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Disclaimer  
 
ThermoGISTM software  is provided 'as is' without warranty of any kind, 
either express or implied, including, but not limited to, the implied 
warranties of fitness for a purpose, or the warranty of non-infringement. 
Without limiting the foregoing TNO makes no warranty that: 

i. the software will meet your requirements  

ii.  the software will be uninterrupted, timely, secure or error-free  

iii.  the results that may be obtained from the use of the software will be 
effective, accurate or reliable  

iv. the quality of the software will meet your expectations  

v. any errors in the software obtained from the TNO web site will be 
corrected.  

Software and its documentation made available on the TNO web site: 

vi. could include technical or other mistakes, inaccuracies or 
typographical errors. TNO may make changes to the software or 
documentation made available on its web site.  

vii.  may be out of date, and TNO makes no commitment to update such 
materials.  

TNO assumes no responsibility for errors or omissions in the software or 
documentation. 

In no event shall TNO be liable to you or any third parties for any special, 
punitive, incidental, indirect or consequential damages of any kind, or any 
damages whatsoever, including, without limitation, those resulting from loss 
of use, data or profits, whether or not TNO has been advised of the 
possibility of such damages, and on any theory of liability, arising out of or 
in connection with the use of this software. 

The use of the software downloaded through the TNO site is done at your 
own discretion and risk and with agreement that you will be solely 
responsible for any damage to your computer system or loss of data that 
results from such activities. No advice or information, whether oral or 
written, obtained by you from TNO or from TNO web site shall create any 
warranty for the software. 
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1 Introduction  

The share of renewable energy sources (RES) in the European energy 
balance can be increased significantly by a meaningful contribution of 
geothermal energy for both cold, heat and electricity production (e.g. 
Fridleifson et al., 2008).  Geothermal energy production systems can be 
subdivided in three families of underground systems (Figure 1.1) following 
the convention of the European Geothermal Energy Council (EGEC) and the 
International Geothermal Association (IGA). 
 
The development of shallow geothermal systems, like Ground Source Heat 
Pumps (GSHP) and heat and cold storage (Warmte en Koude Opslag -
WKO), are growing exponentially. In the Netherlands, over a thousand 
shallow aquifer systems for heat and cold storage have been installed.  
 
Due to rising energy prices and climate concern, geothermal heat production, 
marked by CO2 reduction in excess of 70% compared to fossil fuel, has 
shown a strong development in the Netherlands in the last 2-3 years. Up till 
now one direct heat doublet produces heat from the subsurface for 
greenhouse heating in Bleiswijk by A+G van den Bosch in 2007 and a 
neighbouring doublet is under development. A number of projects such as 
Den Haag Aardwarmte (district heating) and Delft Aardwarmte Project 
(DAP, spatial) are (planned to be) drilled in 2010. In 2009 over 50 
exploration and production licenses have been granted (Figure 1.2). No 
electricity production is currently taking place. Table 1 gives a fact sheet of 
typical production systems for these families.  
 
 

>120C
Very deep>4 km

60-120C
deep >1.5km

WKO ondiep

 

Figure 1.1. Schematic figure of different geothermal systems. 
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Table 1.1 Fact sheet of different geothermal resources and their application scale, investment costs (CAPEX), CO2 reduction 
benefits and lifetime. 

Resource Energy depth power scale 

#houses 

CAPEX CO2 reductie tov 

gasgestookt/ COP 

Lifetime 

shallow- 

GSHP 

Heat 

Cold 

2-150 25 GJ/yr 1 10 kEUR 20%/4-6 oneindig 

Shallow-

Aquifer  

Heat 

Cold 

30-150 0.1 MWth 100 100 kEUR 20%/4-6 oneindig 

Deep- 

aquifer 

Heat 1.5-3.5 km 7.5  MWth 3000 6 MLN 70-95%/15 30-75 jaar 

Deep 

Aquifer 

faults 

electricity >4 km 20 MWth/ 

3 MWe 

8000/ 

4500 

30 MLN 100% 30 jaar 

 

 
Figure 1.2 Status of geothermal exploration and production licenses in the Netherlands (oktober 2008). 
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For the future, it is estimated by TNO that an equivalent of a million houses 
could be heated from geothermal heat production at a time horizon of 2020 
and further (NOVA, 2008). Mobilizing this level of geothermal energy 
would reduce CO2 emissions with 1-3%, which is higher than the cumulative 
effect of producing RES today.  
 
In the recent years the uptake of geothermal energy through implementation 
of low enthalpy geothermal production systems for both electricity and 
heating has been growing rapidly in north-western Europe, but the 
implementation of geothermal energy is also growing rapidly in the world. 
Geothermal exploration and production takes largely place in sedimentary 
basins at depths from 2 to 5 km. Geothermal activities can take considerable 
advantage from a wealth of existing oil and gas data. To governmental 
bodies, such as geological surveys, it is a major challenge to put relevant oil 
and gas data and derived subsurface structural, temperature, and flow 
property models available to the geothermal community, and to facilitate the 
community in quantitative assessment of geothermal potential of targeted 
areas. In order to face this challenge, TNO has developed a public web-based 
3D information system, called ThermoGISTM. This chapter describes in more 
detail the rationale and goals of ThermoGISTM 
 
Maps of key parameters in thermoGIS™ have been constructed using 
publically available subsurface information from wells and seismic, which 
has been collected over the past 30 years by the oil and gas industry. Up till 
now public mapping campaigns did not focus on geothermal reservoir and 
properties therein. Therefore, TNO has generated a detailed geothermal 
characterization, including mapping of 13 aquifer levels, their flow 
properties and temperatures at a resolution of 250 m. State-of-the-art 3D 
modelling techniques have been used and developed to obtain the reservoir 
structures, flow properties and temperatures, using constraints from deep 
wells, and detailed subsurface mapping from 3D and 2D seismic. Chapter 2 
explains the methodology for geothermal characterization 
 
ThermoGISTM allows to quickly asses key parameters such as depth, 
thickness, temperature and flow properties. Tools allow drawing sections 
highlighting particular reservoirs and navigating simultaneously in 
geographic contexts tailored to societal needs, and allow performing a 
performance assessment at arbitrary location to screen suitability for 
geothermal heat production. Chapter 3 explains the methodology for 
performance assessment 
 
 

1.1 Deep geothermal energy production  

Geothermal energy is produced by pumping hot water from aquifers (water 
bearing layers) at large depth (>1000m), Figure 1.3. The energy of the water 
is extracted through a heat exchanger and used for spatial heating or 
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greenhouse heating. After cooling in the heat-exchanger the water is re-
injected. The well configuration consists of an injection and production well 
and is generally referred to as a doublet.  
 
Geothermal heat production does not remove or add any material from the 
aquifer, as opposed to gas depletion or CO2 storage. Consequently, 
unsolicited surface subsidence and induced seismicity is unlikely. 
 
The temperature of the produced water is more or less equal to the 
temperature of the earth at the aquifer’s depth.  The earth underneath the 
Netherlands is marked by an average geothermal gradient of approximately 
31°C/km. Given an average surface temperature of about 10°C, this means 
that at 1200m depth temperatures are sufficiently high for greenhouse 
heating (Tproduction>45°C) and at 1800 m depth temperatures are sufficiently 
high for spatial heating (Tproduction >65°C). In fact the temperature gradient 
can vary between 25 and 40°C/km depending on geological setting. In any 
case   aquifers shallower than 1000 m depth are not favourable for heat 
production. 
 
The heat exchanger is capable of using the geothermal heat of the produced 
water down to a certain temperature limit; the re-injection temperature 
(Tinjection). For greenhouse heating the Tinjection is assumed 25°C, for spatial 
heating 40°C. The produced thermal power (E) is linear proportional to the 
temperature difference of produced and re-injected temperature (DT = 
Tproduction   -  Tinjection)  and flow rate of the  produced water (Q [m3/h]): 
 
E [MWth] = 1.2x10-3 DT Q             (eq. 1) 
 
Figure 1.4 shows an example of the effect of production temperature and 
flowrate on produced energy for spatial heating.   
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Figure 1.3.Cartoon of the different geothermal families. ThermoGISTM covers the geothermal aquifers 
(not EGS and WKO). 

Figure 1.4. Left; relationship between production temperature and geothermal thermal power (MWth) for 

spatial heating, adopting an injection temperature of 40°C. Right; power production interpreted in terms of 

houses which can be heated. 
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For a particular aquifer the DT can be predicted from the thermal gradient 
and the depth of the aquifer. The flow rate depends on hydrological 
properties of the aquifer and engineering design of the wells. The 
transmissivity, which is the mathematical product of aquifer thickness and 
permeability, determines the flow rate which can be achieved as function of 
injection and production pressures applied to the wells.  
 
Subsurface uncertainties in aquifers properties typically range between 5-
10% concerning temperature and depth. Uncertainty in transmissivity is 
commonly in the order of 300-3000%. Figure 1.5 clearly demonstrates that 
for these ranges there is a considerable uncertainty in doublet power.  Figure 
1.6 shows the economic performance of the aquifer parameters. The graphs 
show a strong sensitivity of costs of energy1 [EUR/GJ] as a function of 
transmissivity, but much less to depth as in Figure 1.4. This is explained by 
the fact that increased income generated by higher thermal power at larger 
depths is offset by increasing investments costs for drilling wells.   
 
Using a stochastic approach (Figure 1.7) subsurface uncertainty can be 
evaluated towards a probability for project failure, corresponding to the 
likelihood that a minimum required power is not met, or that projected costs 
of energy is higher than a minimum required value.  
 
Summarizing, key parameters for geothermal aquifers are depth, 
temperature, and transmissivity. In particular transmissivity determines the 
power and Levelized Costs of Energy (LCOE) for geothermal heat 
production. The precise threshold levels for economic projects depend on 
many project-specific settings. 
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Figure 1.5 Performance calculation results from Doubletcalc, for a depth range of 1500-4000m, adopting a 
thermal gradient of 31C/km and various transmissivity values. Maximum pump pressures have been set in 
agreement with over and under pressures of  0.67 times hydrostatic pressure, and a target value of COP of 
15.  

                                                        
1 Cost of Energy can also be referred to as Unit technical Cost (UTC) 
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Figure 1.6 Economic Performance calculation results from Doubletcalc, for a depth range of 1500-4000m, 
different transmissivity values corresponding to figure 1.4. The cost of Energy [EUR/GJ] is strongly 
dependent on transmissivity and to a lesser degree to depth (temperature).  6 EUR/GJ corresponds to a gas 
price of 21 cts/m3 

 

 
Figure 1.7 Expectation plot for produced power as a function of uncertainty of transmissivity in a particular aquifer, 

calculated from Monte Carlo simulations in doubletcalc. See Mijnlieff et al., 2009 for details. The plot shows a 

probability of 90% that produced power will be higher than 3.01 (P90) , a probability of 50% that produced power 

will be higher than 3.68 (P50) and probability of 10% that the produced power will be higher than 4.36 (P10). 
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1.2 Key issues for geothermal stakeholders and goals of ThermoGISTM  

The interest in geothermal has lead to a variety of key issues of stakeholders 
regarding geothermal resource assessment: 

• Project developer/local government:  what is the economic 
feasibility of geothermal heat production at a location in the region? 

• local/provincial policy: how to make policy in match for heat 
demand and possible geothermal supply? 

• Consultant: what is data availability in particular region for detailed 
feasibility studies 

• Consultant/TNO: quick access to relevant data 
• Ministry of economic affairs: evaluation of exploration and 

production license requests 
• Ministry of economic affairs/municipalities: optimal subsurface 

spatial planning for multiple exploration and production requests 
• Dutch government: what is national geothermal potential  

 
The existing mapping results and information systems of TNO at the start of 
the ThermoGISTM were not sufficient to address these issues. In particular it 
has become clear that Basic information for geothermal reservoirs were 
missing, including depth and thickness, and reservoir flow properties 
(transmissivity). Furthermore current information systems (DINO) have 
hitherto been mainly targeted at users outside oil and gas, not well usable for 
geothermal stakeholders. The development of ThermoGISTM should resolve 
this. 
 
In 2008 an inventory of main user-expectations has been made among 
various stakeholders: 

·  Awareness of geothermal opportunities (marketing function) 
·  Accessibility of relevant information 
·  Broader (shallower-deeper) range than for oil and gas 
·  Can be used for (subsurface) spatial planning 
·  Dedicated to various stakeholders 
·  Holds information on exploration and production activity 
·  Information on complete Netherlands, instead of known prospective 

areas  
 
Further TNO is strongly aware of the risk for unnecessary project failures as 
a consequence of sub-optimal access to relevant data. 
 
In line with these goals ThermoGISTM has been developed in 2008-2010.  
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1.3 ThermoGISTM  structure and geothermal characterization 

ThermoGISTM is defined as an integrated information, knowledge and 
simulation environment (Figure 1.8) 
 
The front-endThermoGISTM consists of an integrated 3D-GIS and TEPA 
(techno-economic performance assessment) tool. The GIS component allows 
visualizing structure, key geological, hydrological and performance 
parameters of aquifers, in a regional or site specific map context. The TEPA 
tool has been developed as an extension of doubletcalc2 to generate maps of 
power and economic performance. In addition the TEPA tool can be 
launched interactively from the GIS system taking site-specific parameters 
from the GIS as input. The portal, which is not available yet, presents 
general information on geothermal energy and an entry to ThermoGISTM 
information to the general public.  
 
ThermoGISTM contains over 500 maps of depth, thickness, temperature, flow 
properties and underlying uncertainties. These have been mapped in the 
framework of a long term geothermal characterization programme by TNO, 
started in 2008. In this programme mapping is performed on progressively 
more detailed datasets, in terms of used wells, interpreted seismic and 
associated log and core plug data (chapter 2). Performance maps and 
associated uncertainty have been calculated based on the key input data 
(chapter 3).  
 
 
 

                                                        
2 Doubletcalc: geothermal performance assessment tool developed for the Ministry of Economic Affairs to 
compute the geothermal power and determine the probability of producing the desired amount of power 
(Mijnlieff et al., 2009). 
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Figure 1.8 ThermoGISTM and related activities (green) as part of the geothermal energy exploration and 
production value-chain. The listed parameters are indicative and not complete. More details are in chapter 3 

 
 

1.4 Added value for site-selection and dutch portfolio 

ThermoGISTM allows to visualize in regional contexts which areas are more 
or less suited for geothermal energy based on Unit technical costs (UTC, 
equivalent to Cost of Energy) (Figure 1.9). This allows to outline prospective 
areas which hitherto have not been explored (Figure 1.2). 
 
For specific sites ThermoGISTM gives an indication on the feasibility of 
geothermal heat production based on UTC or transmissivity. It should be 
emphasized that performance maps such as these are indicative. Not all 
available wells have been used for the maps underlying the performance 
assessment. Furthermore engineering assumptions have been uniform over 
the Netherlands, and neglect chemical effects.  
 
The performance maps have been used to evaluate the expected 
economically recoverable heat (GJ/m2 or PJ/km2) which can be used for 
policy making. The areal sum of the Recoverable heat for aquifers gives an 
estimate for the geothermal potential of the Netherlands (Figure 1.10). 
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Figure 1.9 Unit technical cost (top) and Recoverable heat map (bottom, where UTC<6)  (PJ/km2) for 
Rotliegend reservoirs. Rotliegend reservoirs have been masked to gas fields. 

 

 
Figure 1.10 From theoretical to practical capacity, for greenhouse heating, based on the results of 
ThermoGISTM (Figure 1.9). 
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2 Aquifer characterization 

In the Netherlands, over the past 30 years over 5,000 wells have been drilled 
and over 72,000 km of seismic has been collected for oil and gas exploration 
and production (Figure 2.1/2.2).  The subsurface of the Netherlands includes 
various reservoirs for oil and gas, mostly in Mesozoic sediments penetrating 
3-5 km deep (Wong et al., 2007). Most of these wells have been logged and 
cored promoting assessment of reservoir properties. Over 150,000 core plug 
measurements of permeability are available. All this data is freely accessible 
at the portal of digital information of the dutch subsurface (DINO,2010) and 
the portal of dutch oil and gas data (NLOG,2010) 
 
In the past decades the data has been used by TNO to develop 3D models of 
the subsurface structure, allowing insight in geological structures and 
targeting of exploration and production activities (TNO-NITG, 2004). Up till 
now the mapping did not focus on geothermal reservoir structures (depth, 
thickness) and important properties (transmissivity). 
 

 
Figure 2.1:  Wells (5872) and seismic coverage (over 70.000 km) used for 3D mapping (TNO-NITG, 2004), which 
served as a geometric starting point for ThermoGISTM  
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Figure 2.2 mapping of 3D structures in the subsurface from 3D seismic. Two perpendicular seismic reflection lines 
are shown from the 3D seismic cube. Reflection lines in the seismic sections can be interpreted as a boundary 
between subsurface layers. In 3D the reflection lines form a surface corresponding to a so-called stratigraphic 
horizon. Such a horizon is shown in the figure with colour shading corresponding to depth. 
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Figure 2.3 Interpreted depth map of base of Zechstein (ca 255 Miljon years old). Red line is location of cross 
section shown in Figure 2.4. From TNO-NITG (2004) 
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Figure 2.4. Cross sections of geological structures. Different colours correspond to different layers ranging 
in age from present day to Carboniferous (ca 320 Million years old). Legend names correspond to 
Stratigraphic groups in the Dutch stratigraphic nomenclature (Van Adrichem Boogaart and Kouwe, 2001; 
www.dinoloket.nl). 

2.1 Aquifer requirements and selection for geothermal energy 

Founded on core descriptions, core plug measurements, well log 
interpretation and literature all known aquifers in the subsurface of the 
Netherlands are screened on their potential for heat production. Till now, the 
main focus has been on sandstones as their reservoir properties will suit the 
performance requirements for the production of geothermal energy best.  
 
To be selected an aquifer should meet the following requirements: 

·  An aquifer should be distributed over a large regional area. Aquifers 
that have a limited distribution and high uncertainty in its quality are 
not selected. 

·  It is assumed that the aquifer water temperature should be at least of 
40°C. This corresponds to a minimum depth of 1000 m.  

·  An aquifer should have sufficiently high porosity and permeability 
over a significant portion of the distribution area.  

 
In total twelve aquifers have been selected for the first release of 
ThermoGISTM. Table 2.1 lists the geological Super Groups and their 
members which are chosen for the mapping of the properties like thickness, 
depth, temperature, porosity and permeability etc. In ThermoGISTM each 
member is encoded as listed in the last column of Table 2.1. In future more 
potential aquifers may be identified.   
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Table 2.1 List of selected aquifers. *Data of these members is input for a 3D facies model for the West 
Netherlands Basin. 

Stratigraphic 
Super Group 

Stratigraphic 
Group 

ThermoGISTM  

group 
Stratigraphic 
Formation 

Stratigraphic 
Member 

ThermoGISTM  

Member code 

Carboniferous Limburg DC Tubbergen - DCDT 

Permian 

Rotliegend 

Upper 

Rotliegend 

RO Slochteren (Upper-) 

Slochteren 

ROSL_ROSLU 

  RO  Lower-

Slochteren 

ROSLL 

  RO  (Upper-) 

Slochteren and 

Lower 

Slochteren 

stacked 

RO-STACKED 

Triassic Lower 

Germanic Trias 

TR Volpriehausen Lower 

Volpriehausen 

Sst. 

RBMVL 

  TR  Upper 

Volpriehausen 

Sst. 

RBMVU 

  TR Detfurth Lower Detfruth 

Sst. 

RBMDL 

  TR  Upper Detfurth 

Sst. 

RBMDU 

 Upper 

Germanic Trias 

TR Röt Formation Röt Fringe Sst. RNROF 

  TR  Upper & Lower 

– Volpriehausen 

Sst., Upper & 

Lower Detfurth 

and Röt Fringe 

Sst. stacked 

TR-STACKED 

Lower-

Cretaceous 

Rijnland  KN Vlieland Sst. Rijswijk, 

Berkel, 

IJsselmonde, de 

Lier stacked* 

KNWNB 

  KN  Friesland KNNSF  

  KN  Bentheim KNNSP 

  KN  Gildehaus KNNSG 

 
In ThermoGISTM aquifers from the Schieland Group are missing. This group 
is under-explored in the grabens and depressions due to the preferential 
occurrence of hydrocarbons in horst structures. In 2010 3D modeling of 
these aquifers will be performed and updates of ThermoGISTM with the 
results are expected by the end of 2010. 
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Similarly the Tubbergen Carboniferous aquifer, which has some potential in 
the south-eastern part of the Netherlands will be mapped during 2010 and 
released in a update of ThermoGISTM. Aquifers from the Tertiary have not 
been selected, because deposits are –with few exceptions- less then 1000 m 
deep. 

2.2 Thickness and depth mapping 

All aquifers, except the KNWNB – see section 2.6, have been considered to 
be able to be mapped by 2D geo-statistical interpolation techniques using the 
existing mapping of the onshore Netherlands (TNO-NITG, 2004, Figure 
2.3/2.4) as geometrical skeleton.  
 
The stratigraphic horizons in this skeleton are limited to the main 
lithostratigraphic groups and lack information on aquifers. Further this 
model has not been based on all available wells and 3D seismic as some of 
these data were not yet freely accessible during mapping.  
 
In a first step a revision has been made on the geometrical skeleton. To this 
end at positions of wells used in thermoGIS™, but not yet incorporated in 
the 2004 mapping, the skeleton has been made consistent with all public well 
information. To this end, the depth of the geometrical skeleton horizons has 
been modified at well locations and regions surrounding the well location 
using a kriged correction grid based on well-seismic misfit. In the future the 
skeleton will be further improved by updating the mapping for recently 
released 3D seismic (Figure 2.6).  
 
In the second step the depth and thickness of the aquifers have been 
interpolated in the geometrical skeleton framework. The aquifers of the 
Rotliegend/Permian (RO) and Triassic (TR) supergroups have been marked 
by relatively uniform depositional circumstances, allowing a geo-statistical 
approach to generate depth and thickness maps. The deposits of these 
aquifers have been affected by erosion causing mostly fault bounded 
compartments (or structural units). The extent of the aquifer is taken from 
the geometrical skeleton model (Figure 2.7). Further TR deposits have been 
partly eroded by large wavelength up and downwarping patterns, suggesting 
large wavelength folding (Geluk, 2002). As the geometrical skeleton is 
leading in the structural interpretation, the geo-statistical interpreted 
thickness is truncated against the skeleton borders resulting in (mostly 
structurally) jumps in thickness (Fig. 2.7). 
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Figure 2.6. Coverage of public 3D seismic surveys in the Netherlands. Note that the north-western onshore is 
marked by considerable coverage of 3D seismic, which has not yet been used in the mapping of the 
geometrical skeleton (Figure 2.1). 

 

 

 

 

 

 

 

 

 

 

Figure 2.7 principle of erosion by the skeleton (red) of the geo-statistically determined thickness of the aquifers 

from wells (blue). 
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Figure 2.8 filling the geometrical skeleton with aquifer structure interpolated from well information (cf 
Figure 2.7). 

2.3 Uncertainties in structure 

Uncertainty in depth 
Uncertainty in depth has not been taken into account. Nevertheless the 
uncertainty consists of uncertainty in seismic interpretation, velocity 
modelling and most important the data density of available (3D) seismic and 
well-data. The uncertainty is typically in the range of 5-10%.   
 
Uncertainty in thickness 
Uncertainty in thickness has been modelled based on the geo-statistical 
analyses of thickness of the aquifers in the wells only. It is assumed that this 
uncertainty is sufficient for capturing large wavelength effects. However, in 
some structural settings, where aquifers have been differently eroded in fault 
bounded compartments, this may not be sufficient. At this stage the latter 
component of uncertainty has not been taken into account. 
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Figure 2.9 thickness of ROSL-ROSLU aquifer (left) and standard deviation of the aquifer (right) based on 
geo-statistical interpolation 

2.4 Aquifer properties 

Porosity 
For each aquifer interval porosity data was calculated for all wells with 
available digital porosity logs.  
 
The porosity log of the total aquifer interval was calculated on the basis of 
bulk density log (RHOB), neutron porosity log (NPHI), and core plug 
measurements if available. When only bulk density logs were available, 
porosity logs were calculated following equation A1. Grain density data was 
obtained from core plugs and fluid density was assumed 1.1 g/c3, the 
average density of salt and fresh water. Otherwise, neutron logs were used, 
with a correction for the fact that neutron logs represent porosity based on 
carbonate rock (equation 2.2). If bulk density and neutron logs were 
available, both aforementioned methods were used and averaged. 
 

  
fuidgrain

RHOBbulkgrainPHI
rr

rr

-

-
= )(  …………….(equation 2.1) 

 
  045.0+= NPHIPHI   …………….(equation 2.2) 
 
If core plug measurements were available, the calculated porosity logs were 
shifted to fit the core-porosity measurements. 
 
The calculated average aquifer porosity data-points were geo-statisticaly 
populated for the complete mapped aquifer distribution. Unfortunately the 
well-data points are not uniformly distributed throughout the area, but 
preferentially located on structural high areas.  As burial depth has large 

ROSL-ROSLU 

P50 Thickness [m]   Std-dev Thickness [m]  

ROSL-ROSLU 
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influence on diagenetic processes and therefore porosity and permeability, a 
porosity-depth relation was assumed.   
 
To incorporate the porosity-depth relation, the interpolation of the porosity 
was done with the collocated co-kriging method. Apart from ordinary 
kriging of the porosity, depth as a second, collocated, variable was taken into 
account (Figure 2.10). 
 
 

 

Figure 2.10. Step 1 in workflow in which the average reservoir porosity in the reservoir interval is determined from 
well data. To map the porosity the data is subsuequently co-kriged. Co-kriging with depth has been adopted, 
resulting in a spatial correction of porosity dependent on the depth value.  

 

ROSL-ROSLU

P50 Depth [m] P50 Porosity [-]

ROSL-ROSLU
 

Figure 2.11 Depth and porosity showing strong depth-porosity correlation  
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Permeability 
Permeability is directly derived from porosity in the wells. For this 
conversion, a linear relation (equation 2.3) between porosity and the 
logarithm of the permeability from core plug measurements has been used. 
This relation was determined by a least-square regression on the core plug 
measurements (Figure 2.12). 
 
  corecorecorecore BAk j+=)ln(   …………………….(equation 2.3) 
 
 

 
Figuur 2.12. Step 2 in workflow. Example of relationship of core plug measurements of porosity vs 
permeability (left) resulting in linear trend to convert a porosity log to a permeability log (right). Each data 
point in the left plot represents a core plug measurement in the well. The best fit trend is marked by intercept 
Acore and slope Bcore used in equation 2.3.  From the permeability logs an average reservoir permeability has 
been determined 

For each aquifer interval (defined in section 2.1), calculated porosity logs 
can be transformed to permeability logs (using equation 2.3) if core plug 
measurements were available for the specific aquifer interval at the specific 
well. As core plug measurements are not available in each well, this resulted 
in a much smaller permeability dataset compared to the porosity dataset. 
 
In order to use the full porosity dataset, average logarithm of reservoir 
permeability  )ln( resk   was not interpolated from the calculated permeability 
data points, but directly calculated from the (interpolated) porosity, using the 
porosity map as in input (step 1). In order to calculate the average aquifer 
permeability, the linear relation between average porosity and the average 
logarithm of the permeability has been determined, using the wells with core 
plug measurements: 
 
  resresresres BAk j+=)ln(   …………………….(equation 2.4) 
 
The average porosity and permeability data were obtained from the 
calculated porosity and permeability logs, supplemented with averages from 
core plug measurements, for wells where logs are missing.  
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Figure 2.13.. Step 3 in workflow. Average reservoir porosity vs  average reservoir permeability (for the 
ROSL-ROSLU reservoir). Each data point represents a well where core data could be used. The linear 
relationship is marked by the slope Bres and intercepts Ares used in equation 2.5.  

 
Despite the limited (sampled) thickness spanned by cores, core averages and 
log averages from the total interval showed comparable poro-perm data-
points. 
 
In the mapping we need to make a correction of predicted average log 
permeability using the linear trend to fit exactly to the average permeability 
in the well point. To this the trend is corrected with the residual of 
permeability (ln(kerror) at each well).  
 
The permeability residuals were interpolated with use of ordinary kriging. 
With this approach, local trends of diverging porosity-permeability relations 
are spatially interpolated. Finally the average aquifer permeability was 
calculated with equation 2.5.  
 

 )ln()ln( errorresresresres kBAk ++= j x,,y  ………  (Equation 2.5) 
 
Where ln(kerror)x,y is the spatial interpolation of the residual of permeability 
 
Transmissivity 
The modal value of transmissivity was calculated by multiplying the 
thickness and the average log permeability of the aquifer (equation 2.6). 
 
  hekH resk

res
)ln(=        ……………………..(Equation 2.6) 
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P50 Transmissivity [Dm]

 
Figure 2.14 example of P50 permeability (left) and P50 transmissivity map (right) of stacked 
Rotliegend/Permian Aquifer (ROSL-ROSLU).  

2.5 Uncertainties in aquifer properties 

Uncertainty in porosity 
Porosity has been assumed to be marked by a normal distribution. The 
uncertainty of the calculated average porosity at the wells is approximately 
+/- 5%. The unknown composition of the drilling mud en consequently fluid 
density caused this uncertainty. Furthermore the uncertainty of the 
interpolation of the porosity data-points is expressed as the standard 
deviation as a result from the kriging interpolation (f SD). The used variogram 
is leading, taking the 5% uncertainty at the well position is the nugget effect.  
 
Uncertainty in permeability 
Permeability has been assumed to be marked by a lognormal distribution. 
The average value of lnk is given by the equation 2.5. The standard deviation 
is given by the standard deviation of porosity f SD (see above) and the 
standard deviation of the residual from the porosity-depth trend ln(kerror)SD  
 

( ) ( )22 )ln()ln( SDerrorSDresSDres kBk += f        (eq. 2.7) 
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Std-dev ln K 

ROSL-ROSLU
 

Figure 2.15 Uncertainties in permeability of the ROSL-ROSLU aquifer. 

Uncertainty in transmissivity 
As mentioned in the introduction, transmissivity, which is the mathematical 
product of permeability and thickness, is key to performance of aquifers. The 
kH distribution has been generated through Monte Carlo sampling, assuming 
a lognormal distribution for k, and a normal distribution for H. From the 
Monte Carlo samples the P10, P50 and P90 values have been extracted at 
each location in the map, resulting in P10, P50 and P90 maps. 
  
Please note that the modelled transmissivity distribution is not symmetric, in 
which the difference of P50 and P10 is generally much higher than the 
difference between P50 and P90.   
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Figure 2.16 P50 and P90 values of the transmissivity of the ROSL-ROSLU aquifer 

2.6 3D Mapping of the lower cretaceous in the south-western part of the 
Netherlands  

 
The generally poor quality of older well logs and 3D seismic data, the 
structural complexity, and the preferential occurrence of oil and gas in 
uplifted fault blocks, hampers mapping of Lower Cretaceous Rijnland Group 
aquifers in the West Netherlands Basin (WNB, Fig. 2.17). Therefore sand 
facies and properties of the aquifers in the WNB have been modelled in 3D. 
The coastal facies of the Rijnland Group have a relatively robust character, 
because—although narrow—they mainly consist of laterally extensive 
deposits. In the 3D model the entire Rijnland Group interval is modelled 
without defining the individual members. This approach has resulted in 
stacked aquifers, which are encoded with KNWNB in ThermoGISTM.  
 
In the 3D model, gamma ray logs were used to identify aquifer intervals in 
the Rijnland Group. Based on these logs a 3D sand lithofacies model was 
made, based on 50 stochastic realisations. For each realisation the net 
thickness (= thickness of yellow voxels in Figure 2.18), and the average 
permeability within the net sand thickness intervals have been calculated. 
Based on thickness and permeability, the transmissivity distribution has been 
determined. From the 50 realisations, maps have been constructed for the 
P50 values of thickness and transmissivity (Figure 2.19). To maintain a 
possible 3D correlation between permeability and thickness, the uncertainty 
of the aquifer hydrological properties has been fully incorporated in the 
uncertainty of the permeability by adopting a lognormal distribution. For 
more details about the approach and results of the 3D modelling study of the 
WNB, the reader is referred toThis model contains the aquifer interpretation 
for the Rijswijk, Berkel, IJsselmonde and De Lier members in a stacked 
approach. In ThermoGISTM property maps for these stacked aquifers are 
encoded with KNWNB. For more details about the approach and results of 
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the 3D modelling of the WNB the reader is referred to Vis et al., 2010. 
Figure 2.18 gives a view on this model. 
 

 
Figure 2.17 distribution map of lower Cretaceous aquifers stacked into KNWNB.   

 

 
Figure 2.18 Cross section of the 3D voxel model of the lower cretaceous stacked aquifers (Figure 2.17). Yellow 

corresponds to net sand. 

   
On the basis of the 3D model study, the distribution of the net sand thickness 
has been calculated. To this end 50 model simulations have been realized. 
For each realization the net thickness (= thickness of yellow voxels in Figure 
2.18), and the average permeability in the net thickness interval has been 
determined. These realizations maps have been used to construct the P50 
values of thickness, permeability and transmissivity (Figure 2.19). In order 
to maintain a possible 3D correlation between permeability and thickness, 
the uncertainty of the aquifer hydrological properties has been fully 
incorporated in the uncertainty of the permeability adopting a lognormal 
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distribution, choosing the uncertainty of the thickness to a negligible low 
number. 
 

 
Figure 2.19. Net thickness map of the lower Cretaceous Group in the West Netherlands Basin (cf Figure 2.18) 

2.7 Temperature 

The depth of an aquifer is mapped to determine the temperature.  In the 
current version of thermoGIS™ a fixed temperature gradient is used to 
compute the temperature at a certain depth. For the computation it is 
assumed that 

 
  T = 0.031z + 10 
 where 
   T = temperature 
   z = depth and 10 is the average surface temperature 

 
By the end of 2010 ThermoGISTM will be updated with results from a 3D 
temperature model which is based on temperature measurements. 
 
In thermoGIS™ alternative temperature maps are available in the 
OVERVIEW scenario, property temp2000m and temp5000m, corresponding 
to 3D modelled temperature at 2000 m and 5000 m published in the Bosatlas 
van de Ondergrond (2009) and Van Wees et al. (2009). 
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2.8 Stacked reservoirs 

For a number of aquifers in groups (TR, RO) stacked maps have been 
generated from a vertical accumulation of aquifers, which tend to give a 
better performance if these are perforated. 
 
K, lnk-stdev, H, h-stdev : Particular focus has been to generating 
stacked maps of permeability and thickness. The procedure has been the 
following. The transmissivity (kH) distribution for each aquifer has been 
generated by monte carlo sampling with normal distributions for thickness 
(m=H, s=HSD) and ln K (m=ln(K), s=lnk-stdv). Sumh is the sum of  H 
values. From sumH a stacked ln K distribution is determined as Ln ( 
sumKH/sumh). From this the P50 value is determined and the exponent of 
this value corresponds to K of the stacked aquifers, the standard deviation of 
this distribution corresponds to lnKSD. 
The thickness of the stacked aquifers is set to sumH with a fixed standard 
deviation of 0.0001. 
 
For stacked maps the top depth is set to hdepth-0.5 thickness. Hdepth is the 
average depth of the aquifers weighted for their average transmissivity. 
Porosity maps have not been generated. 
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3 Performance assessment 

In building ThermoGISTM it has been recognized that many stakeholders, 
including governmental bodies, green house developers, built environment 
developers, investors and insurance companies have a need for quick scan 
facilities for geothermal potential.  
For this broad variety of stakeholders dedicated maps of key performance 
indicators have been calculated at a grid spacing of 1 km. The major aim of 
the maps is to allow investors and policy makers to focus on prospective 
areas for geothermal development which can be promoted by further detailed 
study and at the other end of the spectrum to prevent unnecessary detailed 
studies in areas which are not well suited. 
 
The presentation of the key performance indicator maps have been split up in 
two sections. Section 3.1 describes the first order maps of Heat in Place 
(HIP), Potential recoverable heat (PRH) and Recoverable heat (RH). These 
maps correspond, respectively to a) theoretical heat which can extracted, b) 
heat which can be extracted using today’s technology and particular 
application (c) heat which can extracted from the aquifer under current 
economic constraints, adopting a gas price of 21cts/m3. 
 
Section 3.2 describes in more detail the technical and economic aspects of 
the performance assessment for a theoretical doublet at each location of the 
recoverable heat map. The following key performance maps have been 
included in ThermoGISTM: power, unit technical cost (UTC), net present 
value (NPV), well pressure, and well distance   
 
The power, unit technical cost (UTC), net present value (NPV), and well 
pressure maps have been presented for P90, P50 and P10 values of the 
transmissivity. This allows getting insight into the sensitivity of the key 
performance indicators to the most important aquifer uncertainty. The maps 
have only been presented where the P50 value of transmissivity converged to 
valid COP (for further details see section 3.2).   
 
Apart from the maps, users of ThermoGISTM are capable to reproduce and 
investigate the map results in more detail at any location. The results of such 
a site-specific analysis can deviate slightly from the 1 km grid results. This is 
a consequence of more detailed input (in particular depth and thickness) in 
the site specific assessment at 250 m resolution compared to the 1 km 
resolution of the performance maps. 

3.1 From theoretical to practical capacity, HIP, PRH, and RH 

Key to constrain the earth’s heat potential to technological and economic 
constraints for geothermal energy is a progressive filtering approach starting 
from the heat budget in the aquifers. This is illustrated through the capacity 
pyramid (Figure 3.1). 
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HIP : Starting point at the base of the pyramid is heat in place (HIP) in GJ/m2 
or PJ/km2.This is the heat capacity of the reservoir (cf. Muffler and Cataldi, 
1978). Heat in place is the maximum theoretically extractable heat in the 
aquifer. It is the product of weighted volumetric heat capacity of rock and 
pore fluid times the volume of the rock times the temperature difference of 
reservoir and average surface temperature:  
  
HIP = � t (T – T0) h 10-9 
 
Where 
� t  =  Total aquifer heat capacity [J/m3 
C -1] 
T  =  Aquifer temperature [
C) 
To  =  Surface temperature [
C]  
h   =  Aquifer thickness [m] 
 
� t = �  cw  r w + (1-� ) cr r r 
 
�   = Porosity [-], default 0.15 
cw  = heat capacity of formation water [J/kg 
C-1], default 3772 
r w = Density of water [kg/ m3], default 1042 
cr  = heat capaciteit of formation rock [J/kg 
C-1], default 1000 
r r  = Density of rock [kg/ m3], default 2600 
 
In the calculation of the performance maps, � t has been set to a fixed value 
using the default values.   
 
PRH [GJ/m2 or PJ/km2]:  One step higher in the pyramid is the Potential 
recoverable heat. This is the heat which can be recovered from the reservoir, 
unconstrained by techno-economic limitations, irrespective of flow 
properties. It is assumed that due to legal reasons doublets are oriented in 
rectangles, enclosed by circles which are centered at the injector and 
producer well and which touch each other at half way (Fig. 3.2). In a doublet 
system of an aquifer about 50% of heat can be technically recovered, before 
thermal breakthrough (cf Gringarten, 1978). Further the layout of multiple 
doublets will not be ideal, due to geological and economic reasons, leaving 
unrecovered heat in the space which can not be filled in further (Figure 3.2). 
Taking into account these effects it is assumed that the recoverable heat is 
about 33% of the HIP. However 3D heat diffusion effects can delay thermal 
breakthrough up to 50% and heat extraction can be 50% increased (e.g. 
Ungemach et al., 2005), depending on local reservoir conditions.  
Further the PRH is calculated replacing surface temperature with injection 
temperature for a specific application, and putting an associated lower limit 
to production temperature. Consequently, compared to HIP, less heat can be 
recovered and particular areas will not be available for heat production, 
depending on the minimum required production temperature. Therefore the 
volume of rock in PRH is a subset of HIP. For greenhouse applications the 
minimum production temperature is assumed to be 45°C and the temperature 
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of reinjection 25°C. For the spatial heating the minimum production 
temperature is assumed 65°C and re-injection at 40°C. 
 
RH [GJ/m2 or PJ/km2]: Techno-economically Recoverable Heat, assuming 
local heat demand. This map has been calculated from PRH taking into 
account a doubletcalc performance evaluation (for details see section 3.2) at 
each location taking into account temperature, thickness, permeability, depth 
and thickness of the reservoir. A detailed explanation of the performance 
evaluation is given in the following section.  
Key performance indicator to determine RH is Unit Technical Cost (UTC) 
from the Cashflow calculation for a specific application (greenhouse or 
spatial). The volume of rock in RH is a subset of PRH, using a cutoff for the 
UTC. The cutoff value has been set to 6 EUR/GJ which corresponds to gas 
price of ca 21cts/m3. So the RH map shows areas where the heat can be 
extracted with a cost of energy which is less than gas heating at a gas price 
of 21cts/m3. In addition regions have been clipped to gasfields. 
 
 

 
Figure 3.1 Progressive filtering of theoretical to realistic capacity (modified after Bradshaw, 2006). See text for 

details 

 
 

 
Figure 3.2 (left) Doublet layout. Within rectangle with sides 2r and 2d ca 50% of heat can be recovered before 

thermal breakthrough (right, blue colored region corresponds to cooled area) 
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Figure 3.3. Random placements of doublet rectangles, resulting in ca 27% recovery of heat.  

 

 
Fig. 3.4. map of HIP of a Permian rotliegend aquifer (ROSL-ROSLU) in thermoGIS 
 

ROSL-ROSLU 

HIP [PJ/km 2] 
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Fig. 3.5 map of Potential Recoverable Heat of a Permian rotliegend aquifer (ROSL-
ROSLU) in thermoGIS 

ROSL-ROSLU 

PRH [PJ/km 2] 
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Fig. 3.6 map of Recoverable Heat of a Permian rotliegend aquifer (ROSL-ROSLU) in 
thermoGIS 

ROSL-ROSLU 

RH [PJ/km 2] 



 

ONGERUBRICEERD 

  

ONGERUBRICEERD | TNO report |   39 / 61

 

3.2 Techno-economic performance calculations 

 
It should be emphasized that prediction of produced power and performance evaluation 
is strongly dependent on technical and economic assumptions respectively.  These may 
vary depending on local geological setting (e.g. limits to flow rates and injection and 
production pressure) and can vary over time (e.g.  governmental funding, project 
developer equity and depreciation constraints, and energy prices) . 
 
The techno-economic performance has been calculated using doubletCalc (Mijnlieff et 
al., 2009) extended with an economics module. This extended version of doubletCalc is 
proprietary to TNO, whereas the technical module’s source and executable code are 
publically available from www.nlog.nl (Mijnlieff et al., 2009)  
 
The extended version of DoubletCalc is a so called fast model (Fig. 4.7) for the 
geothermal value-chain which, under simplified model assumptions for reservoir 
behaviour is capable to predict within a matter of seconds produced power for a 
geothermal doublet. Through a monte-carlo sampling approach the fastmodel, such as 
adopted in DoubletCalc, is capable of analyzing the effect of uncertainties in the 
subsurface on performance characteristics (e.g. Van Wees et al., 2010) 
 
 

 

Figure 3.7 Integrated value-chain probabilistic fast-model capable of assessing  the impact of 
uncertainty in technical and economic parameters  on an asset’s key performance 
indicators. The model integrates a number of different physical compartments, 
including the aquifer hydrogeological properties, engeneering options and cash flow 
economics 

 
Details of the technical aspects of doubletCalc performance calculation are  
given in this section, economics details in the next. 
 
The main aim of the technical performance assessment is the prediction of produced 
power. The produced thermal power (E) is linear proportional to the  temperature 
difference of produced and reinjected temperature  (DT = Tproduction   -  Tinjection)  and flow 
rate of the  produced water (Q [m3/h]), multiplied by a constant : 
 
E [MWth] = DT Q cbrine 10-6/3600  
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E [MWth] �  DT Q 1.2x10-3  
 
The flow rate Q is strongly dependent on aquifer properties as well as engineering 
parameters. Flow rates increase proportionally to the mathematical product of 
permeability(k) and thickness(h) and the pump pressure(pres). For more details on the 
physical assumptions in doubletCalc we refer to the description of doubletCalc 
(Mijnlieff et al., 2009).  Figure 4.8 gives a schematic overview of key parameters 
influencing flowrate. 
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Fig. 3.8 key equation and parameters for doublet flowrate. Dp refers to pressure difference between the 

injection and proction well at bottom hole conditions [Pa], L is distance between the wells, 
typically in the order of 1000-2000 m, rw well radius[m], S skin factor[-] and m viscosity 
[Poise]. For further details see Mijnlieff et al. (2009). 

 
 
 

3.2.1 Input values for underground properties 

 
The thickness and permeability are most significant for flow rates and power. P90, P50 
and P10 values of transmissivity have been used for performance calculations, 
capturing the most important source of uncertainty. The depth and temperature of the 
aquifers have been assumed constant. For more details on the mapping of these 
properties and underlying uncertainties the reader is referred to section 2 on property 
mapping. 
 
Chemical composition can have a strong influence on the long term performance, 
resulting in scaling and other damaging effects to performance. In thermoGIS these 
effects have been discarded. 
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Viscocity is assumed dependent on  temperature and salinity adopting a salinity of 
70000 ppm.  

3.2.2 Choice of engineering parameters 

 
Pump pressure determines strongly the flow rate. The applied pressure is dependent on: 

·  Target Coefficient of performance (COP), defined by the ratio of thermal 
power and power consumption by the pump. The target COP limits the flow 
rate, as friction in the boreholes increases exponentionaly with increased flow 
rate and subsequently limits pressure of the pumps. The target COP has been 
set to 15, which should be interpreted as lower limit for renewable energy. 

·  Safety limits of pump pressure. Pump pressure is limited to safety limits to 
prevent induced seismicity and leakage along the borehole. , It is assumed that 
the pressure difference applied at surface conditions for injection and 
production is at maximum 2/3 and -2/3 of the hydrostatic pressure (ca 100 
bar/km).  Part of the applied pressure (ca 10-20%) is lost due to friction in the 
borehole, resulting in bottom hole pressures which are at maximum ca 60%  in 
excess of hydrostatic conditions in the injection well and ca 60% lowered in 
the production well. technical limits on pump pressure. In most cases the 
pressure limits are less constrictive  than the COP limit. 

·  Technical limits to pump pressure. An upper limit of 300 bar for the total 
pressure difference of the pump has been assumed 

 
 
To a lesser degree well distance and borehole radius also influence performance. The 
outer and inner borehole radius have been corresponding to diameters of  8 and 7 inch 
respectively. The well distance has been determined iteratively to sustain a lifetime of 
75 years for the flow rate corresponding to the p50 value of transmissivity. The 
argument for this long lifetime is to be capable sustain at least 2 times higher flow rates 
if aquifer performance is siginifcantly better than expected. 
 
The resulting power, required pressure and the adopted well distance are presented as 
different maps in thermoGIS at the resolution of 1 km. The power, pressure and well 
distance maps have only been generated at locations where the p50 value of 
transmissivity is higher than 1Dm, and where a COP of 15 can be reached. 
 
In order to illustrate the sensitivity of thermal power to the depth range and natural 
uncertainty in transmissivity of geothermal aquifers in the Netherlands, we have shown 
predicted power for the ROSL-ROSLU aquifer in Fig.  3.9. The results demonstrate a 
strong dependence of power related to temperature (as a function of depth) and 
transmissivity in the aquifer.   
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Figure 3.9 Power produced (greenhouse) in the ROSL-ROSLU aquifer for the p50 transmissivity 

 

3.3 NPV and UTC 

 

For characterizing the economic performance of geothermal projects, we have chosen 
Net Present Value (NPV) and Unit Technical Cost (UTC) as key performance 
indicators. The definition and interpretation of NPV and UTC is discussed in this 
section. 
 
Net Present Value  is defined as the total present value (PV) of a time series of cash 
flows. It is a standard method for using the time value of money to appraise long-term 
projects. Used for capital budgeting, and widely throughout economics, it measures the 
excess or shortfall of cash flows, in present value terms. To calculate NPV the cash 
flow is discounted back to its present value (PV).  
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ROSL-ROSLU 

P50 Power [MWth]  



 

ONGERUBRICEERD 

  

ONGERUBRICEERD | TNO report |   43 / 61

t - the time [year] of the cash flow  relative to the start of the project 
i - the discount rate (the rate of return that could be earned on an investment in 
the financial markets with similar risk)  
Rt - the net cash flow (the amount of cash, inflow minus outflow) at time t 
 

Then they are summed into the cumulative discounted cash flow (CDF) and the NPV is 
the sum of all yearly terms. 
 

Figure 3.10 gives an example of the calculation of NPV for a geothermal project during 
its exploration and production lifetime. The details are further delineated in the 
following section. Important to note is that produced heat is considered to be sold at an 
energy price which is equivalent to the alternative energy source (e.g. gas). In this way 
the project is treated as an individual investment project.  
 

Unit technical cost (UTC), also known as levelized energy cost of energy is represented 
by the total cost over the life time of a heat providing asset related to the provided 
energy. The calculation of the UTC gives the opportunity to compare different energy 
providing technologies to each other and to the prices which are paid on the energy 
markets. For geothermal energy, its calculation is based on the estimation of site- and 
project-specific conditions on power which can be produced, electricity consumption by 
pumps.  
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Figure 3.10 Cash Flow calculation of a project (from Van Wees et al., 2010). NPV for the project 
corresponds to the forecasted Cumulative Discounted Cash Flow CDF at the end of the 
lifetime of the project (3.1 mln euro). In case the project would have been aborted due to 
legal problems in year 3, the NPV would be -34  mln. The CDF is the accumulation of the 
discounted cash flow (DCF). The DCF equals the Undiscounted Cash Flow (UCF) corrected 
for  the discount rate. The UCF is the sum of revenues, capital expenditure and operating 
expenditure (CAPEX and OPEX), corrected for tax. Shown cash flow shows high CAPEX in 
first years related to drilling and construction of surface facilities  

 
Summarizing the following maps, resulting from the performance calculation, have 
been incorportated in thermoGIS. 
 
Power  [MWth]: power of the doublet from the doubletCalc performance assessment. 
  
UTC [EUR/GJ]: Unit technical cost of the doubletCalc performance assessment 
 
Welldist [m]: well distance from the doubletCalc performance assessment. This has 
been set fixed to allow a lifetime of 75 years, for flowrates in agreement with the p50 
value of transmissivity.   
 
Pressure  [bar]: This is the cumulative pressure difference of the pumps in the 
geothermal loop, which has been applied in the doubletCalc performance assessment 
 
NPV [mln EUR]: This is the Net Present value of the project (extracting the heat) 
resulting from the doubletcalc performance assessment. With a selling price of heat 
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which is the same as  6EUR/GJ, the NPV =0 contour therefore corresponds to a UTC 
value of 6EUR/GJ.    
 
 
RH, UTC,Power, WellDist, Pressure, NPV  have been calculated at a grid 
resolution of 1 km. These maps have been calculated for the P90,P50 and P10 value of 
the aquifer transmissivity. The doubletCalc assessment is constrained by a COP of 15, 
and a maximum pressure limited to 2/3 of the hydrostatic gradient. If this COP cannot 
be reached for the P50 value of transmissivity, no values are shown at that location. 
 

 
Figure 3.11 Unit Technical costs for extracting the power in Fig. 3.9 (greenhouse). A gas price of 21cts/m3 

corresponds to 6 EUR/GJ

ROSL-ROSLU 

P50 Unit Technical Cost [EUR/GJ]  
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3.3.1 Cash Flow calculation 

 
 
 
The cash flow is a function of Cash in and cash out (Fig. 3.10). After taking into 
account the effects of Tax and royalties, it is discounted and cumulated in order to 
provide a Net present Value (NPV) or Unit Technical Cost (UTC) 
 

Cash in 
 
The Cash-in [mln €/yr] for a single year is given by the (virtual) heat sale. 
 

yearheatyearincash CC ___ =   (1) 

 
Cheat_year relates to the Selling price of heat  Eheat_price_sell [€ /GJ] and the heat which is 
produced: 
 
  

 3
__/__ 103600 -= sellpriceheatyrrunninghrsgrossheatyearheat ERMWC   (2)  

  
 
Rrunninghrs/yr  has been calculated from a season factor multiplied to the number of hours 
in a year 
 
 8760_/ factorseasonyrrunninghrs CR =      (3) 

 
Cash out 
 
The Cash out consists of Capital Expenditure items (CAPEX), Operational Expenditure 
(OPEX), royalties and Tax. 
 

yeartaxyearopexyearcapexyearoutcash EEEC _____ ++=     (24) 

 
CAPEX is related to investments made for the heat exchanger, well stimulation –if any 
- and other costs. These are one or more of the following terms depending if they are 
built in the specific year.  
 

pumpcapexpump

gerheatexchancapextsothernstimulatiowellcapexyearcapex

En

EEEE

_

_cos___ 2

+

++=
 

 
The number of pumps is assumed to be one.  
The capex items have been assumed fixed (see section 3.5 for default values) except 
well costs. For the wells the capex has been scaled to drilling depth zr [m]:   
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Figure 3.12  wellcosts as a function of depth, adopting a wellcostscaling of 1.5 

 
OPEX relates to yearly operation costs for the plant and wells, consumption of 
electricity and refurbishment of pumps. A fixed percentage (Eopex_fixed) and variable 
opex (Eopex_variable) as a function of heat produced have been used:  

 

8
_/_

var_______

103600 -++

+=

buypriceyrrunninghrspumppumpentrefurbishmpump

iableplantopexgrossproducedheatfixedopexactivecapexyearopex

EReEn

EMWEEE
   (26) 

 
Erefurbishment_pump is not each year, the replacement of the pump is only after few years 
(default value every 5 years). This time between two replacements is given by 
Eyears_for_fit 
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Taxable income is calculated as  
 

)0,( ______ capexdeductableyearoutcashyearincashyeartaxable ECCMaxE --=    (28) 

 
The deductible Capex follows a SCLA (Straight Line Capital Allowance: Each capex 
item is depreciated in equal parts over the specified number of years). 
 
Costs  for tax deduction (e.g. investments prior to revenues especially at the start of the 
project) can be transferred to a number of following years, determined by Cuplift. It is 
recommended to use a number equal to the lifetime of the project, meaning that cost can 
be deducted always as soon as revenues occur. An exception is made in the case of 
Cuplift =0. In this case it is assumed that Corporate tax compensation occurs through 
profits elsewhere in the company. The resulting tax reduction is taken into account as 
additional income when cash flow is negative.  
 
Tax is a fixed percentage of the taxable income, resulting in the yearly cash flow: 
 

taxyeartaxableyeartax EEE __ =         (29) 

 

yeartaxyeartaxableyeartaxafterincome EEE _____ -=       (29.1) 

 
Phasing of cash in and cash out 
 
The CAPEX terms are made before the first heat is produced (yfirst_heat), typically 
various years after the evaluation start (yevaluation). The time for the evaluation (tevaluation) 
is followed by the drilling of the wells, which are assumed to be drilled within a year. 
Possible lagging times (tlagging) precede a number of years required to build the heat 
exchanger. 
 

laggingdrillingevaluationheatfirst ttyy ++=_    (30) 

 
 

3.3.2 Discounted cashflow, NPV and UTC  

 
The discounted cashflow is calculated as: 
 

( )( )evaluationyyear
edicountrat

yeartaxafterincome
yeardiscountedincome

E

E
E

-+
=

1
___

__      (31) 

 
 
The Net Present Value is calculated as the sum of the discounted income: 
 

 � =

=
=

fetimeeconomicliyear

yyear yeardiscountedincome
evaluation

ENPV __       (32) 

 
The Unit Technical Cost is calculated as the ratio of a) the cumulative discounted yearly 
Cash-out and b) the cumulative discounted electricity produced. 
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3.4 Glossary of input parameters in the technical Performance  Calculation 

 

Acronym Unit Description 
Default 
value 

Sproducer [-] Skin factor production well 2 

Sinjector [-] Skin factor injection well 0.5 

Tsurface [C]  10 

Tg [C/km] Thermal gradient 31 

Tproduction_greenhouse [C 
Minimum temperature for 
greenhouse heating  

45 

Tinjection_greenhouse [C] 
Re-injection temperature for 
greenhouse heating 

25 

Tproduction_spatial [C 
Minimum temperature for spatial 
heating  

65 

Tinjection_spatial [C] 
Re-injection temperature for 
spatial heating 

40 

rw [inch] Inner Borehole radius 0.5 x 7 

hpump [-] Punmp efficiency 0.6 

Wroughness [milli inch] Tubing roughness 1.38 

    

    

    

    

    

    

 
Major outputs used for the economic 
Acronym Unit Description Default value 

MWheat_gross [MWth] Thermal Power 
Calculated by 
DoubletCalc 

epump [kWh] power consumption of the pump 
Calculated by 
DoubletCalc 
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3.5 Glossary of input parameters in the economic Performance  Calculation 

 

Acronym Unit Description 
Default 
value 

Cseasonfactor [-] Season factor 0.6 

Eheat_price_sell [€/GJ] heat price for sales 6 

Eprice_buy [€cts/kWh] electricity price for operations 8 

Ecapex_heat_exchanger [mln €] heat exchanger cost 0.1 

Ewellcostscaling [-] Wellcostscaling 1.5 

Estimulation_otherscosts [mln €] stimulation and base plant costs 0 

Ecapex_pump [mln €] 
injection/production pump initial 
cost 

0.5 

Eopex_fixed 
[% of 
Capex,  
mln €/yr] 

fixed opex as percentage of the 
capex active 

5 

Eopex_plant_variable €/GJ 
opex depending the power 
produced 

0 

Erefurbishment_pump [mln €] pump workover cost 0.25 

Eyears_for_fit [yrs] pump replacement 5 

Etax [%] tax (% of taxable income) 25.5 

Ediscountrate [%] discount rate for cashflow  7 

Egov_funding_greenhouse [mln] 

Funding from the government to 
the project. In Dutch situation 
“MEI subsidie”. To compensate 
capex costs 

1.5 

Egov_funding_spatial [mln] 
Funding from the government to 
the project.  

0 

Euplift [yrs] 

Number of years that tax 
deduction  can be transferred to 
a number of following years. If 
uplift is zero, that investments 
can be depreciated instantly    

100 

Edepreciation [yrs] 
Each capex item is depreciated 
in equal parts over the specified 
number of years 

10 

Eeia [%]  
Percentage of investments 
which can depreciated from tax 
in first year 

40 

npump [-] number of pumps 1 
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3.6 Relating aquifer properties to key performance 

 

In thermoGIS main uncertainty in performance is attributed to transmissivity, related to 
a high uncertainty in permeability, typically marked by a standard deviation of lnK of 1-
3 (ca 300-2500%), taking into account. This uncertainty, incorporating underlying 
uncertainty in porosity, is a an order of magnitude higher than any other uncertainty 
including depth (ca 10%) and temperature (20-30%) for a constant geotherm as adopted 
now in thermoGIS and 10-20% for a 3D model based on well data.  
 
Consequently for first order assessments of the effect of uncertainty it is sufficient to 
incorporate transmissivity effects. 
 

3.7 expected monatory value and adjusted interpretation of recoverable heat 

 

Uncertainties in a project’s technical and economic metrics result in variability of 
economic UTC and NPV. If, as a result of the uncertainty (e.g. a lower than expected 
flow rate), UTC is marked by higher than expected outcomes, it is to be considered as 
risk. However, desirable consequences of uncertainty are also observed through a lower 
UTC, for example when the flow rate is higher than expected. For Economic 
performance assessment of projects prior to exploration activity, the UTC cannot be 
used, as the project may be aborted at an early stage at certain costs without having 
delivered any heat. In order to take this effect into account the Net Present Value (NPV) 
is generally preferred to be used over UTC. 
 
Financially, risk is defined by the downside, which equals the average returns below the 
target of NPV>=0 (cf Markowitz, 1952, Sharpe, 1964). The probability of a negative 
project outcome is related to the probability density function of forecasted NPV prior to 
a project-phase execution. The value-chain integration models, as  introduced in the 
previous sections allow to assess the impacts of uncertainties in technical and economic 
parameters in expected NPV distributions, with multiple runs and using monte-carlo 
sampling . 
 
Figure 3.13 gives an example of an NPV distribution adopting various subsurface 
uncertainty in transmissivity. The average performance is positive, but due to the 
uncertainties there is probability of 43% that forecasted NPV is less than 0. The 
resulting calculated risk is 1.5 mln Euro.  The Probability of Succes (POS) is defined as 
the probability of having a successful project which is equal to 57% (100-43%). 
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Figure 3.13. Expectation curve of an NPV distribution for subsurface uncertainties generated 
through monte-carlo sampling for the ROSL-ROSLU aquifer (greenhouse) at UTM 
coordinates (678056, 5854223). Default NPV distribution is marked by an average 
NPV (expected return) of ca 1.9 mln EURO and a downside (average loss under 
yellow area) of ca 2.4 mln euro. Capability to abort the project after a first well (cost 
3.5 mln Euro) appraising transmissivity provides a significant reduction of downside 
down to ca 1.4 mln and increase in expected return to ca 3 mln Euro.  

 
In geothermal projects, the downside poses a considerable financial risk, which often is 
ensured. For ensurance decisions the Probability of Succes is an adequate measure. 
 
For the dutch “garantiefonds” facility a threshold POS of 90% has been adopted.  
Consequently for a project developer it can be argued that NPV should be equal or 
larger than zero at the p90 of the NPV distribution, to apply to the “garantiefonds” 
facility. For the NPV distribution in Fig. 3.13 the p90 value is significantly lower than 
zero. Plotting  p90 values of NPV In map view (Fig. 3.14), it becomes clear that only 
limited areas can be developed, where the p90 value of NPV is larger than 0. However 
adopting the p50 values a much larger area can be developed. 
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Project developers have recognized that the p90 criterion is rather strict. They have 
worked around with private ensurance schemes allowing for a lower level of POS than 
90%. 
  
This touches upon on the question of what is a realistic POS for geothermal 
development. A number of arguments favour a much lower POS (60-70%): 

·  upside compensation: Project developers can use higher that p50 NPV 
outcomes (upside) to compensate for negative outcomes. This systematic is 
commonly used by oil and gas companies. In practice the oil and gas industry 
is capable of accepting a POS of 20-70%. POS in geothermal development 
needs to be higher as the revenues in case of a positive outcome are not as high 
as in oil and gas.   

·  spatial correlation-group risks: Project developers can take advantage of 
spatial correlation in uncertainty in local developments. If spatial correlation is 
strong a single exploration well allows a more robust interpretation for the 
specific doublet developed, but also for adjacent doublets planned to be drilled. 
The correlation can significantly reduce the risk by sharing the risk of the first 
exploration well among various developers. Van Wees et al. (2008) have 
shown that such correlations for the Gas exploration portfolio can significantly 
alter the predicted future reserves 

·  Uncertainty reduction: A number of regional geothermal characterization 
activities can aid in reducing the uncertainty, and through this increasing the 
p90 value of NPV. A number of stimulation measures, targeted at uncertainty 
reduction  have been described in the report TNO-034-UT2010-00473/A   

 
 
 
 

ROSL-ROSLU

P50 NPV [mln €]

ROSL-ROSLU

P90 NPV [mln €]

Figure 3.14 p50 and p90 NPV value in agreement with p50 and p90 transmissivity values for the ROSL-

ROSLU  reservoir. Maps have been masked (purple color) in areas where NPV<0.
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3.8 Resource Assessment 

  
The maps of Heat in Place, Potential Recoverable Heat  and Recoverable Heat can be 
have been generated for all aquifers and accumulated into maps for greenhouse heating 
(fig. 3.15-3.17) and spatial heating. 
 
Integration over the map area gives the potential heat in the dutch subsurface for both 
applications. Values for HIP, PRH and RH have been tabulated for p90,p50 and p10 
transmissivity values for the different main aquifer(s) groups (Table 3.1 and 3.2). The 
values have been displayed for greenhouse and spatial heating in the theoretical to 
practical capacity pyramids (cf. Fig. 3.1) in Fig. 3.18 and 3.19 respectively. 
 
 
The greenhouse recoverable heat (p50) amounts to gross heating value of approximately 
1/3 of the size of the cumulative Giant Slochteren gasfield reserves and is sufficient to 
supply the heat demand of an equivalent of 1 millon houses (25 PJ/y) for at least 1500 
years.  
 
The spatial  recoverable heat (p50) amounts to ca 10% of  the gross heating value of 
Slochteren and is sufficient to supply the heat demand of an equivalent of 1 million 
houses (25 PJ/y) for at least 500 years. 
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Fig. 3.15. map of Heat in Place of all aquifers in thermoGIS. Units are in PetaJoule/km2 
 
 

All Aquifers 

HIP [PJ/km 2] 
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Fig. 3.16 map of Potential Recoverable Heat (greenhouse) of all aquifers in thermoGIS 
 

All Aquifers 

PRH [PJ/km 2] 
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Fig. 3.17 map of Recoverable Heat (greenhouse) of all aquifers in thermoGIS 
 

All Aquifers 

RH [PJ/km 2] 
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expectation  Aquifer HIP[PJ] PRH[PJ]  RH[PJ] RH[BCM]  
P90 RO-STACKED 396415 107872 3234 92 
P90 TR-STACKED 225432 60621 694 20 
P90 KNWNB 45754 7736 4212 120 
P90 Sum 667601 176229 8140 232 
      
expectation  Aquifer HIP[PJ] PRH[PJ]  RH[PJ] RH[BCM]  
P50 RO-STACKED 396415 107872 25087 714 
P50 TR-STACKED 225432 60621 6237 177 
P50 KNWNB 45754 7736 6569 187 
P50 Sum 667601 176229 37893 1078 
      
expectation  Aquifer HIP[PJ] PRH[PJ]  RH[PJ] RH[BCM]  
P10 RO-STACKED 396415 107872 56031 1594 
P10 TR-STACKED 225432 60621 36258 1032 
P10 KNWNB 45754 7736 6814 194 
P10 Sum 667601 176229 99103 2819 

 
Table 3.1 Heat in place, potential recoverable heat and recoverable heat for greenhouse 
heating for the p90, p50 and p10 transmissivity maps of all aquifers. The last column 
displays the recoverable heat in equivalent Billion (109) cubic meters of low caloric gas 
(35.17 MJ/m3) 
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Fig. 3.18 From  theoretical to practical capacity for greenhouse heating 
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expectation  Aquifer HIP[PJ] PRH[PJ]  RH[PJ] RH[BCM]  

P90 
RO-
STACKED 396415 82079 57 2 

P90 
TR-
STACKED 225432 45553 116 3 

P90 KNWNB 45754 2108 0 0 
P90 Sum 667601 129740 173 5 
      
expectation  Aquifer HIP[PJ] PRH[PJ]  RH[PJ] RH[BCM]  

P50 
RO-
STACKED 396415 82079 10173 289 

P50 
TR-
STACKED 225432 45553 1116 32 

P50 KNWNB 45754 2108 756 22 
P50 Sum 667601 129740 12045 343 
      
expectation  aquifer HIP[PJ] PRH[PJ]  RH[PJ] RH[BCM]  

P10 
RO-
STACKED 396415 82079 34757 989 

P10 
TR-
STACKED 225432 45553 21022 598 

P10 KNWNB 45754 2108 1708 49 
P10 sum 667601 129740 57487 1636 

 
Table 3.2 Heat in place, potential recoverable heat and recoverable heat for spatial 
heating for the p90, p50 and p10 transmissivity maps of all aquifers. The last column 
displays the recoverable heat in equivalent Billion (109) cubic meters of low caloric gas 
(35.17 MJ/m3) 
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Fig. 3.19 From theoretical to practical capacity for spatial heating
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