-3 and (b) GPK-4 with depth for Scenario A. 

Figure 8: Wellhead temperature at the production well, GPK-2 with time for Scenario A. 
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Figure 11 shows the comparison of temperature distribution in the fractures and along the 325 

wellbore for scenarios A and B. The higher production rate results in slightly faster ther- 326 

mal drawdown at the production well bottom for scenario B than scenario A. No thermal 327 

breakthrough was observed at the production well bottom even after 100 years of opera- 328 

tion as shown in Figure 11(e & f). 329 

5. Conclusions 330 

As part of the MEET project, a coupled reservoir and wellbore model for hydraulic and 331 

thermal processes involved during geothermal energy extraction operation at Soultz Sous 332 

Forêts was developed. Operational data from a period of 1163 days of operation was used 333 

to validate the numerical model. The validated hydro-thermal numerical model precisely 334 

simulates the geothermal energy extraction operation for 3 years. Furthermore, two oper- 335 

ational scenarios for 100 years with four different injection wellhead temperatures 70 ℃, 336 

60 ℃, 50 ℃ and 40 ℃ were analyzed and it can be observed that even after 100 years of 337 

operation, thermal breakthrough at the production well is only in the range of 10 to 20°C. 338 

After 100 years of cold fluid injection and hot fluid production, the observed temperature 339 

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

Figure 10: Wellhead temperature at the production well, GPK-2 with time for Scenario B. 
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drop at the production wellhead is less than 20 ℃. Therefore, our numerical model pre- 340 

dicts that 100 years of geothermal energy extraction operation at Soultz-sous-Forêts is fea- 341 

sible and will have sufficiently high production temperature throughout the operation 342 

duration.  343 
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