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Geothermal exploration and geophysical 
techniques for sediment settings 
 

Example by dutch aquifers 

Mature basin setting  

How to use oil and gas data to find good aquifers 

Seismic exploration 

Well logging techniques 
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Well & Seismic Data 

Wells: 5876 

Seismic: 72.000 km 

Log data 

Dutch database: over 50 billion Euro of data 

Gamma ray    

Sonic 

Resistivity 

Neutron, etc           

Petrophysics 

Cores:         100 km 

Poro/perm: 60.000 measurements  

       (300.000 total)  
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www.NLOG.nl 

•All kinds of well data & seismic data accessible and free to download 
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Seismic interpretation 
Lateral resolution 250 m 
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Seismic reflection subsurface imaging 



BRGM 6 

TNO 3D mapping of the subsurface 
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3D Interpretation of seismic horizons 

1985-2004   
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SEISMIC METHODS 

These methods can be divided into two main subclasses:  

active seismic methods, which cover all seismic prospecting having 

an artificial sonic wave source;  

passive seismic methods, which deal with the effects of natural 

earthquakes or those induced by fracturing related to geothermal 

fluid extraction and injection.   

 

Seismic methods determine subsurface elastic properties 

influencing the propagation velocity of elastic waves and can be very 

helpful in obtaining structural information of the subsurface or even 

to outline a potential reservoir.  
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SEISMIC METHODS 
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SEISMIC METHODS 

Can travel through solids/fluids/air 
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SEISMIC METHODS 

Cannot travel through fluids andair 
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SEISMIC METHODS 
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SEISMIC METHODS 
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SEISMIC METHODS 
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SEISMIC METHODS 
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SEISMIC METHODS 

BASIS for refraction seismic used to detect boundaries of velocity contrasts  
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Seismic refraction surveys have been used to a limited extent because of 

the amount of effort required to obtain refraction profiles giving information 

at depths of 5 to 10 km, and the problems caused by the generally high 

degree of complexity of geological structures in areas likely to host 

geothermal systems. 

 

 

Seismic refraction is normally restricted to cases where the densities of the 

rocks and thus seismic velocities increase with depth. In addition, 

geophone arrays for refraction measurements need a length of at least 4- 

to 5 times (sometimes even 8 times) the sampling depth because of the 

very nature of refraction. The length requires higher shot energy (i.e., more 

explosives) and limits the applicability of refraction methods in exploration 

to shallower targets or to large-scale investigations of Earth’s crust and 

upper mantle. Sometimes it can be used to get a first approximation about 

the velocity distribution at depth.  

ACTIVE SEISMIC METHODS 
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Reflection seismic methods are more commonly used in 

geophysical exploration, as they require much shorter profiles and 

therefore less shot energy and have a much higher lateral 

resolution.  

 

However, reflection signals are much more complex to detect 

and to analyse than refraction signals as they never arrive first, 

which implies time and labour intensive filtering and detection from 

a multitude of overlapping data. Moreover, the specific setup for 

reflection measurements requires more logistic preparation and 

personnel, which makes it generally a lot more expensive than 

refraction methods. It is the method of choice in hydrocarbon 

exploration, as it can resolve structural details of a reservoir.  

ACTIVE SEISMIC METHODS 
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Seismic Imaging 
3D Marine Data 

Acquisition 

Silicon 

Graphics 
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3D Seismic Image - Submarine Fan Armentrout et al., 1996 
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Seismic signals generated 

and detected at the service 

are commonly restricted to 

horizontal or gently dipping 

reflectors. To detect and 

image vertical structures, 

vertical seismic profiling 

(VSP) was developed, which 

takes advantage of an 

existing well. VSP not only 

allow resolution of vertical 

reflectors such as faults but 

also provides highly reliable 

calibration tool for surface 

seismic and is useful in 

projects involving seismic 

anisotropy.  
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ACTIVE SEISMIC METHODS 
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Despite their clear advantages, especially resolution with 

depth, active seismic methods are not very common in 

geothermal exploration. One of the reasons why there are not 

widely used is that their cost often makes them difficult to fund 

for tight-budgeted geothermal projects especially where the 

geological complexity requires 3D arrays. 

In volcanic environment they are seldom used due to the too 

high noise and strong attenuation. 

ACTIVE SEISMIC METHODS 
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Reasons to develop ThermoGIS 
Permits geothermal energy 2010 

Gas fields 

Permit areas 

Interest is booming 

Currently over 100 permits granted 

 Geological properties and uncertainties 

 Independent analysis and information 

 Overview potential areas and ‘hot spots’ 

 Performance assessment 

 Quickscan 

 Realization of market opportunities 
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Pre-feasibility analysis for heat production 

Schematic Doublet 
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Doublet performance 

Flow-rate Q 
Dp 

Dp generated by pumps 

Which consume electricity 

Dp is restricted by safety 

measures 

Dp at surface does not linearly lead to 

Higher flow rates (friction in tubes) 

Permeability X  thickness 

Viscosity distance 
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E [MWth]   =   Q*DT * CP 

Tp=70 C Ti=25 C 
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Potential estimates – for specific application areas 
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Sensitivity to transmissivity (kH) 
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Opex + Capex 
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Levelized Cost of Energy 

Discounted energy produced [MWh,  GJ] 

Discounted cash out [ EUR ] 

 

LCOE = discouted cash-out / discounted energy produced 
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Comprehends: 

3D mapping reservoirs (aquifers) 

Depth, thickness  and temperature  Temperature 

(Thickness) porosity, permeability  Transmissivity 

Uncertainties  

Potential energy 

 

Development ThermoGIS application 

Visualisation map 

Performance assessment tool 

Economic assessment tool 

ThermoGIS - project 

Van Wees et al.,2012 

Bonte et al.,2012 

Pluymaekers et al.,2012 

Kramers et al.,2012 
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Aquifer depth and thickness mapping 

Aquifer distribution 
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Aquifer Selection 

3D modelling 
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4x Lower 

Cretaceous 

(Werkendam Fm.) 

Röt Fm.  

3x Slochteren 

(Limburg Group) 

Potential  

reservoirs 

2xDetfurth and 

2xVolpriehausen 
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DST (N=52) 

BHT(N=1241) 
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Results - temperature (1) 
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Input 

process 

Legend 

* marked by uncertainty  

φaverage 

transmissivity 

map 

well data 

3D subsurface 

models 

porosity map 

petrophysical 

analysis kaverage 

collocated 

co-kriging 

permeability  

trend map 

permeability 

 map 

max burial depth 

linear  

transformation 

regression 

Ln(kav) = a + bφav 

k x H 
 

aquifer thickness 
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Property mapping 

•  Automated workflow 

• Connectivity to database 

• Geostatisics for uncertainties 
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STEP 1: Porosity  Permeability in wells 

Over 150,000 core-plug data 

for each well Linear relationship Porosity log 
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STEP 2 - From well porosity to porosity maps 
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Average porosity – average permeability 
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Porosity 
permeability 
and 
thickness 
 
control 
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Permeability is determined using poro-perm relationship 

Porosity generally decreases with depth…. 
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Performance is predicted to decrease with depth 
as a function of porosity 
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Property mapping and uncertainties 
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Property mapping and uncertainties (2) 
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Property mapping and uncertainties (3) 

Rotliegendes aquifer 
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permeability in other sediments 

Carbonates  fracture related 

Fracture assessment 

Well imaging of fractures 

Well flow tests 

Fracture related to tectonic deformation mechanical models for 

natural fracture density variation related to position in structure  
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Carbonates permeability – learn from oil and gas 

Ding et al., 2012 
Journal of Petroleum Science and Engineering 

Volumes 86–87, May 2012, Pages 62–70 

 

Ordovician carbonate reservoir 

fracture characteristics and 

fracture distribution forecasting 

in the Tazhong area of Tarim 

Basin, Northwest China 

 

 

 

 

Predicted tensile stresses 

related 

To caledonian deformation 
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Realistic Technical Potential [MW] 

UR2=1-2% 

Theoretical Technical Potential 
[MW] 

UR1=33% 

Theoretical 

Capacity [PJ/km2] 

 (energy which theoretically  be 
used for an application 

Theoretical potential 

Practical potential 

Integrated over volume V 

Beardsmore et al., 2011. 

 philosophy used In IPCC and IEA 

roadmap  

Resource potential 



Resource Potential: how to achieve transparant 
framework 

• Evaluate transparant Key Performance Indicators 

• Net Present Value,  Levelized Cost of Energy 

• Evaluate with fastmodels for techno-economic performance 

• Use MC sampling evaluate risk  and upside in reward 
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Levelized Cost of Energy 

Discounted energy produced [MWh,  GJ] 

Discounted cash out [ EUR ] 

 

LCOE = discouted cash-out / discounted energy produced 
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Realistic Technical Potential [MW] 

Theoretical Technical Potential 
[MW] 

UR1=33% 

Theoretical 

Capacity [PJ/km2] 

 (energy which theoretically  be 
used for an application 

Theoretical potential 

Practical potential 
Economic potential 

Used here 
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Property mapping and uncertainties (3) 

Rotliegendes aquifer 
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Potential Map 

Rotliegendes aquifer 
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potential map vs earlier assessments 

Mapped stratigraphic areas  

White: insufficient amount of data or other stratigraphic units (like 

Carboniferous) 

2007 2011 
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Quantitative potential Rotliegendes aquifer 



Performance is predicted to decrease with depth 
as a function of porosity 
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Analysis of sensitivity to typical dutch 
permeability trends 
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Heat In Place [PJ km-2] 

Starting point at the base of the pyramid is Heat 

In Place (HIP) in PJ/km2. This is the heat content 

of the reservoir (cf. Muffler and Cataldi, 1978). 

HIP is the maximum theoretically extractable heat 

in the aquifer.  
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Potential Recoverable Heat [PJ/km2] or Technical 

potential [PRH/30 yr] 

The next level of the pyramid is the Potential 

Recoverable Heat (PRH). This is the heat which can be 

recovered from the reservoir, unconstrained by 

economic limitations and irrespective of flow properties.  

UR = 33% 
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Recoverable Heat [PJ/km2] 

The volume of rock in RH is a subset of PRH, using a 

cut-off for the Unit Technical Cost (UTC) from the Cash 

flow calculation 

Potential recoverable heat 

PJ/km2 
Recoverable heat 
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ThermoGIS evolution 
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THERMOGISTM doublet thermal Power [MWth], site specific information 

ThermoGIS Expert: Geological properties 
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Result screen “Geothermal Power Program” 

Probability Density Function of Geothermal Power 


