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ABSTRACT 

Probability of success (POS) studies for deep geothermal projects are based usually on hydraulic test data of wells located in the 

same reservoir system in a comparable regional setting. Based on this fact prospective risk insurances ('Fündigkeits'insurance), 

which are often an important economic prerequisite for geothermal power projects in Germany, are not available for geothermal 

greenfield projects, where almost no drilling or hydraulic information of the reservoir are available. 

To bypass this problem, which is partly responsible for the slow progress of the development of geothermal power production in 

Germany, we propose an alternative form of POS studies based on suitable outcrop analogue data. Based on a vast data base of 

thermophysical rock properties (more than 9,000 measurements) and hydraulic test data sets (more than 1,500 tests) sampled east 

and west on the Graben shoulders, borehole temperature measurements (more than 2,500 measurements) and a 3D geological 

model, a detailed geothermal model of the northern Upper Rhine Graben was established. This regional model, which incorporates 

important fault systems within the Graben and their influence on the depth and temperature dependent geothermal and hydraulic 

properties of different reservoir formations, is used for a local calculation of the POS. We demonstrate the usability of this 

probabilistic model to determine the POS for different actual project locations within the northern Upper Rhine Graben and discuss 

statistic uncertainties and inferred explorations risks for different locations.  

1. INTRODUCTION 

Investors usually require POS studies to decide whether an investment for a deep geothermal project is economically viable or not. 

The same applies for insurance companies that need POS studies to decide whether prospective risk insurance for the success of a 

geothermal well ('Fündigkeitsversicherung') with attractive conditions for the project developer is possible. Therefore, a POS study 

is a key for the realization of a deep geothermal project if the equity of the project developer is insufficient. This problem is partly 

responsible for the slow progress of the development of deep geothermal projects for electricity generation or the utilization of 

direct heat in the low enthalpy regions of Europe. In Germany, so far POS studies for geothermal projects are generally based on 

the results of deep wells in the same reservoir in the immediate vicinity of the project to be developed. For regions and reservoirs 

where no wells have been drilled into the reservoir formation - so called green fields - this classic approach for POS studies is not 

possible. Based on the example of the federal state of Hesse in Germany a new alternative approach for POS studies is proposed, 

which fully relies on the combination of geothermal rock parameters derived from suitable outcrop analogue studies, geological 3D 

modelling and temperature modelling. 

Comprehensive data sets about the potential deep geothermal systems of Hesse so far only existed for the underground temperature 

in the region of the Upper Rhine Graben which is only a small part of the state area (Fig. 1). In addition to temperature, the bulk 

permeability of the reservoir, the achievable flow rate of thermal water, is the main factor of influence on the deep geothermal 

potential for open systems. Additionally, matrix permeability, porosity and thermal conductivity are important factors to estimate 

the conductive and convective heat flows within the reservoir. For assessment of the deep geothermal potential, knowledge of 

geological structure and geothermal properties of potential reservoir rocks are indispensable. None of the above mentioned 

parameters were available for the identified reservoir formations and therefore had to be collected state-wide in bibliographic, 

archive and most importantly in outcrop analogue and drill core investigations. This was performed in the context of the project 

"3D-modelling of the deep geothermal potentials of Hesse" (Sass and Hoppe, 2011; Arndt, 2012 and Bär, 2012) which was initiated 

in 2008 with the aim to identify and evaluate systematically the deep geothermal potential of Hesse. The established vast database 

could then be connected with the 3D structural model and the underground temperature model for parameterization with 

thermophysical and hydraulic properties.  

The resulting geological-geothermal 3D model allows for a comprehensive evaluation of all deep geothermal potential reservoirs of 

Hesse and is capable to display the potential for open systems like hydrothermal or petrothermal (EGS) systems as well as for 

closed systems like deep borehole heat exchangers (Bär et al., 2011). Additionally, it provides detailed characteristics of the 

geothermal reservoir needed for probabilistic modelling which is the basis for POS studies without the need of direct information 

from deep wells in the reservoir of interest. 

2. GEOLOGICAL 3D MODEL 

3D modelling was conducted using the GOCAD software and techniques (Mallet, 2002). The model area covers more than 

21,000 km² and has a depth of 6 km (Figure 1). The model consists of the stratigraphic units Quaternary/Tertiary in a combined 

unit, the mesozoic Muschelkalk (mainly limestones and marls) and Buntsandstein (sandstones, conglomerates and pelites), the 

paleozoic Zechstein (limestones, dolomites and evaporites), Permocarboniferous (sandstones, conglomerates, pelites and volcanics) 

and the Pre-Permian basement. The crystalline and metamorphic basement was divided according to the internal zones of the 
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Variscan Orogen (Kossmat, 1927) into the Mid-German Crystalline Rise (MGCR) in the southeastern part of Hesse, which mainly 

consists of felsic granitoids and subsidiary of metamorphic and basic intrusive rocks and the Rheno-Hercynian, and Northern 

Phyllite Zone (RH & NPZ) in the northwest, consisting of low-grade metamorphic phyllites, shists, quartzites and greywackes 

originating from pelagic to hemipelagic as well as volcanoclastic rocks (Figure 1 andFigure 2).  

 

Figure 1: Overview of the geological 3D model of Hesse showing the extent and the model units as well as major fault 

systems (transparent grey) (left). Detail of the geological 3D model showing the area of the northern Upper Rhine 

Graben with the potential hydrothermal reservoir units Buntsandstein and Permocarboniferous bounded by the 

graben faults (right). The location of major cities (red) and rivers (blue) are given for orientation 

 

The geological model of Hesse (Arndt, 2012) is based on the geological survey map 1:300,000 (GÜK 300; HLUG, 2007). 

Additional input data, e.g. well data, geological cross-sections, isopach, contour and paleogeographic maps as well as existing 

structural 3D models, were used (Figure 2). 

 

Figure 2: Generalized geological map of Hesse (left). Input data for the geological 3D model including depth of the well 

data. Isopach or contour maps as well as existing 3D models which were incorporated into the model are not shown 

(middle). Input data used for the geothermal 3D model showing the locations of all outcrop analogue study 

conducted and all drill cores, temperature data points, porosity and permeability data sets and hydraulic test data 

sets available (right). 

 

More than 4,150 data sets from the wellbore database of the state geological surveys of Hesse (HLUG) and Lower Saxony (LBEG) 

were used. Furthermore, 318 geological cross sections from geological maps and other literature with a total length of more than 

3,700 km have been incorporated (Arndt et al., 2011). Besides that, more than 1,500 2D seismic profiles from hydrocarbon or 

potassium salt exploration campaigns were assessed of which 29 interpreted ones, published earlier within other research projects, 

were chosen for modelling. All faults with a vertical displacement of at least 200 m were modelled. Unlike other geological 3D 

models at this scale, these fault zones were not modelled as vertical planes, but with their true dip angle as observed in the field, 

seismic profiles or geological cross sections. 
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3. TEMPERATURE MODEL 

For the assessment of deep geothermal potential and to decide whether a geothermal reservoir is prospective, the reservoir 

temperature is a key parameter. Therefore, the temperature distribution in the subsurface had to be modelled to a depth of 6 km 

below surface.  

As the temperature data distribution is very poor for the entire federal state of Hesse (Figure 2), the subsurface temperature could 

not have been modelled with a pure interpolation approach (cf. Agemar, 2009). A numerical approach as described by Cloetingh et 

al. (2010) and Förster and Förster (2000) was not feasible at the time of modelling due to the lack of sufficient data of radiogenic 

heat production rates. Numerical modelling of the conduction-based temperature distribution and a comparison with the 

interpolated temperature distribution was performed with the data presented here subsequently by Rühaak et al. (2012). 

 

Figure 3: Temperature vs. depth plot of all available temperature data (left) and high quality data (right) for Hesse. Quality 

(Q)-Index as described in Table 1. 

 

To create the first subsurface temperature model for the entire state an approach which combines interpolation supported by 

geologic a priori knowledge with regional geothermal gradients was chosen. Thus actual data measured in deep wells (Figure 3) 

was combined with the annual mean surface temperatures and regionally varying geothermal gradients derived from borehole 

temperature measurements in connection with the Mohorovičić Discontinuity depth map from Dèzes and Ziegler (2001) to support 

subsurface temperature modelling as described by Arndt et al. (2011). In ongoing studies this approach will additionally be 

combined with a pure conductive numerical model (Rühaak et al., 2014) which later on shall also include convective processes at 

major faults.  

Input data were 2,029 points provided by the Geophysics Information System (FIS GP) of the Leibniz Institute for Applied 

Geophysics (LIAG) and the geophysics archive of the HLUG. Their depths range from 150 to 3,105 m below ground surface. Data 

with depths of less than 150 m have not been used due to their low relevance for deep geothermal applications and to avoid artifacts 

related to shallow measurements near thermal springs, seasonal influences or palaeoclimatic signals. The interpolation variogram 

analysis was conducted using high quality data from undisturbed temperature logs (Table 1), which were trend adjusted with a 

geothermal gradient of 3 K/100 m and an annual mean surface temperature of 10 °C. 

Table 1: Different quality indices of temperature measurements (modified after Rühaak et al. 2012) 

Quality Index Type of Measurement Error [K] No. 

1.00 Undisturbed Temperature Logs 0.01 1,360 

0.70 

Bottom Hole Temperature (BHT) with at least 3 temperature measurements taken at 

different times at the same depth; corrected with a cylinder-source approach 0.5 58 

Drill Stem Tests (DST) 

0.63 

BHT with at least 3 temperature measurements at the same depth; corr. with the Horner-

Plot Method 
0.7 85 

BHT with at least 2 temperature measurements taken at different times at the same depth; 

corr. with an explosion line-source approach 

0.35 
BHT with one temperature measurement, known radius and time since circulation (TSC) 

1.6 46 
BHT with one temperature measurement, known TSC 

0.20 Disturbed Temperature Logs 2.4 200 

0.14 
BHT with one temperature measurement, known radius 

3.0 280 
BHT with one temperature measurement, unknown radius and unknown TSC 
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The resulting subsurface temperature model fits the temperature measurements, which reach a maximum depth of 3,105 m inside 

and 1,658 m outside the Upper Rhine Graben within a range of about ±10 K. Inaccuracies might still occur in areas where 

temperature data are sparse, missing or where temperature data were measured in hydrothermal convection zones. However, this 

model allows an improved prognosis of the temperature in the subsurface with an overall dependent depth accuracy of ± 5 K/km 

and can be used to create temperature maps for various depths as well as maps of depth of various isotherms (Figure 4). 

 

Figure 4: Maps of the modelled subsurface temperature in 2,000 m, 3,500 m and 5,000 m below surface respectively as an 

sample output of the temperature model. Anomalously high subsurface temperatures occur in the northern Upper 

Rhine Graben in the southwestern part of Hesse 

 

4. GEOTHERMAL MODEL 

Permeability and thermal conductivity are key parameters in geothermal reservoir characterization (Tester et al., 2006). The number 

of previous publications and databases where more than one key parameter was measured on the same sample is very low. 

According to the thermo-facies concept by Sass and Götz (2012) all geothermal parameters were determined in one coherent 

approach on the same set of samples for each facies type. 

4.1 Input data 

To allow predictions of the geothermal properties, a data set of outcrop analogue studies of more than 600 locations, borehole data 

of more than 25 boreholes and core investigations of more than 500 m of cores as well as hydraulic test data of more than 900 

boreholes has been compiled for all relevant formations (Figure 2 (right)). 

Systematic measurements of thermophysical and hydraulic rock properties such as thermal conductivity, thermal diffusivity, heat 

capacity, density, porosity and permeability were conducted on oven dry samples for each sample respectively (Bär et al., 2011). 

Thus a vast geothermal database of more than 25,000 measurements altogether has been created. Due to the large number of 

measurements the database is ideal for statistical analysis of each parameter (Table 2), to evaluate the type of statistical distribution 

functions of each parameter, and for correlation analysis between different parameters. The results of the statistical analysis allow 

calculations of the probability of occurrence and suit well the exploration risk analyses. Furthermore, the results of the statistical 

analyses are ideal for probabilistic modelling. 

Thermal conductivity and thermal diffusivity were measured using an optical thermo scanning device. Density and porosity were 

investigated using a helium pycnometer and a powder pycnometer to measure both the grain density and bulk density of each 

sample and thus be able to calculate porosity. Matrix permeability was measured with a combined probe- and column-gas-

permeameter able to measure both apparent and intrinsic permeability sensu Klinkenberg (1941). Heat capacity was not measured 

directly, but calculated for each sample using the Debye-Equation: 

𝜌𝑟 =
𝜆

𝑐𝑟∙𝛼
           (1) 

where ρr is the density [kg·m-3]; cr, specific heat capacity [J·kg-1∙K-1]; 𝜆, thermal conductivity [W·m-1∙K-1] and α, thermal 

diffusivity [m²·s-1]. 

The error of the optical scanning as well as density and porosity measurements does not exceed 3 %. The error of permeability 

measurements is dependent on the order of magnitude of the permeability (Bär et al., 2011). The total error increases from 5 % 
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above K = 1 ∙ 10-13 m² to about 400 % at K = 1 ∙ 10-18 m². Considering the purpose of this approach and alternative measurement 

methods in low permeable rock, an order of magnitude is deemed a satisfactory accuracy. 

All measurements were conducted on oven-dried samples to achieve the required reproducibility of results. Thus, depending on the 

lithology, the measurement error is significantly reduced. To transfer these data to reservoir conditions many correction approaches 

for saturated conditions were discussed e.g. by Hartmann et al. (2005, and references therein). Within the project the theoretical 

approach of Lichtenecker was chosen: 

𝜆𝑟 = 𝜆𝑓𝑙𝑢𝑖𝑑
𝜙

∙ 𝜆𝑚𝑎𝑡𝑟𝑖𝑥
𝑛−𝜙

          (2) 

where 𝜆r is the thermal conductivity of the reservoir [W·m-1∙K-1], 𝜆fluid of the fluid [W·m-1∙K-1], 𝜆matrix of the matrix [W·m-1∙K-1] and 

Φ the porosity [-]. 

Table 2: Extract of the geothermal database for all modelled units showing the arithmetic mean, ± standard deviation and 

number of measurements (n) for thermal conductivity λ, thermal diffusivity α, specific heat capacity cp, matrix 

permeability Km and bulk rock permeability Kb.  

Model Units/ 

Lithotypes 

λ 

[W·m-1·K-1] n 

α 

[mm2·s-1] n 

cp 

[J·kg-1·K-1] n 

Km 

[log m²] n 

Kb 

[log m²] n 

mean σ mean σ mean σ mean σ mean σ 

Tertiary Basalts 1.81 0.26 329 0.9 0.12 267 683 90 419 -16.0 1.0 364 - - - 

Muschelkalk 2.01 0.39 316 1.19 0.27 135 675 88 125 -16.1 0.8 309 -12.9 0.6 - 

Buntsandstein 2.57 0.47 2,140 1.55 0.37 773 705 90 1,029 -13.6 1.1 2,685 -11.7 1.2 121 

Zechstein 2.26 1.15 970 1.20 0.62 883 796 278 763 -15.1 1.2 958 - - - 

Permocarbon. 2.21 0.67 1,438 1.29 0.60. 866 758 160 590 -14.1 1.4 882 -12.4 0.8 394 

B
as

em
en

t RH & 

NPZ 
2.71 1.12 2,105 1.96 1.64 1,190 648 150 1,512 -15.8 1.0 1,386 -16.9 2.3 - 

MGCR 2.40 0.38 1,176 1.19 0.24 1,005 755 75 966 -16.4 0.9 926 -16.4 1.7 - 

  8,474  5,119  5,404  7,599    

 

4.2 Model parameterization 

Parameterization of a geological 3D model requires volumetric 3D objects and not only 2D surfaces of geological horizons and 

faults. Therefore, GOCAD object stratigraphic grid (s-grid), for which an infinite amount of cell based properties (e.g. specific heat 

capacity) can be defined, was chosen. Furthermore, the s-grid can be fitted to the geological horizons and can be cut by fault 

surfaces exactly and has no constraints on the size of its cells (Mallet, 2002). How to build s-grids is described in general by Mallet 

(2002) and in the special case of this project in detail by Arndt (2012). 

 

Figure 5: S-grid of the Permocarboniferous (A) parameterized depth and temperature corrected with temperature (B), 

thermal conductivity (C) and bulk permeability (D), including the influence of fault systems on the bulk rock 

permeability. 
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Since both hydraulic and thermophysical properties strongly depend on the in situ conditions of the reservoir, the values for 

saturated conditions derived from lab and field data needed to be adapted considering the temperature and pressure within the 

reservoir. Therefore, the outcrop analogue data was compared with in situ data from deep hydrocarbon exploration wells to develop 

empiric functions for the depth and temperature dependence of the hydraulic properties (Bär, 2012), which are consistent with 

comparable dependencies derived by other studies (Welte et al., 1997; Ingebritsen & Manning, 1999; Manning and Ingebritsen, 

1999; Stober and Bucher, 2007). For the thermophysical properties established functions from crustal scale thermal models were 

used for adaptation to reservoir conditions (Zoth and Haenel, 1988; Somerton, 1992; Pribnow, 1994; Vosteen and Schellschmidt, 

2003; Adulagatova et al., 2009). 

Using these equations and the temperature model, different s-grids of the model were parameterized directly in GOCAD with 

properties corrected by depth and temperature: thermal conductivity, thermal diffusivity, density, specific heat capacity, porosity, 

matrix permeability and bulk rock permeability. Additionally, in a general approach bulk rock permeability was gradually increased 

in the vicinity of fault systems towards the fault by two orders of magnitude to account for the positive effect of the fault damage 

zones on the hydraulic properties (Caine et al., 1996; Evans et al., 1997; Faulkner et al., 2010). The in situ stress field based on the 

world stress map data of Heidbach et al. (2010), which is included into the 3D model, was not considered for this approach since no 

sufficient data of mechanical rock properties was available. Finally transmissibility was calculated based on the fault corrected bulk 

rock permeability and the vertical thickness of the model units.  

To account for the statistic variation of all parameters in the geothermal model, for each parameter not only a mean value but also a 

minimum and maximum value was used for parameterization. These values are based on statistical analyses of each parameter for 

each geothermal model unit, which proved that all parameters either follow a normal distribution or, in case of the permeability, a 

log-normal distribution (Fig. 6). To exclude outliers from the parameterization, not the real minimum and maximum values were 

used but either the mean, ± the standard deviation, or the 1st and 3rd quartiles were used instead (for details see Bär, 2012). 

 

Figure 6: Histogram, box-whisker-plot and statistical parameters of the bulk rock permeability of the Permocarboniferous 

reservoir unit which clearly follows a log-normal distribution.  

 

4.3 Probabilistic model parameterization and geothermal potential evaluation method 

In addition to the exact position of the different geological units, physical parameters have uncertainties or are inaccurate because 

exact information is missing in many cases. Thus physical properties of geothermal reservoir units can never be described properly 

by one single specific value. Based on the database described above, the distribution functions of most parameters are well known. 

To quantify the influence of the variation of different parameters on the results of the geothermal model, the parameter variation 

using Monte-Carlo Method (Deutsch, 2002; Sachs, 2003) is a helpful option. This option was included into the GOCAD based 

geothermal model with a GOCAD plug-in developed by Arndt (2012). The plug-in performs a large number of geothermal 

potential evaluations varying randomly the parameters. The variation of the parameters is based on their distribution function. If the 

result is a normal distribution it can be used directly for probability calculation. For the prognosis of hydrothermal and petrothermal 

potential the general approach was used as described by Bär et al. (2013) and Bär and Sass (2014). The approach classifies the 

potential in very low, low, medium, high or very high based on a weighted multi-criteria analysis of all parameters which are 

defined as relevant in this study.  

For the plug-in, normal and log normal distributions have been implemented because all the parameters follow one of these two 

kinds. To describe these distributions the expected value μ and the standard deviation σ are sufficient. Normal distributions can also 

be described by the minimum value xmin, the maximum value xmax and the confidence level k which can be used to calculate the 

expected value: 

)
2

(  minmax
min

xx
x


           (3) 
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Using the error function, the cumulative probability of random normal distributions can be calculated (Sachs, 2003). This is 

necessary to calculate the standard deviation based on the confidence level and the expected value: 




z

0

2

 
2

)( 


 dezerf           (4) 




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
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





 

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2

1
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

x
erfxF           (5) 

Introducing the minimum value and the confidence level in eq. 5, we come up with eq. 6 which can be solved to eq. 7: 


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


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










 
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
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2

1

2
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

x
erf

k          (6) 








 


2

min



x
erfk           (7) 

To finally calculate the standard deviation, the value z is needed which delivers the result k of eq. 4. These values can be pre-

calculated for certain k values for later use. For k=0.95 for example z=1.95995. Consequently, this results in:   

2

min






x
z            (8) 

2

min

z

x 



            (9) 

These calculated values for μ and σ define a normal distribution of a parameter for a specific cell within the 3D model (Fig. 7).  

 

Figure 7: Distribution of subsurface temperatures of one grid cell, calculated based on the minimum xmin and maximum 

values xmax and the confidence level μ (modified after Arndt, 2012). 

 

The values for the different parameters which shall be varied for the probabilistic potential evaluation are generated randomly with 

the Box-Muller-Method (Box and Muller, 1958). Since a log-normal distribution can easily be transformed into a normal 

distribution, all parameters can be simulated with the same method.  

In general this evaluation can be performed for every cell of the model grid which can, based on the number of cells, parameters 

and scenarios simulated, result in large computational time (the grid of the reservoir unit Permocarboniferous has more than 27 

million cells). To simplify the assessment a statistical analysis is implemented into the plug-in. It then calculates the arithmetic 

mean, the median and the standard deviation of the potential evaluation results. In addition, the percentage share of each potential 

class within the various scenarios can be calculated.  

Based on the assumption that the result is following a normal distribution as well, additional result assessment options are possible. 

The hypothesis of a normal distribution can be verified by tests like the Shapiro-Wilk-Test (Royston, 1992; Shapiro and Wilk, 

1965) or the Jarque-Bera-Test (Jarque and Bera, 1980). Nonetheless, these tests do not replace a detailed data analyses to verify a 

normal distribution. For the 3D model this is very difficult to perform because it would have to be done for every cell of the model 

separately.  

As mentioned earlier, the following options to assess the scenarios are only viable if normal distributions are proved. The 

probability that a certain cell is part of a certain geothermal potential class is described by the integral of the respective normal 
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distribution from the lower to the upper boundary of each potential class. Since eq. 5 can be used to calculate the integral of a 

normal distribution N(μ,σ) from -∞ to x (Sachs, 2003), the probability that a certain cell lies within a potential class with the lower 

boundary gmin and the upper boundary gmax can be calculated: 
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
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





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


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

 


2
1

2

1

2
1

2

1
, minmax

maxmin






 g
erf

g
erfggP       (10) 

Additionally, the minimum and maximum geothermal potential can be specified, as upper and lower boundaries of the area where 

the most likely or real geothermal potential with a probability p is located. Here, the function of the cumulative probability (eq. 5) is 

needed again. The parameter x, which meets eq. 12 is needed. 
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This equation can be solved for: 








 
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2

x
erfp            (12) 

Analog to this procedure to calculate the standard deviations based on the confidence level, the minimum and maximum value in 

eq. 7 and 8, the minimum and maximum geothermal potentials can be calculated. This approach may also be applied for the 

probability calculation of the sole different parameters. Hence their probability to fit within predefined lower and upper boundaries 

is calculated. 

5. RESULTS 

The Monte-Carlo plug-in for probabilistic geothermal potential evaluation (Arndt, 2012) can also be used for probabilistic analyses 

of single parameters. This supports the decision making process whether a reservoir or a distinct location is deemed prospective. 

Results are shown as example for the hydrothermal potential of the Permocarboniferous units within the northern Upper Rhine 

Graben (Fig. 8 and 9). For these results the minimum, mean and maximum values of the geothermal model which give information 

about the parameter variability were used for the approach as described in section 4.3. Therefore the confidence level was estimated 

to be 65 % for each parameter. Exception is the temperature where the confidence level becomes 95 %.  

For potential determination into the five equidistant classes (very low, low, medium, high and very high) the threshold values (Bär 

et al., 2013, tab. 4) and the potential curves for each parameter (Bär, 2012) were used to demonstrate plausibility to previous 

results. 400 scenarios were calculated to gain a representative statistic progression of the results. In addition a Shapiro-Wilk-Test 

(significance level α of 5%) was performed for each model cell to validate for normal distributions.  

For all cells above 2 km b.s.l. the results show a normal distribution while all cells below 2 km b.s.l. show no normal distribution, 

but a left or right skewness. Nonetheless the share of each hydrothermal potential class can be defined (Fig. 8). This allows a 

reasonable identification of the probability of each class and also illustrates the parameter variation with smooth transitions between 

the different potential classes. For the deeper sections of the reservoir the hydrothermal potential is classified as being high for 

60 % of all scenarios. Concluding that reservoir temperatures are high enough and hydraulic properties are satisfactory to 

economically generate electricity using binary power plants. The other 40% are classified as medium potential class which indicates 

that financial funding is required to obtain economic feasibility whereas temperature and permeability are technically still more 

than sufficient for electricity generation.  

Additionally, for the Permocarboniferous at depth of 3 km below surface the results of minimum, mean and maximum 

hydrothermal potential (Fig. 9) were verified by 3D seismic surveys as well as geothermal and geomechanical modelling. These 

exploration results were presented by independent project planners for a specific claim within the northern Upper Rhine Graben. 

Preferred locations (red areas in Fig. 9) for exploration boreholes are indicated and the installation of a geothermal power plant is 

planned if the first borehole proves to be successful. All of these areas coincide with zones where high geothermal potentials were 

identified with the help of the 3D geothermal potential evaluation method of the study presented here.  

6. CONCLUSIONS 

In contrast to the geothermal potential classes, the critical parameters are of interest for POS studies. The statistical calculation 

helps deciding whether minimum criteria are reached with a high enough probability or not. Since all parameters follow normal or 

log normal distributions, this allows the probability calculation of a minimum bulk permeability, transmissibility or reservoir 

temperature required for economical electricity generation in geothermal power plants or for the use of direct heat in district heating 

networks.  

The approach using a parameterized 3D reservoir model as presented here proves that information of deep boreholes is not crucial 

for POS studies. In contradiction to ordinary prospective risk insurance assessments, a set of parameters statistically evaluated 

allows probabilistic modelling and represents a reasonable alternative for geothermal prospects where no deep borehole data is 

available at the current stage of development. However it has to be considered that the data is based on results from outcrop 

analogue studies and from more shallow boreholes. The depth and temperature dependency of each parameter has to be quantified 

for the model anyway. For regions and reservoirs where no wells were drilled into the reservoir formation yet - so called green 

fields - this new approach for POS studies permits decisions about the insurability of projects or financing from investors. The 

application of the method presented here may help project developers to calculate the probability of success for distinct projects. 
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Figure 8: West-East cross section of the probabilistic results of geothermal potential evaluation for the Permocarboniferous 

reservoir unit within the northern Upper Rhine Graben (a-e) and the corresponding standard deviation for the 

potential classes (each class has a range of 0.2) (f) (modified after Arndt, 2012). 
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Figure 9: Map of minimum, mean and maximum hydrothermal potential of the Permocarboniferous in the northern Upper 

Rhine Graben at a depth of 3,000 m below surface including the position of the cross section shown in Fig. 8 (red 

dotted line). The red ellipsoids coinciding with areas of high hydrothermal potential represent preferred locations 

for exploration boreholes identified based on exploration results of an independent project planner. The location of 

major cities and rivers are given for orientation. Grey shaded areas are the modelled fault interfaces within the 

Permocarboniferous. 
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