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ABSTRACT 

Like in the oil and gas business or mining industry, 

getting reliable production forecasts is a key aspect of 

any geothermal project. Our application cases are low 

enthalpy projects, located in the Paris Basin and 

exploiting the Dogger formation. Typical development 

plan consists of a doublet (a pair of one injector and 

one producer wells) which long-term sustainable flow 

rates and thermal breakthrough timing should be 

thoroughly assessed. 

Properly analyzing and quantifying the technical and 

economical uncertainties allows for deciding the 

development of such a project. Focusing on the 

subsurface uncertainties, we have to quantify the ones 

that may impact a geothermal well 

productivity/injectivity. Such uncertain static 

parameters could include for example the net pay, the 

permeability, the well skin or the expected pressure 

and temperature at reservoir level. 

Using the power of geostatistics, which allow 

estimating and simulating the spatial variability of the 

properties we are interested in, together with advanced 

workflow capabilities of geomodelling software, we 

are then able to generate hundreds of equiprobable 

realizations for each of the properties considered and 

to extract key statistics for a prospect zone. These 

realizations are conditioned to the data gathered on 

existing wells in the nearby zone. Those distributions, 

in a probabilistic view, quantify the uncertainty on the 

subsurface and can be inputs for the dynamic 

modelling part.  

This dynamic modelling , for a fixed well architecture 

and a given surface facilities operating pressure, 

computes the pressure drops in the reservoir and the 

well. Using the nodal analysis, for the given reservoir 

and well properties, we estimate what might be the 

flow rate and associated flowing reservoir pressure. 

Accordingly, we estimate the extra pressure drop that 

is needed to achieve a target rate as well as simulate 

the use of a down-hole pump. 

Finally, for each of the target rates, a distribution of 

drawdowns (associated to the subsurface 

uncertainties) is obtained. We are then able, for a 

given maximum drawdown value (derived from the 

well architecture) to derive the probability of 

achieving target flow rates. This approach has also 

been coupled with an analytical formula to estimate 

the associated optimal well spacing value for several 

values of nominal rate and thermal breakthrough time. 

Using this workflow has made possible to get 

probabilistic forecasts of flow rate and well spacing 

and give properly the uncertainty assessment of any 

low enthalpy geothermal project capacity and 

performance, which are of primary importance for 

decision making. 

1. INTRODUCTION  

1.1 Context 

The challenge we are facing here is the development 

of low enthalpy geothermal projects, used most of the 

time for districts heating purpose, in the Parisian 

Basin. The Dogger formation (Middle Jurassic) is by 

far the main geothermal reservoir in the Basin (few 

alternatives are exploiting the Albian formation – 

Early Cretaceous). A typical development in the 

Dogger relies in a doublet i.e. one production and one 

re-injection wells. Since the seventies, tens of doublets 

have been or are producing, mostly in the North and 

South-East of Paris (Fig. 1). The Dogger geological 

interval (fractured oolithic limestone) is then known 

quite extensively in the area, from geothermal but also 

from oil and gas exploration activities in a wider area. 

The Dogger exhibits most of the time good 

productivity (through few major producing intervals). 

Nevertheless, some rapid lateral variations may be 

encountered at the producer-injector distance scale.  

Conducting a proper reservoir characterization 

(possibly through numerical reservoir modelling) 

would then be useful to assess properly the 

productivity of a future doublet and the associated 

uncertainties in terms of flow rates and required well 

spacing. 
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Figure 1: Zoom on past and existing Dogger 

geothermal doublets located to the South-Est 

of Paris City. 

1.2 Motivations 

Before developing any project, a proper risk analysis 

and uncertainty quantification should be performed. 

These should embrace both technical (subsurface and 

surface facilities) and economical parameters/inputs, 

all impacting the key properties/outputs which would 

be looked at to make an investment decision : validate 

or not the project. This approach is common to many 

subsurface resources based projects (oil & gas, 

mining, etc.). It could be summarized, in a simplified 

way, by a list of uncertain input parameters which, 

through some modelling steps (analytical and/or 

numerical) would generate some results/outputs of 

interest. Those outputs are finally analysed to make a 

decision (Fig. 2). 

 

Figure 2: Uncertainty quantification and risk 

analysis workflow for decision making  

Depending on the project phase (exploration, 

development, production), more or less 

data/observations are available. The (numerical) 

models used should be history matched to those data 

(i.e. moving from the a priori - green - to the a 

posteriori - orange – distributions; Fig. 2). 

Mathematically speaking, this is a non-linear inverse 

problem, quite common in (Earth Sciences) 

engineering (Caers 2011, Magnusdottir and Horne 

2015). It is a necessary but not sufficient step to get 

reliable production forecasts (Schaaf et al. 2009a).  

This paper is focusing on the subsurface uncertainties 

(e.g. net pay zone, porosity), looking at well flow rates 

sustainability (typically over 30 years) and minimum 

well spacing required to avoid any thermal 

breakthrough over the same period (Gringarten and 

Sauty 1975, Satman 2011, Ganguly and Kumar 2014). 

Assessing properly the uncertainty associated to the 

producer well temperature and flow rate evolution 

over time is a key aspect of any geothermal doublet 

project (Ungemach et al. 2011). 

It should be pointed out that the approach we are 

proposing is quite modular and versatile. It could be 

applied and extended actually to any type of 

geothermal projects (i.e. High Enthalpy as well) or 

modelling tools as long as the associated 

module/block is updated accordingly. 

2. SUBSURFACE STATIC PROPERTIES 

UNCERTAINTY QUANTIFICATION 

The above described approach is applied for a study 

aiming at assessing the geothermal potential over an 

area which has not been extensively developed to date. 

We are clearly in the context of exploration or pre-

development phases with few data (mostly static ones 

from nearby wells). The detailed wells architecture 

and completion are not yet designed at this stage so a 

Dogger generic well architecture (Fig. 3) is assumed: 

- slanted well with a deviation of about 40°, 

- 9’’5/8 tubing, 

- open-hole at the reservoir face. 

The flow rate of a well depends on the pressure drop 

generated between the far field reservoir and the well 

head (including the positive effect of a down-hole 

pump). This pressure drop may be split in two 

components (Fig. 3): 

(a) a pressure drop ∆P1 which is the difference 

between the reservoir pressure Pres and the 

bottom-hole well flowing pressure (reservoir 

face) Pwf. This pressure drop times the well 

productivity index gives the down hole flow 

rate, 

(b) a pressure drop ∆P2 which is the difference 

between the well flowing pressure Pwf and 

the tubing head pressure THP. This pressure 

drop is a result of the gravity, friction and 

acceleration effects. Only the gravity effect 

would be considered here. A down hole 

pump would impact this ∆P2 value by 

increasing the pressure value at a certain 

depth near the surface. 

Regarding the point (a), subsurface uncertainties 

would come from: 

- the reservoir net pay (parameter n°1), the 

permeability (or transmissibility, parameter 

n°2) and the skin (parameter n°3) which 

would all modify the well productivity index, 

- the Dogger top reservoir depth (parameter 

n°4) combined with the pressure and 

temperature gradients (parameters n°5 & 6) 

would modify the reservoir pressure and 

PARIS 
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temperature (and therefore the viscosity and 

density of the water). 

Regarding the point (b), for a set well architecture, the 

Dogger top reservoir depth would modify the length 

of the 9’’5/8 tubing above the open hole section. 

 

Figure 3: Generic Dogger (producer) well 

architecture and associated pressure drops  

We have identified six parameters which would 

impact pressure drop(s) and thus the resulting well 

flow rate. A proper uncertainty quantification should 

then be performed on those parameters to derive the 

associated uncertainty on the flow rate for a given 

location in the area of interest. 

2.1 Key subsurface properties uncertainty 

assessment 

At the scale of the Parisian Basin, many geothermal 

wells have been drilled over an area broadly centred 

on the city of Paris (Fig. 4). They carry useful 

data/information gathered into a well database (~40 

wells; Munoz 2015). Each well is a conditioning point 

(hard data) of key subsurface properties as for instance 

the reservoir net pay (Fig. 5). Once again, quite large 

variations may be observed on the values over short 

distance ranges (at least of the same order as the 

producer-injector top reservoir spacing). Other key 

properties gathered in the database concern the 

permeability/transmissibility, the porosity, the salinity, 

the reservoir pressure and temperature as well as the 

artesian flow rates if any. 

To assess the spatial variability of those static 

properties (which would impact the wells productivity 

and their spacing), we are using a tool dedicated to 

this purpose: the geostatistics (Chambers et al. 

2000a&b, Yarus and Chambers 2006, Daily and Caers 

2010). Geostatistics allow to estimate and simulate the 

spatial variability (in 2D or 3D) of any property we 

are interested in. By defining typical inputs such as a 

histogram, correlation length and a variogram, the user 

might generate as many equiprobable geostatistical 

realizations as requested. This is done by changing the 

seed number, an integer value which determines the 

random path over the discretized grid. Using N 

different seeds will generate N alternative, 

equiprobable realizations having the same mean, 

variance, etc. Hard data conditioning is achieved 

through a kriging step. Feedbacks on the use of 

geostatistics show that the most difficult part is to 

infer the horizontal correlation lengths to get relevant 

properties between the wells. A large uncertainty is 

therefore associated to them which makes even more 

important the type of analysis conducted in this study. 

 

Figure 4: Geothermal wells location considered for 

the geostatistical studies  

 

Figure 5: Example of wells location used as 

conditioning points for the reservoir net pay  

Using the well database, it is assumed here that 

inferred statistics from a pool of 40+ samples (i.e. 

wells) lead to relevant figures. The mean, variance and 

histogram of all static properties (e.g. net pay; Fig. 6) 

can then be computed. The two degrees of freedom 

Vertical depth (m GL) 

 

Measured depth 

 PRODUCER 

 

Zone of interest 

PARIS 

4 km 

4 km 
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which are left are the correlation lengths and the seed 

number. 

Using a geomodelling software and a standard 

geostatistical algorithm (Sequential Gaussian 

Simulation, Deutsch and Journel 1997), a 

geostatistical realization (conditioned to hard well 

data) can be simulated. Fig. 7 is an example of 

realization among many others for the reservoir net 

pay property. 

 

Figure 6: Histogram and statistics for the reservoir 

net pay from the 40+ wells 

 

Figure 7: Example of geostatistical realization for 

the net pay (together with the conditioning 

points) 

Such realization might be filtered out over the polygon 

of interest only (i.e. the surface area where the well 

pad and surface facilities could be implemented). 

Minimum, Maximum, mean and variance values are 

then derived. Using all the workflow manager 

functionalities of a geomodelling software 

(SCHLUMBERGER 2014, Schaaf et al. 2009b), we 

are able to automate this process and to generate a 

Monte Carlo sampling (200 samples) over the two 

main uncertain parameters: 

- the seed number, interval [1,32000], 

- and the correlation length , interval 

[750,1500]m. 

Results are written down and exported by the 

workflow.  From sample to sample, quite large 

variations may be encountered (Fig. 8). Such 

variations would depend mostly over the distance of 

conditioning points with respect to the polygon 

together with the correlation lengths considered.  

 

Figure 8: Extract of the results file for the net pay 

2.2 Real field case application case: Statistics for a 

prospect zone next to Paris 

Repeating this workflow for each of the key property, 

the analysis of the 200 samples leads to the statistics 

and associated uncertainty over the zone of interest 

(Table 1). Permeability has been co-simulated (with 

the porosity as secondary variable). Pressure and 

temperature realizations have been co-simulated (with 

a trend map based on the top Dogger horizon depth).  

Table 1: Statistics for the net pay and others key 

properties over the zone of interest 

 

3. PROBABILISTIC FLOW RATE FORECASTS 

3.1 Dynamic modelling of the reservoir-well system 

The dynamics of the reservoir/well couple is made 

through a nodal analysis (routine use in the oil & gas 

industry, Fig. 9) which enables the rapid calculation of 

the operating point from the crossing point of two 

curves: 

- the inflow performance curve (orange curve, Fig. 9), 

which is derived from the reservoir static properties 

and pressure. It gives access to the evolution of the 

pressure drop ∆P1 as a function of the flowrate (point 

(a), paragraph 2), 

- the vertical lift performance curve (pink curve, Fig. 

9), which is derived from the well and completion 

architectures, the flowing fluids properties and the 

expected tubing head pressure. It gives access to the 

evolution of the pressure drop ∆P2 as a function of the 

flowrate (point (b), paragraph 2), 

Net pay (m) 
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For the inflow performance curve, changing the sole 

net pay value would change the slope but not its Y-

axis intercept. Accordingly, changing the sole 

reservoir pressure would modify the Y-axis intercept 

while keeping the same slope.  

For the vertical lift performance curve, changing the 

tubing size would change the shape but not its Y-axis 

intercept. Accordingly, changing the reference tubing 

head pressure would change the Y-axis intercept but 

not the shape itself. For the required tubing head 

pressure value, the Y and X coordinates of the 

operating point give access to respectively the well 

flowing pressure and the well flowing rate. 

 

Figure 9: Example of nodal analysis 

As the tubing head pressure is assumed defined at 5 

bar and the well architecture is set, the Vertical Lift 

Performance curve would almost not change. Very 

minor variations might come from the slight change in 

the 9’’5/8 tubing length (uncertainty on the Dogger 

top horizon depth). 

3.2 Modelling the impact of a down-hole pump 

Following the same logic, the extra pressure support 

(X bar) of a down hole pump could be mimicked by a 

vertical shift of X bar of the inflow performance 

curve. In other words, a pump giving X bar of 

pressure support is modelled as a reservoir having its 

initial pressure boosted by X bar. 

Conducting a nodal analysis for a full set of pressure 

support values gives access to the extra pressure boost 

needed to achieve a target flow rate. 

Fig. 10 shows an example where the reservoir 

properties would lead to a geothermal well having an 

artesian flow rate of 100 m
3
/h with a tubing head 

pressure of 5 bar. Producing this well at a 250 m
3
/h 

would require an extra pressure support of ~7 bar. 

This pressure support value can be directly translated 

into a variation of the liquid level in the annular space 

(called drawdown later in the paper) for an optimal 

positioning of the downhole pump. 

The same analysis can be conducted for different 

target well flow rates. Well flow rates values of 200, 

250 and 350 m
3
/h are considered. Also, such nodal 

analysis could be used to double check well test 

results. 

 

Figure 10: Modelling the impact of a down hole 

pump 

3.3 Risk analysis: uncertainty distributions of 

targeted flow rates 

Given the statistics of key properties (Table 1) and 

using a sampling algorithm (Latin Hyper cube design) 

from a dedicated software (BEICIP FRANLAB 2015), 

50 samples are generated. Those 50 samples 

correspond to 50 alternative reservoir/well couples. 

Drawdown values obtained from the nodal analysis 

are increased of 10 bar (around 100 m) to avoid any 

risk of pump cavitation (from the well database, the 

saturation pressure mean value is about 5.5 bar). 

Appendix A summarizes the results for those 50 

samples. 

From this probabilistic approach based on 50 samples, 

the results are analysed in terms of histograms and 

cumulative probabilities. Fig. 11 indicates the 

frequency of drawdown ranges for a target flow rate of 

200 m
3
/h for a tubing head pressure of 5 bar, given the 

subsurface uncertainties which were identified and 

quantified.  

 

Figure 11: Draw-down frequencies for a target 

flow rate of 200 m
3
/h 
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Table 2 summarizes all the results obtained for the 

zone of interest. For instance, if we assume 300 m as 

the maximum drawdown value, there are 70, 54 and 

46 % probabilities to achieve respectively 200, 250 

and 350 m
3
/h. For each flow rates, the drawn-down 

ranges which are the closest to the P50 (cumulative 

probability of 50 %, most likely case) are highlighted 

in green. 

 

 

Figure 12: Draw-down frequencies for a target 

flow rate of 250 m
3
/h 

 

Figure 13: Draw-down frequencies for a maximum 

flow rate of 250 m
3
/h 

Table 2: Probabilities of draw-down ranges as a 

function of target flow rates 

 

4. PROBABILISTIC WELL SPACING 

FORECASTS 

4.1 Analytical well spacing approach 

For a set reservoir model, Gringarten and Sauty (1975) 

have derived an analytical formula computing the 

spacing between the wells at which thermal 

breakthrough would occur for a given flow rate and a 

given period. Appendix B details the full list of 

parameters used as well as the default values 

considered. 

This formula is derived for a geothermal reservoir 

bounded by a top and bottom aquitards. It does not 

take into account any intermediate ones, which would 

exchange more heat with the flowing water and thus 

delay the thermal breakthrough. This analytical 

formula could then be considered as conservative 

which is well suited for the uncertainty quantification 

conducted. 

On top of the two target well flow rates of 200 and 

250 m
3
/h, three exploitation periods are considered : 

20, 25 and 30 years. 

4.2 Risk analysis: uncertainty distributions of well 

spacing for targeted flow rates 

Fig. 14 represents the spacing distributions at 20, 25 

and 30 years for a target flow rate of 200 m
3
/h. Most 

likely spacing values are of 1400, 1850 and 2000 m 

for respectively 20, 25 and 30 years. For information, 

considering a kick-off point at 420 m (generic well 

architecture) and a top Dogger horizon depth of ~1500 

m/ground would lead to an operational spacing of 

~1800 m. This value corresponds to the red dots in 

Fig. 14. 

 

Figure 14: Spacing distributions at 20, 25 and 30 

years for a target flow rate of 200 m
3
/h 

Fig. 15 represents the spacing distributions at 20, 25 

and 30 years for a target flow rate of 250 m
3
/h. Most 

likely spacing values are of 1900, 2050 and 2200 m 

for respectively 20, 25 and 30 years. 
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Figure 15: Spacing distributions at 20, 25 and 30 

years for a target flow rate of 250 m
3
/h 

5. CONCLUSIONS AND PERSPECTIVES 

We have conducted a proper uncertainty 

quantification and risk analysis to assess the potential 

of a geothermal project over a zone of interest in the 

Parisian Basin. 

Analysing and quantifying the uncertainties associated 

to key subsurface properties have led to probabilistic 

flow rate and well spacing distributions. 

Considering those distributions for decision making 

and not a few “deterministic” cases (typically 

P10/P50/P90 values) allows to embrace the full impact 

of subsurface uncertainties. 

The proposed approach is versatile. Surface facilities 

or even economical uncertain inputs could be for 

instance considered in the analysis (ESMAP 2012). 

More detailed 3D numerical simulations could be 

performed as well (Pruess et al. 1999, Wong et al. 

2015). Also the software and workflows used would 

allow to conduct proper sensitivity analysis and 

history matching if needed. 
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APPENDIX A 

Drawdown values (including the equivalent 10 bar 

security margin) lower than 400 m (the kick off point 

being at 420 m GL in the generic well architecture) 

are validated. These values are highlighted in green 

over the three most right columns. 

 

APPENDIX B 

Details and default values of all the input parameters 

of the Gringarten and Sauty (1975) analytical formula. 

 

 

 

 

 

 

 

 

 

 


