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Disclaimer

ThermoGIS" software is provided 'as is' without warranty asfy kind,
either express or implied, including, but not liedt to, the implied
warranties of fitness for a purpose, or the waygrasft non-infringement.
Without limiting the foregoing TNO makes no warnathat:

i.  the software will meet your requirements
ii. the software will be uninterrupted, timely, secaresrror-free

iii.  the results that may be obtained from the use e&titware will be
effective, accurate or reliable

iv.  the quality of the software will meet your expeictas

v. any errors in the software obtained from the TNCbwée will be
corrected.

Software and its documentation made available erT O web site:

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

vii.  may be out of date, and TNO makes no commitmeniptiate such
materials.

TNO assumes no responsibility for errors or omission the software or
documentation.

In no event shall TNO be liable to you or any thpr@kties for any special,
punitive, incidental, indirect or consequential da@s of any kind, or any
damages whatsoever, including, without limitatibmgse resulting from loss
of use, data or profits, whether or not TNO hasnbeelvised of the
possibility of such damages, and on any theoryadillty, arising out of or

in connection with the use of this software.

The use of the software downloaded through the BX®is done at your
own discretion and risk and with agreement that woill be solely
responsible for any damage to your computer sysienoss of data that
results from such activities. No advice or inforirmaf whether oral or
written, obtained by you from TNO or from TNO weitesshall create any
warranty for the software.

ONGERUBRICEERD
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1 Introduction

The share of renewable energy sources (RES) inEilm®pean energy
balance can be increased significantly by a medamingpntribution of

geothermal energy for both cold, heat and elegtgrigroduction (e.qg.

Fridleifson et al., 2008). Geothermal energy paiidun systems can be
subdivided in three families of underground systéRigure 1.1) following

the convention of the European Geothermal Energyn€ib(EGEC) and the
International Geothermal Association (IGA).

The development of shallow geothermal systems, Gkeund Source Heat
Pumps (GSHP) and heat and cold storage (Warmte ardek Opslag -
WKO), are growing exponentially. In the Netherlandser a thousand
shallow aquifer systems for heat and cold storaye fbeen installed.

Due to rising energy prices and climate conceroftggmal heat production,
marked by CQ® reduction in excess of 70% compared to fossil,fhels
shown a strong development in the Netherlandsenght 2-3 years. Up till
now one direct heat doublet produces heat from gshbsurface for
greenhouse heating in Bleiswik by A+G van den Bost 2007 and a
neighbouring doublet is under development. A nundfeprojects such as
Den Haag Aardwarmte (district heating) and Delftrdvearmte Project
(DAP, spatial) are (planned to be) drilled in 2016. 2009 over 50
exploration and production licenses have been gdarifFigure 1.2). No
electricity production is currently taking placeable 1 gives a fact sheet of
typical production systems for these families.

STATE OF THE ART TECHNOLOGY

Borehole heat
xchangers

Enhanced Geothermal System Geothermal District Heating -

O Geothermal power [ peep and directly O The shallow geothermal

Tndau nantharmal nawar nlante avicr an Tha aarth ic full af anarnu And virmiall family

>120C 60-120C WKO ondiep
Very deep>4 km deep >1.5km

Figure 1.1. Schematic figure of different geothdraystems.
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Table 1.1 Fact sheet of different geothermal ressiand their application scale, investment c@dPEX), CO2 reduction
benefits and lifetime.

Resource Energy |depth power scale CAPEX CO2 reductie tov Lifetime
#houses gasgestookt/ COP

ishallow- Heat 2-150 25 GJlyr 1 10 KEUR 20%/4-6 oneindig

GSHP Cold

Shallow- Heat 30-150 0.1 MWth 100 100 KEUR 20%/4-6 oneindig

Aquifer Cold

Deep- Heat 1.5-3.5 km 7.5 MWth 3000 6 MLN 70-95%/15 Pjdar

aquifer

Deep electricity [>4 km 20 MWth/  [8000/ 30 MLN 100% 30 jaar

IAquifer 3 MWe 4500

faults

Aardwarmie vergunning=n
siuatie op 1 oklober 2009
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Figure 1.2 Status of geothermal exploration andipction licenses in the Netherlands (oktober 2008).
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For the future, it is estimated by TNO that an egl@nt of a million houses
could be heated from geothermal heat producticm tahe horizon of 2020
and further (NOVA, 2008). Mobilizing this level ajeothermal energy
would reduce C@emissions with 1-3%, which is higher than the clative
effect of producing RES today.

In the recent years the uptake of geothermal erdrgyigh implementation
of low enthalpy geothermal production systems fothbelectricity and
heating has been growing rapidly in north-westerarope, but the
implementation of geothermal energy is also growiagidly in the world.
Geothermal exploration and production takes larggace in sedimentary
basins at depths from 2 to 5 km. Geothermal ai&/itan take considerable
advantage from a wealth of existing oil and gasaddio governmental
bodies, such as geological surveys, it is a mdjatlenge to put relevant oil
and gas data and derived subsurface structuralpeterture, and flow
property models available to the geothermal comtguaind to facilitate the
community in quantitative assessment of geothennaééntial of targeted
areas. In order to face this challenge, TNO hagldeed a public web-based
3D information system, called ThermoGYS This chapter describes in more
detail the rationale and goals of ThermoBls

Maps of key parameters in thermoGIS™ have beentemied using
publically available subsurface information fromliweand seismic, which
has been collected over the past 30 years by tfendigas industry. Up till
now public mapping campaigns did not focus on gewiial reservoir and
properties therein. Therefore, TNO has generatedetailed geothermal
characterization, including mapping of 13 aquifevels, their flow
properties and temperatures at a resolution of iB5(5tate-of-the-art 3D
modelling techniques have been used and develapebtain the reservoir
structures, flow properties and temperatures, usimgstraints from deep
wells, and detailed subsurface mapping from 3D 2iDdseismic. Chapter 2
explains the methodology for geothermal characéon

ThermoGISM allows to quickly asses key parameters such aghdep
thickness, temperature and flow properties. Todllenvadrawing sections
highlighting particular reservoirs and navigatingmultaneously in
geographic contexts tailored to societal needs, altmlv performing a
performance assessment at arbitrary location t@escrsuitability for
geothermal heat production. Chapter 3 explains iiethodology for
performance assessment

1.1 Deep geothermal energy production
Geothermal energy is produced by pumping hot wiaten aquifers (water

bearing layers) at large depth (>1000m), Figure Tt energy of the water
is extracted through a heat exchanger and usedsgatial heating or

ONGERUBRICEERD
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greenhouse heating. After cooling in the heat-emgka the water is re-
injected. The well configuration consists of arectjon and production well
and is generally referred to as a doublet.

Geothermal heat production does not remove or agdnaaterial from the
aquifer, as opposed to gas depletion or,C&orage. Consequently,
unsolicited surface subsidence and induced seignmscunlikely.

The temperature of the produced water is more es lequal to the
temperature of the earth at the aquifer’s deptihe €arth underneath the
Netherlands is marked by an average geothermalamtadf approximately
31°C/km. Given an average surface temperature ofitab0°C, this means
that at 1200m depth temperatures are sufficienth Hor greenhouse
heating (Tbroducior45°C) and at 1800 m depth temperatures are serftigi
high for spatial heating (loducion >65°C). In fact the temperature gradient
can vary between 25 and 40°C/km depending on gmalbgetting. In any
case aquifers shallower than 1000 m depth arefavaturable for heat
production.

The heat exchanger is capable of using the geo#idreat of the produced
water down to a certain temperature limit; the njegtion temperature
(Tinjection). For greenhouse heating thegjelionis assumed 25°C, for spatial
heating 40°C. The produced thermal power (E) isdmproportional to the
temperature difference of produced and re-injediehperature 0T =
Tproduction = Tinjection) and flow rate of the produced water ((j’lﬂn@:

E [MWth] = 1.2x10° DT Q (eq. 1)

Figure 1.4 shows an example of the effect of prtidoctemperature and
flowrate on produced energy for spatial heating.

ONGERUBRICEERD
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Figure 1.3.Cartoon of the different geothermal farmi ThermoGIS™ covers the geothermal aquifers

(not EGS and WKO).

Thermal Power

= power- 150m3/h

= power 300 m3/h
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Figure 1.4. Left; relationship between productiemperature and geothermal thermal power (M ¥ar
spatial heating, adopting an injection temperatfid0°C. Right; power production interpreted imterof

houses which can be heated.
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For a particular aquifer thBT can be predicted from the thermal gradient
and the depth of the aquifer. The flow rate depends hydrological
properties of the aquifer and engineering designtled wells. The
transmissivity, which is the mathematical produttaquifer thickness and
permeability, determines the flow rate which carabhieved as function of
injection and production pressures applied to thésw

Subsurface uncertainties in aquifers propertiescéfly range between 5-
10% concerning temperature and depth. Uncertaimtyransmissivity is
commonly in the order of 300-3000%. Figure 1.5 dledemonstrates that
for these ranges there is a considerable uncertamirdoublet power. Figure
1.6 shows the economic performance of the aquédearpeters. The graphs
show a strong sensitivity of costs of enérdifUR/GJ] as a function of
transmissivity, but much less to depth as in Figure This is explained by
the fact that increased income generated by hitife@mal power at larger
depths is offset by increasing investments costdriding wells.

Using a stochastic approach (Figure 1.7) subsurfaweertainty can be
evaluated towards a probability for project failumrresponding to the
likelihood that a minimum required power is not patthat projected costs
of energy is higher than a minimum required value.

Summarizing, key parameters for geothermal aquifer® depth,
temperature, and transmissivity. In particular temissivity determines the
power and Levelized Costs of Energy (LCOE) for lymwmhal heat
production. The precise threshold levels for ecowopmojects depend on
many project-specific settings.

Doublet Power [MWth]
0 10 20 30 40 50 60 70

N
\\ 7.5 Dm
™ 10 Dm
\ N
N
N N ===15Dm
\\ = \\\\ ——20Dm
\\ N \ —50Dm
) N ™. ——100 Dm
N ~N
\ NG N
4 N N N

4.5

N
3
.

w

Depth [km]

w
o

Figure 1.5 Performance calculation results from leicalc, for a depth range of 1500-4000m, adogsing
thermal gradient of 31C/km and various transmiggivalues. Maximum pump pressures have been set in
agreement with over and under pressures of Oné@sthydrostatic pressure, and a target value of §OP
15.

! Cost of Energy can also be referred to as Uniirtieal Cost (UTC)
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Costs of Energy [EUR/GJ]
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Figure 1.6 Economic Performance calculation redtis Doubletcalc, for a depth range of 1500-4000m,
different transmissivity values corresponding tufe 1.4. The cost of Energy [EUR/GJ] is strongly
dependent on transmissivity and to a lesser degrdepth (temperature). 6 EUR/GJ correspondsgisa
price of 21 cts/m3

Probability plot: retrieved geothermal energy (MW)
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Figure 1.7 Expectation plot for produced power &snation of uncertainty of transmissivity in a pemlar aquifer,
calculated from Monte Carlo simulations in doukédétc See Mijnlieff et al., 2009 for details. Theopkhows a
probability of 90% that produced power will be heghthan 3.01 (P90) , a probability of 50% that et power
will be higher than 3.68 (P50) and probability 6P4 that the produced power will be higher than 4RRE0).
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1.2 Key issues for geothermal stakeholders and goals hermoGIS™

The interest in geothermal has lead to a variekegfissues of stakeholders
regarding geothermal resource assessment:
* Project developer/local government: what is the economic
feasibility of geothermal heat production at a tamain 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 fdetailed
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 protion requests
» Dutch governmentwhat is national geothermal potential

The existing mapping results and information systemTNO at the start of
the ThermoGI8” were not sufficient to address these issues. fiicpéar it
has become clear th&asic information for geothermal reservoirs were
missing, includingdepth and thickness and reservoir flow properties
(transmissivity). Furthermore current informatiogstems (DINO) have
hitherto been mainly targeted at users outsidarail gas, not well usable for
geothermal stakeholders. The development of Thei®dGshould resolve
this.

In 2008 an inventory of main user-expectations hasn made among
various stakeholders:

Awareness of geothermal opportunities (marketimgfion)
Accessibility of relevant information

Broader (shallower-deeper) range than for oil aasl g
Can be used for (subsurface) spatial planning
Dedicated to various stakeholders

Holds information on exploration and productioniatt

Information on complete Netherlands, instead ofvkmgrospective
areas

Further TNO is strongly aware of the risk for uneesary project failures as
a consequence of sub-optimal access to relevaat dat

In line with these goals ThermoGI$ has been developed in 2008-2010.

ONGERUBRICEERD
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13

ThermoGIS™ structure and geothermal characterization

ThermoGIS" is defined as an integrated information, knowlediyel
simulation environment (Figure 1.8)

The front-endThermoGI$' consists of an integrated 3D-GIS and TEPA
(techno-economic performance assessment) toolGISeomponent allows
visualizing structure, key geological, hydrologicand performance
parameters of aquifers, in a regional or site s$peeiap context. The TEPA
tool has been developed as an extension of doabteto generate maps of
power and economic performance. In addition the ABBol can be
launched interactively from the GIS system takiitg-specific parameters
from the GIS as input. The portal, which is not ikalde yet, presents
general information on geothermal energy and amyewt ThermoGIS"
information to the general public.

ThermoGISM contains over 500 maps of depth, thickness, teatype, flow

properties and underlying uncertainties. These Hasen mapped in the
framework of a long term geothermal characterizapoogramme by TNO,
started in 2008. In this programme mapping is peréal on progressively
more detailed datasets, in terms of used wellgrpnéted seismic and
associated log and core plug data (chapter 2).ofesince maps and
associated uncertainty have been calculated basetheo key input data
(chapter 3).

2 Doubletcalc: geothermal performance assessmehdéweloped for the Ministry of Economic Affairs to
compute the geothermal power and determine theapitiy of producing the desired amount of power
(Mijnlieff et al., 2009).

ONGERUBRICEERD
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Exploration
prospects Production

Data
aquisition

Demand

Performance DINO

[power, UTC] ThermoGIS dlee

TEPA
(doubletcalc) 3D-GIS

TEPA
Simulation Aquifer-data mapping

[T,depth, kH]

Figure 1.8ThermoGIS™ and related activities (green) as part of thelggohal energy exploration and
production value-chain. The listed parametersradieative and not complete. More details are imptéa3

1.4 Added value for site-selection and dutch portfolio

ThermoGIS™ allows to visualize in regional contexts whichaere more
or less suited for geothermal energy based on tdghinical costs (UTC,
equivalent to Cost of Energy) (Figure 1.9). Thiswk to outline prospective
areas which hitherto have not been explored (Figuze

For specific sites ThermoGl¥$ gives an indication on the feasibility of
geothermal heat production based on UTC or trarswitis It should be
emphasized that performance maps such as thesmdicative. Not all
available wells have been used for the maps urnidgrliihe performance
assessment. Furthermore engineering assumptiores been uniform over
the Netherlands, and neglect chemical effects.

The performance maps have been used to evaluate expected

economically recoverable heat (G3/or PJ/kni) which can be used for
policy making. The areal sum of the Recoverabld fmaaquifers gives an
estimate for the geothermal potential of the Ne#mels (Figure 1.10).

ONGERUBRICEERD
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Figure 1.9 Unit technical cost (top) and Recoverdigdat map (bottom,
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Figure 1.10 From theoretical to practical capadiygreenhouse heating, based on the results of

ThermoGIS™ (Figure 1.9).
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2 Aquifer characterization

In the Netherlands, over the past 30 years ové&l05yklls have been drilled
and over 72,000 km of seismic has been collectedif@and gas exploration
and production (Figure 2.1/2.2). The subsurfacthefNetherlands includes
various reservoirs for oil and gas, mostly in Mesozediments penetrating
3-5 km deep (Wong et al., 2007). Most of these sMe#lve been logged and
cored promoting assessment of reservoir prope@gsr 150,000 core plug
measurements of permeability are available. A8 thata is freely accessible
at the portal of digital information of the dutchbsurface (DINO,2010) and
the portal of dutch oil and gas data (NLOG,2010)

In the past decades the data has been used by @ Né¥¢lop 3D models of
the subsurface structure, allowing insight in ggaal structures and
targeting of exploration and production activit@NO-NITG, 2004). Up till
now the mapping did not focus on geothermal resestouctures (depth,
thickness) and important properties (transmissjvity

Figure 2.1: Wells (5872) and seismic coverager(@@e000 km) used for 3D mapping (TNO-NITG, 2004hjich
served as a geometric starting point for ThermdtIS

ONGERUBRICEERD
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Figure 2.2 mapping of 3D structures in the subserfeom 3D seismic. Two perpendicular seismic ctiten lines
are shown from the 3D seismic cube. Reflectionslimrethe seismic sections can be interpreted asuadary
between subsurface layers. In 3D the reflectiossliform a surface corresponding to a so-calledigtaghic
horizon. Such a horizon is shown in the figure veitour shading corresponding to depth.

ONGERUBRICEERD
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Figure 2.3 Interpreted depth map of base of Zeoh&te 255 Miljon years old). Red line is locatiohcross
section shown in Figure 2.4. From TNO-NITG (2004)

ONGERUBRICEERD
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2.1

Figure 2.4. Cross sections of geological structubéferent colours correspond to different laysaaging

in age from present day to Carboniferous (ca 320dvliyears old). Legend names correspond to
Stratigraphic groups in the Dutch stratigraphic eaniature (Van Adrichem Boogaart and Kouwe, 2001;
www.dinoloket.nl).

Aquifer requirements and selection for geothermal vergy

Founded on core descriptions, core plug measuremewell log
interpretation and literature all known aquifers the subsurface of the
Netherlands are screened on their potential for rauction. Till now, the
main focus has been on sandstones as their respropierties will suit the
performance requirements for the production of lgexshal energy best.

To be selected an aquifer should meet the followsrmirements:

- An aquifer should be distributed over a large reglarea. Aquifers
that have a limited distribution and high uncertim its quality are
not selected.

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

An aquifer should have sufficiently high porositgdapermeability
over a significant portion of the distribution area

In total twelve aquifers have been selected for thet release of
ThermoGISM. Table 2.1 lists the geological Super Groups ahelirt
members which are chosen for the mapping of thpgsties like thickness,
depth, temperature, porosity and permeability &icThermoGISV each

member is encoded as listed in the last columnadfle2.1. In future more
potential aquifers may be identified.

ONGERUBRICEERD
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Table 2.1 List of selected aquiferBata of these members is input for a 3D facies ehéat the West
Netherlands Basin.

Stratigraphic | Stratigraphic ThermoGIS™ Stratigraphic | Stratigraphic ThermoGIS™
Super Group | Group group Formation Member Member code
Carboniferous Limburg DC Tubbergen - DCDT
Permian Upper RO Slochteren (Upper-) ROSL_ROSLU
Rotliegend Rotliegend Slochteren
RO Lower- ROSLL
Slochteren
RO (Upper-) RO-STACKED
Slochteren and
Lower
Slochteren
stacked
Triassic Lower TR Volpriehausen Lower RBMVL
Germanic Trias Volpriehausen
Sst.
TR Upper RBMVU
Volpriehausen
Sst.
TR Detfurth Lower Detfruthi RBMDL
Sst.
TR Upper Detfurthi RBMDU
Sst.
Upper TR R6t Formation ROt Fringe Sst.| RNROF
Germanic Trias
TR Upper & Lower| TR-STACKED
— Volpriehausen
Sst.,, Upper &
Lower Detfurth
and Rot Fringe
Sst. stacked
Lower- Rijnland KN Vlieland Sst. Rijswijk, KNWNB
Cretaceous Berkel,
1Jsselmonde, dd
Lier stacked*
KN Friesland KNNSF
KN Bentheim KNNSP
KN Gildehaus KNNSG

In ThermoGIS™ aquifers from the Schieland Group are missings Hnoup
is under-explored in the grabens and depressioestduthe preferential
occurrence of hydrocarbons in horst structures2060 3D modeling of
these aquifers will be performed and updates ofrmb&IS™ with the
results are expected by the end of 2010.
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2.2

Similarly the Tubbergen Carboniferous aquifer, vahias some potential in
the south-eastern part of the Netherlands will z@mped during 2010 and
released in a update of Thermo®{SAquifers from the Tertiary have not
been selected, because deposits are —with few #owspless then 1000 m
deep.

Thickness and depth mapping

All aquifers, except the KNWNB — see section 2&yébeen considered to
be able to be mapped by 2D geo-statistical intetjpol techniques using the
existing mapping of the onshore Netherlands (TN@II 2004, Figure
2.3/2.4) as geometrical skeleton.

The stratigraphic horizons in this skeleton areitBoh to the main

lithostratigraphic groups and lack information oquiers. Further this

model has not been based on all available wells3@hdeismic as some of
these data were not yet freely accessible duringpma.

In a first step a revision has been made on thenga@al skeleton. To this
end at positions of wells used in thermoGIS™, huit yet incorporated in
the 2004 mapping, the skeleton has been made tamtsigith all public well
information. To this end, the depth of the geornsatrskeleton horizons has
been modified at well locations and regions surdiog the well location
using a kriged correction grid based on well-setsmisfit. In the future the
skeleton will be further improved by updating theapping for recently
released 3D seismic (Figure 2.6).

In the second step the depth and thickness of thefeas have been
interpolated in the geometrical skeleton framewdrke aquifers of the
Rotliegend/Permian (RO) and Triassic (TR) supergsolbave been marked
by relatively uniform depositional circumstancelowing a geo-statistical
approach to generate depth and thickness maps.d€&pesits of these
aquifers have been affected by erosion causing lyndault bounded

compartments (or structural units). The extenthef aquifer is taken from
the geometrical skeleton model (Figure 2.7). Furiffe deposits have been
partly eroded by large wavelength up and downwarpitterns, suggesting
large wavelength folding (Geluk, 2002). As the getncal skeleton is

leading in the structural interpretation, the géatistical interpreted
thickness is truncated against the skeleton bordessiting in (mostly

structurally) jumps in thickness (Fig. 2.7).
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Figure 2.6. Coverage of public 3D seismic surveythe Netherlands. Note that the north-western aesis
marked by considerable coverage of 3D seismic, lwhés not yet been used in the mapping of the
geometrical skeleton (Figure 2.1).

erosion
erosion
well
well
= Skeleton top
—Y—
= Skeleton bottom
top
bottom

Figure 2.7 principle of erosion by the skeletort)ref the geo-statistically determined thicknesthefaquifers
from wells (blue).
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Figure 2.8 filling the geometrical skeleton withuégr structure interpolated from well informatief
Figure 2.7).

2.3 Uncertainties in structure

Uncertainty in depth

Uncertainty in depth has not been taken into actcobevertheless the
uncertainty consists of uncertainty in seismic rptetation, velocity
modelling and most important the data density @ilable (3D) seismic and
well-data. The uncertainty is typically in the rengf 5-10%.

Uncertainty in thickness

Uncertainty in thickness has been modelled basedhengeo-statistical

analyses of thickness of the aquifers in the wally. It is assumed that this
uncertainty is sufficient for capturing large wasegth effects. However, in
some structural settings, where aquifers have He#frently eroded in fault

bounded compartments, this may not be sufficiettthds stage the latter
component of uncertainty has not been taken intowad.
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2.4

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

ROSL-ROSLU ROSL-ROSLU

Figure 2.9 thickness of ROSL-ROSLU aquifer (lefifdastandard deviation of the aquifer (right) based
geo-statistical interpolation

Aquifer properties

Porosity
For each aquifer interval porosity data was catealafor all wells with
available digital porosity logs.

The porosity log of the total aquifer interval weeculated on the basis of
bulk density log (RHOB), neutron porosity log (NBHBnd core plug
measurements if available. When only bulk densitgs| were available,
porosity logs were calculated following equation. &Arain density data was
obtained from core plugs and fluid density was as=ii 1.1 g/c3, the
average density of salt and fresh water. Otherwisatron logs were used,
with a correction for the fact that neutron logpresent porosity based on
carbonate rock (equation 2.2). If bulk density ameutron logs were
available, both aforementioned methods were usddaaraged.

I oain = T
PH| =—o&n " ok®HOB - (equation 2.1)
rgrain = 1 g
PHI =NPHI+0.045 ................ (equation 2.2)

If core plug measurements were available, the tatled porosity logs were
shifted to fit the core-porosity measurements.

The calculated average aquifer porosity data-poiése geo-statisticaly
populated for the complete mapped aquifer distitoutUnfortunately the
well-data points are not uniformly distributed thghout the area, but
preferentially located on structural high areass [urial depth has large
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influence on diagenetic processes and thereforespigrand permeability, a
porosity-depth relation was assumed.

To incorporate the porosity-depth relation, thesipblation of the porosity
was done with the collocated co-kriging method. Apom ordinary
kriging of the porosity, depth as a second, colledavariable was taken into
account (Figure 2.10).

Figure 2.10. Step 1 in workflow in which the avezagservoir porosity in the reservoir interval &etmined from
well data. To map the porosity the data is subsestty co-kriged. Co-kriging with depth has been zdd,
resulting in a spatial correction of porosity degent on the depth value.

P50 Depth [m] P50 Porosity [-]

ROSL-ROSLU ROSL-ROSLU

Figure 2.11 Depth and porosity showing strong deuttosity correlation
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Permeability

Permeability is directly derived from porosity irnet wells. For this
conversion, a linear relation (equation 2.3) betwg®rosity and the
logarithm of the permeability from core plug measunents has been used.
This relation was determined by a least-squareessgon on the core plug
measurements (Figure 2.12).

IN(Keore) = Acore + Beord/ core i e (€Quation 2.3)

Figuur 2.12. Step 2 in workflow. Example of relaisbip of core plug measurements of porosity vs
permeability (left) resulting in linear trend toroert a porosity log to a permeability log (righfach data
point in the left plot represents a core plug measent in the well. The best fit trend is markedrigrcept
Acoreand slope Breused in equation 2.3. From the permeability lagsverage reservoir permeability has
been determined

For each aquifer interval (defined in section 2dglculated porosity logs
can be transformed to permeability logs (using &gna2.3) if core plug

measurements were available for the specific aguiterval at the specific
well. As core plug measurements are not availableach well, this resulted
in a much smaller permeability dataset comparetegorosity dataset.

In order to use the full porosity dataset, averémgarithm of reservoir

permeability In(k..) was not interpolated from the calculated perniiggbi
data points, but directly calculated from the (iptdated) porosity, using the
porosity map as in input (step 1). In order to gkte the average aquifer
permeability, the linear relation between averageogity and the average
logarithm of the permeability has been determinesihig the wells with core

plug measurements:
IN(Ko.) = Aue + Biod ec wooeereerernnrnnnnnnn.nn.(€QUAtion 2.4)

The average porosity and permeability data were imdda from the
calculated porosity and permeability logs, suppletee with averages from
core plug measurements, for wells where logs assing.
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Figure 2.13.. Step 3 in workflow. Average reseryoarosity vs average reservoir permeability (foe t
ROSL-ROSLU reservoir). Each data point representget where core data could be used. The linear
relationship is marked by the slopedand intercepts A used in equation 2.5.

Despite the limited (sampled) thickness spanneddogs, core averages and
log averages from the total interval showed comgargoro-perm data-
points.

In the mapping we need to make a correction of ipred average log

permeability using the linear trend to fit exaditythe average permeability
in the well point. To this the trend is correctedthwthe residual of

permeability (In(ko) at each well).

The permeability residuals were interpolated witle @$ ordinary kriging.
With this approach, local trends of diverging paepermeability relations
are spatially interpolated. Finally the average i@gupermeability was
calculated with equation 2.5.

IN(Koe) = Ace + Bog ros T IN(Korio )y wvvveeene (Equation 2.5)

Where In(kro)X,y is the spatial interpolation of the residubpermeability

Transmissivity
The modal value of transmissivity was calculated royltiplying the
thickness and the average log permeability of thefar (equation 2.6).

KH res = €"ke 1 rververveiiieeeeeen .. (Equation 2.6)
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2.5

P50 Permeability K [mD] P50 Transmissivity [Dm]

ROSL-ROSLU ROSL-ROSLU

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

Uncertainties in aquifer properties

Uncertainty in porosity

Porosity has been assumed to be marked by a nafisiibution. The
uncertainty of the calculated average porosityhatwells is approximately
+/- 5%. The unknown composition of the drilling mex consequently fluid
density caused this uncertainty. Furthermore theedainty of the
interpolation of the porosity data-points is expexs as the standard
deviation as a result from the kriging interpolat{sp). The used variogram
is leading, taking the 5% uncertainty at the wehigion is the nugget effect.

Uncertainty in permeability

Permeability has been assumed to be marked byreodogl distribution.
The average value ofKkns given by the equation 2.5. The standard devnati
is given by the standard deviation of porosityy (see above) and the
standard deviation of the residual from the poyegépth trend In(&ro)sp

In(RreS)SD = \/(BresfSD)2 + (m(kerror)SD)2 (eq 27)

ONGERUBRICEERD



ONGERUBRICEERD | TNO report | 28/61

Std-dev In K

ROSL-ROSLU

Figure 2.15 Uncertainties in permeability of the ROGROSLU aquifer.

Uncertainty in transmissivity

As mentioned in the introduction, transmissivityhigh is the mathematical
product of permeability and thickness, is key tdf@enance of aquifers. The
kH distribution has been generated through MontéoGampling, assuming
a lognormal distribution for k, and a normal distriion for H. From the

Monte Carlo samples the P10, P50 and P90 values been extracted at
each location in the map, resulting in P10, PSOR9@ maps.

Please note that the modelled transmissivity thistion is not symmetric, in

which the difference of P50 and P10 is generallyjcimbigher than the
difference between P50 and P90.
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P50 Transmissivity [Dm] P90 Transmissivity [Dm]

ROSL-ROSLU ROSL-ROSLU

Figure 2.16 P50 and P90 values of the transmigsifithe ROSL-ROSLU aquifer

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

The generally poor quality of older well logs and 3Bismic data, the
structural complexity, and the preferential occnoe of oil and gas in
uplifted fault blocks, hampers mapping of Lower @oetous Rijnland Group
aquifers in the West Netherlands Basin (WNB, Fid.72 Therefore sand
facies and properties of the aquifers in the WNBehlaeen modelled in 3D.
The coastal facies of the Rijnland Group have aively robust character,
because—although narrow—they mainly consist of rédiie extensive
deposits. In the 3D model the entire Rijnland Graogerval is modelled
without defining the individual members. This apmioahas resulted in
stacked aquifers, which are encoded with KNWNB ieffioGIS™.

In the 3D model, gamma ray logs were used to ifleatjuifer intervals in
the Rijnland Group. Based on these logs a 3D siinofdcies model was
made, based on 50 stochastic realisations. For eaalsation the net
thickness (= thickness of yellow voxels in Figurd®, and the average
permeability within the net sand thickness intesvhhve been calculated.
Based on thickness and permeability, the transwitigglistribution has been
determined. From the 50 realisations, maps have beastructed for the
P50 values of thickness and transmissivity (Figr&9). To maintain a
possible 3D correlation between permeability andkiiess, the uncertainty
of the aquifer hydrological properties has beenyfihcorporated in the
uncertainty of the permeability by adopting a lognal distribution. For
more details about the approach and results o8Eheodelling study of the
WNB, the reader is referred toThis model contaimesdquifer interpretation
for the Rijswijk, Berkel, IJsselmonde and De Lieembers in a stacked
approach. In ThermoGI8 property maps for these stacked aquifers are
encoded with KNWNB. For more details about the apph and results of
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the 3D modelling of the WNB the reader is refertedVis et al., 2010.
Figure 2.18 gives a view on this model.

Figure 2.17 distribution map of lower Cretaceousifegs stacked into KNWNB.

Figure 2.18 Cross section of the 3D voxel modéheflower cretaceous stacked aquifers (Figure 2¥iljow

corresponds to net sand.

On the basis of the 3D model study, the distributbthe net sand thickness
has been calculated. To this end 50 model simukatimve been realized.
For each realization the net thickness (= thickmésllow voxels in Figure
2.18), and the average permeability in the netktiéss interval has been
determined. These realizations maps have been wvsednstruct the P50
values of thickness, permeability and transmisgifftigure 2.19). In order
to maintain a possible 3D correlation between pabiigy and thickness,
the uncertainty of the aquifer hydrological propest has been fully
incorporated in the uncertainty of the permeabibiyopting a lognormal
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2.7

distribution, choosing the uncertainty of the tmeks to a negligible low
number.

Figure 2.19. Net thickness map of the lower Crataseésroup in the West Netherlands Basin (cf Figui8)
Temperature

The depth of an aquifer is mapped to determine ¢nepérature. In the
current version of thermoGIS™ a fixed temperaturadnt is used to
compute the temperature at a certain depth. Forctmaputation it is
assumed that

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

By the end of 2010 ThermoGI'$ will be updated with results from a 3D
temperature model which is based on temperatursuneaents.

In thermoGIS™ alternative temperature maps are lablai in the
OVERVIEW scenario, property temp2000m and temp5Q0@responding
to 3D modelled temperature at 2000 m and 5000 nhgidal 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) stackemps have been
generated from a vertical accumulation of aquifevhjch tend to give a
better performance if these are perforated.

K, Ink-stdev, H, h-stdev . Particular focus has been to generating
stacked maps of permeability and thickness. Thequore has been the
following. The transmissivity (kH) distribution foeach aquifer has been
generated by monte carlo sampling with normal ihistions for thickness
(mFH, s=HSD) and In K (¥In(K), s=Ink-stdv). Sumh is the sum of H
values. From sumH a stacked In K distribution igedained as Ln (
sumKH/sumh). From this the P50 value is determiaed the exponent of
this value corresponds toof the stacked aquifers, the standard deviation of
this distribution corresponds to lgK

The thickness of the stacked aquifers is set to swithl a fixed standard
deviation of 0.0001.

For stacked maps the top depth is set to hdepthhickness. Iy is the

average depth of the aquifers weighted for theierage transmissivity.
Porosity maps have not been generated.
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3

3.1

Performance assessment

In building ThermoGI$" it has been recognized that many stakeholders,
including governmental bodies, green house devedopmiilt environment
developers, investors and insurance companies aawed for quick scan
facilities for geothermal potential.

For this broad variety of stakeholders dedicateghsmaf key performance
indicators have been calculated at a grid spacirigkan. The major aim of
the maps is to allow investors and policy makerdoimus on prospective
areas for geothermal development which can be prexinoy further detailed
study and at the other end of the spectrum to ptewenecessary detailed
studies in areas which are not well suited.

The presentation of the key performance indicatqusieave been split up in
two sections. Section 3.1 describes the first ordaps of Heat in Place
(HIP), Potential recoverable heat (PRH) and Reablerheat (RH). These
maps correspond, respectively to a) theoretical Ww&ch can extracted, b)
heat which can be extracted using today’'s techiyolagd particular
application (c) heat which can extracted from tlypier under current
economic constraints, adopting a gas price of 2h&s

Section 3.2 describes in more detail the techracal economic aspects of
the performance assessment for a theoretical doableach location of the
recoverable heat map. The following key performant@ps have been
included in ThermoGI¥': power, unit technical cost (UTC), net present
value (NPV), well pressure, and well distance

The power, unit technical cost (UTC), net presenuergdNPV), and well

pressure maps have been presented for P90, P5®Hhd/alues of the
transmissivity. This allows getting insight into tisensitivity of the key

performance indicators to the most important aquifecertainty. The maps
have only been presented where the P50 valuerdrtrigsivity converged to
valid COP (for further details see section 3.2).

Apart from the maps, users of Thermo&iSare capable to reproduce and
investigate the map results in more detail at acgtion. The results of such
a site-specific analysis can deviate slightly fritv@ 1 km grid results. This is
a consequence of more detailed input (in particdeggth and thickness) in
the site specific assessment at 250 m resolutionpaced to the 1 km
resolution of the performance maps.

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

Key to constrain the earth’s heat potential to tedbgical and economic
constraints for geothermal energy is a progresiitezing approach starting
from the heat budget in the aquifers. This is tHated through the capacity
pyramid (Figure 3.1).
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HIP: Starting point at the base of the pyramid is ieg@lace (HIP) in GJ/f
or PJ/kmi.This is the heat capacity of the reservoir (cf.fliém and Cataldi,
1978). Heat in place is the maximum theoreticaktyractable heat in the
aquifer. It is the product of weighted volumetrieat capacity of rock and
pore fluid times the volume of the rock times thenperature difference of
reservoir and average surface temperature:

HIP = (T - To) h 10°

Where
. = Total aquifer heat capacity [JnT ]
Aquifer temperature [ C)
Surface temperature [ C]
Aquifer thickness [m]

T
To
h

t= erw"'(l')crrr

= Porosity [-], default 0.15
cw = heat capacity of formation water [J/kg*ICdefault 3772
rw = Density of water [kg/ i), default 1042
¢ = heat capaciteit of formation rock [J/kg[; default 1000
r. = Density of rock [kg/ ], default 2600

In the calculation of the performance mapshas been set to a fixed value
using the default values.

PRH[GJ/n? or PJ/kni]: One step higher in the pyramid is the Potential
recoverable heat. This is the heat which can bevezed from the reservoir,
unconstrained by techno-economic limitations, pextive of flow
properties. It is assumed that due to legal reasonblets are oriented in
rectangles, enclosed by circles which are centeredhe injector and
producer well and which touch each other at half (Fag. 3.2). In a doublet
system of an aquifer about 50% of heat can be tealyrecovered, before
thermal breakthrough (cf Gringarten, 1978). Furtther layout of multiple
doublets will not be ideal, due to geological amdreomic reasons, leaving
unrecovered heat in the space which can not kelfiti further (Figure 3.2).
Taking into account these effects it is assumed ttiatrecoverable heat is
about 33% of the HIP. However 3D heat diffusioreefé can delay thermal
breakthrough up to 50% and heat extraction can (% #creased (e.g.
Ungemach et al., 2005), depending on local reseoasiditions.

Further the PRH is calculated replacing surfaceptature with injection
temperature for a specific application, and puttimgassociated lower limit
to production temperatur€onsequently, compared to HIP, less heat can be
recovered and particular areas will not be avadlafor heat production,
depending on the minimum required production temiee. Therefore the
volume of rock in PRH is a subset of HIP. For ghemrse applications the
minimum production temperature is assumed to b€ 46fd the temperature

ONGERUBRICEERD



ONGERUBRICEERD | TNO report | 35/61

of reinjection 25°C. For the spatial heating thenimum production
temperature is assumed 65°C and re-injection & 40°

RH [GJ/m2 or PJ/kn?l]: Techno-economically Recoverable Heat, assuming
local heat demand. This map has been calculated RP&H taking into
account a doubletcalc performance evaluation (&taits see section 3.2) at
each location taking into account temperaturektieéss, permeability, depth
and thickness of the reservoir. A detailed explamabtf the performance
evaluation is given in the following section.

Key performance indicator to determine RH is UnitHigical Cost (UTC)
from the Cashflow calculation for a specific apgation (greenhouse or
spatial). The volume of rock in RH is a subset oHPRsing a cutoff for the
UTC. The cutoff value has been set to 6 EUR/GJ whainesponds to gas
price of ca 21cts/h So the RH map shows areas where the heat can be
extracted with a cost of energy which is less thas heating at a gas price
of 21cts/m. In addition regions have been clipped to gassield

y ‘z\
4-/,4.. D
// 4 MRH \\\ Matched to demand
/ RH: N
/ Recoverabie
/ Heat \\: Economically recoverable
w today / \\
g ; :
g / _PRHPotertial \
o £ 3
= / \ Technically recoverable
- Y. \
4 Y
/
g Y
/ HIP: Heat In Place N\
/ \ Heat in subsurface
s \
N\
2007 ,/ \\
/ 5,
Figure 3.1 Progressive filtering of theoreticatealistic capacity (modified after Bradshaw, 20@3e text for
details
r
d 100¢
producer Injector o
¢ o 500 1000 1500 2000 2500 3000

Figure 3.2 (left) Doublet layout. Within rectangléth sides 2r and 2d ca 50% of heat can be recdJeztore
thermal breakthrough (right, blue colored regiorresponds to cooled area)
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Figure 3.3. Random placements of doublet rectangdssilting in ca 27% recovery of heat.

HIP [PJ/km ?]

ROSL-ROSLU

Fig. 3.4. map of HIP of a Permian rotliegend aquiROSL-ROSLU) in thermoGIS
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PRH [PJ/km ?]

ROSL-ROSLU

Fig. 3.5 map of Potential Recoverable Heat of arfRar rotliegend aquifer (ROSL-
ROSLU) in thermoGIS
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RH [PJ/km 4]

ROSL-ROSLU

Fig. 3.6 map of Recoverable Heat of a Permianageind aquifer (ROSL-ROSLU) in
thermoGIS
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3.2 Techno-economic performance calculations

It should be emphasized that prediction of prodym®der and performance evaluation
is strongly dependent on technical and economignaggons respectively. These may
vary depending on local geological setting (emit to flow rates and injection and
production pressure) and can vary over time (gayernmental funding, project
developer equity and depreciation constraints,ear@tgy prices) .

The techno-economic performance has been calculatag doubletCalc (Mijnlieff et
al., 2009) extended with an economics module. &kisnded version of doubletCalc is
proprietary to TNO, whereas the technical modwesrce and executable code are
publically available fronwww.nlog.nl(Mijnlieff et al., 2009)

The extended version of DoubletCalc is a so cdfietimodel (Fig. 4.7) for the
geothermal value-chain which, under simplified masumptions for reservoir
behaviour is capable to predict within a mattesexfonds produced power for a
geothermal doublet. Through a monte-carlo samgjmgroach the fastmodel, such as
adopted in DoubletCalc, is capable of analyzingetffect of uncertainties in the
subsurface on performance characteristics (e.g.Wees et al., 2010)

/ " Indicators \\

/ Technical Economic .
s NPV

uTG
) / Power \
P 4 N\
) / Aquifer | Underground ) Cash Flow \
/ Properties Engeneering economics \

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

IIII’

Details of the technical aspects of doubletCalégperance calculation are
given in this section, economics details in thetnex

The main aim of the technical performance assedsisehe prediction of produced
power. The produced thermal power (E) is linearpprtonal to the temperature
difference of produced and reinjected temperafli® = Tyoduction = Tinjection) and flow
rate of the produced water (Q3im]), multiplied by a constant :

E [MWth] = DT Q Gyrine 10%/3600
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E [MWth] DT Q 1.2x10°

The flow rate Q is strongly dependent on aquifepprties as well as engineering
parameters. Flow rates increase proportionalljp¢onmathematical product of
permeability(k) and thickness(h) and the pump pregpres). For more details on the
physical assumptions in doubletCalc we refer todiecription of doubletCalc
(Mijnlieff et al., 2009). Figure 4.8 gives a schaio overview of key parameters
influencing flowrate.

Doublet performance

Flow-rate Q

Permeability X thickness

N,/
20kH

Q=Dp ]
mln -S Dp
foo

Which consume electricity

Dp is restricted by safety
measures

Dp at surface does not linearly lead to
Higher flow rates (friction in tubes)

Fig. 3.8 key equation and parameters for doubdstriite.Dp refers to pressure difference between the
injection and proction well at bottom hole conditsPal], L is distance between the wells,
typically in the order of 1000-2000 m, well radius[m], S skin factor[-] and m viscosity
[Poise]. For further details see Mijnlieff et &009).

3.2.1 Input values for underground properties

The thickness and permeability are most signifi¢anflow rates and power. P90, P50
and P10 values of transmissivity have been usedpfnformance calculations,
capturing the most important source of uncertaiiitye depth and temperature of the
aquifers have been assumed constant. For morelsdetai the mapping of these
properties and underlying uncertainties the reasleeferred to section 2 on property

mapping.
Chemical composition can have a strong influenctheriong term performance,

resulting in scaling and other damaging effectseidormance. In thermoGIS these
effects have been discarded.
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Viscocity is assumed dependent on temperaturealidty adopting a salinity of
70000 ppm.

3.2.2 Choice of engineering parameters

Pump pressure determines strongly the flow rate.applied pressure is dependent on:
Target Coefficient of performance (COP), defined thg ratio of thermal
power and power consumption by the pump. The taEg2® limits the flow
rate, as friction in the boreholes increases expiowaly with increased flow
rate and subsequently limits pressure of the puips.target COP has been
set to 15, which should be interpreted as lowett fion renewable energy.
Safety limits of pump pressure. Pump pressuremsitdd to safety limits to
prevent induced seismicity and leakage along tmehmde. , It is assumed that
the pressure difference applied at surface comditifor injection and
production is at maximum 2/3 and -2/3 of the hythtis pressure (ca 100
bar/km). Part of the applied pressure (ca 10-28%)st due to friction in the
borehole, resulting in bottom hole pressures whighat maximum ca 60% in
excess of hydrostatic conditions in the injectioellvand ca 60% lowered in
the production well. technical limits on pump press In most cases the
pressure limits are less constrictive than the GR.

Technical limits to pump pressure. An upper limit300 bar for the total
pressure difference of the pump has been assumed

To a lesser degree well distance and boreholegsadiso influence performance. The
outer and inner borehole radius have been correépgto diameters of 8 and 7 inch
respectively. The well distance has been determiteeatively to sustain a lifetime of
75 years for the flow rate corresponding to the y&lOe of transmissivity. The
argument for this long lifetime is to be capablstain at least 2 times higher flow rates
if aquifer performance is siginifcantly better thexpected.

The resulting power, required pressure and thetadapell distance are presented as
different maps in thermoGIS at the resolution &hi. The power, pressure and well
distance maps have only been generated at locatioeie the p50 value of
transmissivity is higher than 1Dm, and where a @®DP5 can be reached.

In order to illustrate the sensitivity of thermalvger to the depth range and natural
uncertainty in transmissivity of geothermal aqusfer the Netherlands, we have shown
predicted power for the ROSL-ROSLU aquifer in F8)9. The results demonstrate a
strong dependence of power related to temperadisra {unction of depth) and
transmissivity in the aquifer.
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P50 Power [MWth]

ROSL-ROSLU

Figure 3.9 Power produced (greenhouse) in the RRSELU aquifer for the p50 transmissivity

3.3 NPVandUTC

For characterizing theconomigerformance of geothermal projects, we have chosen
Net Present Value (NPV) and Unit Technical Cost@Q)@as key performance
indicators. The definition and interpretation of WBnd UTC is discussed in this
section.

Net Present Value is defined as the total presgioe (PV) of a time series of cash
flows. It is a standard method for using the timmkie of money to appraise long-term
projects. Used for capital budgeting, and widehptighout economics, it measures the
excess or shortfall of cash flows, in present védums. To calculate NPV the cash
flow is discounted back to its present value (PV).

R
(1+i)

, where
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t - the time [year] of the cash flow relative te ttart of the project

i - the discount rate (the rate of return that cdndcearned on an investment in
the financial markets with similar risk)

R, - the net cash flow (the amount of cash, inflowmusi outflow) at time

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

Figure 3.10 gives an example of the calculatioNBY for a geothermal project during
its exploration and production lifetime. The detate further delineated in the
following section. Important to note is that prodddeat is considered to be sold at an
energy price which is equivalent to the alterna@mergy source (e.g. gas). In this way
the project is treated as an individual investnpenject.

Unit technical cost (UTC), also known as levelizggbrgy cost of energy is represented
by the total cost over the life time of a heat falong asset related to the provided
energy. The calculation of the UTC gives the opptty to compare different energy
providing technologies to each other and to thegsrivhich are paid on the energy
markets. For geothermal energy, its calculatidmaised on the estimation of site- and
project-specific conditions on power which can bedpiced, electricity consumption by
pumps.
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Figure 3.10 Cash Flow calculation of a projectrfirdan Wees et al., 2010). NPV for the project
corresponds to the forecasted Cumulative Discou@itesh Flow CDF at the end of the
lifetime of the project (3.1 min euro). In case fiteject would have been aborted due to
legal problems in year 3, the NPV would be -34 .rilne CDF is the accumulation of the
discounted cash flow (DCF). The DCF equals the sealinted Cash Flow (UCF) corrected
for the discount rate. The UCF is the sum of reresn capital expenditure and operating
expenditure (CAPEX and OPEX), corrected for taxo\@h cash flow shows high CAPEX in
first years related to drilling and constructiorsofface facilities

Summarizing the following maps, resulting from gegformance calculation, have
been incorportated in thermoGIS.

Power [MWth]: power of the doublet from the doubletCalerformance assessment.
UTC[EUR/GJ]: Unit technical cost of the doubletCatrformance assessment
Welldist  [m]: well distance from the doubletCalc performamassessment. This has
been set fixed to allow a lifetime of 75 years, ffowrates in agreement with the p50

value of transmissivity.

Pressure [bar]: This is the cumulative pressure differentéhe pumps in the
geothermal loop, which has been applied in the tGhlc performance assessment

NPV[mIn EUR]: This is the Net Present value of thejgct (extracting the heat)
resulting from the doubletcalc performance assessii¢ith a selling price of heat
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which is the same as 6EUR/GJ, the NPV =0 contwenefore 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 calcufatetie P90,P50 and P10 value of
the aquifer transmissivity. The doubletCalc assessns constrained by a COP of 15,
and a maximum pressure limited to 2/3 of the hy@tasgradient. If this COP cannot
be reached for the P50 value of transmissivityyaaes are shown at that location.

P50 Unit Technical Cost [EUR/GJ]

ROSL-ROSLU

Figure 3.11 Unit Technical costs for extracting ploever in Fig. 3.9 (greenhouse). A gas price ot&iht3
corresponds to 6 EUR/GJ
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3.3.1 Cash Flow calculation

The cash flow is a function of Cash in and cash(Bigt. 3.10). After taking into
account the effects of Tax and royalties, it i€disited and cumulated in order to
provide a Net present Value (NPV) or Unit TechniCakt (UTC)

Cash in

The Cash-in [mIn €/yr] for a single year is giventhe (virtual) heat sale.

C

cash_in_ year = Cheat_year (1)

Cheat_yeafelates to the Selling price of heaged price_sef€ /GJ] and the heat which is
produced:

C MW, 360CE 10° (2)

heat_year — eat_ grossR'unninghrsl yr heat_ price_sell

Riunninghrsiyr has been calculated from a season factor multiptiehe number of hours
in a year

Rrunninghrs/ yr = Cseasorl factor8760 (3)

Cash out

The Cash out consists of Capital Expenditure iteB#APEX), Operational Expenditure
(OPEX), royalties and Tax.
C =E

cash_out_year capex_year + Eopex7 year + Etax7 year

(24)

CAPEX is related to investments made for the healh@nger, well stimulation —if any
- and other costs. These are one or more of thefivig terms depending if they are
built in the specific year.

Ecapex_ year — 2Ecapex_ well + Estimulatitm_othercosts + Ecapex_ heatexchayer

+ npum;Ecapex_ pump

The number of pumps is assumed to be one.
The capex items have been assumed fixed (seers8chidor default values) except
well costs. For the wells the capex has been stalddlling depth z[m]:
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Ecapexfwell = Ewellcostscaling (0'22R2 + 7OOZR + 250)(103 )106
well costs [min EUR]
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Figure 3.12 wellcosts as a function of depth, sidgm wellcostscaling of 1.5

OPEX relates to yearly operation costs for the tpdaud wells, consumption of
electricity and refurbishment of pumps. A fixed gaErtage (Bpex fixed and variable
opex (Bpex_varianiy @S @ function of heat produced have been used:

Eopex_ year = Ecapex_ activeEopex_ fixed + MWheat_ produced_grossEopex_ plant_variable

(26)
- 8
+ npumpErefurbishmant_ pump + epumpRrunninghrs/ yr 36Oazprice_buylo

Erefurbishment_pumdS NOt each year, the replacement of the pumplisaiter few years
(default value every 5 years). This time between t@placements is given by

Eyears_fo r_fit
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Taxable income is calculated as

Etaxable_ year = MaX(Ccash_in_year - Ccash_out_year - Edeductable_capex’o) (28)

The deductible Capex follows a SCLA (Straight Li&apital Allowance: Each capex
item is depreciated in equal parts over the sptifiumber of years).

Costs for tax deduction (e.g. investments priaetenues especially at the start of the
project) can béransferred to a number of following yeadetermined by Gii. It is
recommended to use a number equal to the lifetinieegproject, meaning that cost can
be deducted always as soon as revenues occur.o&ptén is made in the case of
Cupiit =0. In this case it is assumed tarporate tax compensatiatcurs through
profits elsewhere in the company. The resultingréaiuction is taken into account as
additional income when cash flow is negative.

Tax is a fixed percentage of the taxable incomsyltiag in the yearly cash flow:

E =E E.. (29)

tax_ year taxable_year

E =E

income_after_tax_ year

E (29.1)

taxable_year tax_ year

Phasing of cash in and cash out

The CAPEX terms are made before the first heatddyred (¥t nea), typically
various years after the evaluation stagi{yaio). The time for the evaluation.{jaion

is followed by the drilling of the wells, which aassumed to be drilled within a year.
Possible lagging times (tlagging) precede a nurobgears required to build the heat
exchanger.

+t

yfirst_heat = yevaluation drilling + tIagging (30)

3.3.2 Discounted cashflow, NPV and UTC

The discounted cashflow is calculated as:

E

income_after_tax_ year
E, . = e 31
income_discounted_year (1+ E )(year— yeva\ua!ion) ( )

dicountrae

The Net Present Value is calculated as the sumeofliscounted income:

year=economiclietime

Y€ar=Yevauation

NPV = E (32)

income_discounted_year

The Unit Technical Cost is calculated as the ratia) the cumulative discounted yearly
Cash-out and b) the cumulative discounted elettrarioduced.
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3.4 Glossary of input parameters in the technical Perfonance Calculation

Acronym Unit Description Default
value
Sproducer [-] Skin factor production well 2
Sinjector [-] Skin factor injection well 0.5
10

Tsurface [C]
Ty [C/km] Thermal gradient sl

Minimum temperature for 45
Tproduction_greenhouse [C greenhouse heating

Re-injection temperature for 25
Tinjection_greenhouse [C] greenhouse heating
T _ _ [c Minimum temperature for spatial 65

production_spatial heating

Re-injection temperature for 40
Tinjer:tion_spz:ltial [C] spatial heating
Iy [inch] Inner Borehole radius 0.5x7
Noump [-] Punmp efficiency 06
W s . 1.38

roughness [milli inch] Tubing roughness
Major outputs used for the economic
Acronym Unit Description Default value
Calculated by
MWheat_gross [MW1h] Thermal Power DoubletCalc
. Calculated by

€pump [kWh] power consumption of the pump DoubletCalc
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3.5 Glossary of input parameters in the economic Perfanance Calculation

. o Default
Acronym Unit Description
value
0.6
Cseasonfactor ['] Season factor
Eneat_price_sell [€/GJ] heat price for sales 6
Eprice_buy [E€cts/kWh] electricity price for operations 8
Ecapex_heat_exchanger [min €] heat exchanger cost 0.1
. 15
Ewellcostscaling ['] We”COStSCElllﬂg
Estimulation_otherscosts [mIn €] stimulation and base plant costs 0
injection/production pump initial 0.5
Ecapex_pump [mln €] cost
% of ) 5
% fixed opex as percentage of the
Eopex_ﬂxed Capex, .
capex active
min €/yr]
opex depending the power 0
Eopex_plant_variable €/GJ pE)OdUCGZ g P
0.25
Ereturbishment_pump [min €] pump workover cost
5
Eyears_for_fit [yfs] pump replacement
Etax [%] tax (% of taxable income) 255
Ediscountrate [%] discount rate for cashflow 7
Funding from the governmentto 1.5
£ _ [min] the project. In Dutch situation
gov_funding_greenhouse “MEI subsidie”. To compensate
capex costs
£ _ _ [min] Funding from the governmentto 0
gov_funding_spatial the project.
Number of years that tax 100
deduction can be transferred to
Eupiitt [yrs] a number of following years. If
uplift is zero, that investments
can be depreciated instantly
Each capex item is depreciated 10
Edepreciation [yrs] in equal parts over the specified
number of years
Percentage of investments 40
Eeia [%0] which can depreciated from tax
in first year
Npump [ number of pumps 1
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3.6 Relating aquifer properties to key performance

In thermoGIS main uncertainty in performance islaited to transmissivity, related to
a high uncertainty in permeability, typically madkey a standard deviation of InK of 1-
3 (ca 300-2500%), taking into account. This undetyaincorporating underlying
uncertainty in porosity, is a an order of magnithigher than any other uncertainty
including depth (ca 10%) and temperature (20-3@%afconstant geotherm as adopted
now in thermoGIS and 10-20% for a 3D model basedehdata.

Consequently for first order assessments of trecetff uncertainty it is sufficient to
incorporate transmissivity effects.

3.7 expected monatory value and adjusted interpretatiorof recoverable heat

Uncertainties in a project’s technical and econométrics result in variability of
economic UTC and NPV. If, as a result of the uraiety (e.g. a lower than expected
flow rate), UTC is marked by higher than expectattomes, it is to be considered as
risk. However, desirable consequences of unceytaimt also observed through a lower
UTC, for example when the flow rate is higher tleapected. For Economic
performance assessment of projects prior to exgidoractivity, the UTC cannot be
used, as the project may be aborted at an eadg stiscertain costs without having
delivered any heat. In order to take this effetrt mccount the Net Present Value (NPV)
is generally preferred to be used over UTC.

Financially, risk is defined by the downside, wheuals the average returns below the
target of NPV>=0 (cf Markowitz, 1952, Sharpe, 196&)e probability of a negative
project outcome is related to the probability dgnfsinction of forecasted NPV prior to

a project-phase execution. The value-chain integramodels, as introduced in the
previous sections allow to assess the impacts adrntainties in technical and economic
parameters in expected NPV distributions, with ipldtruns and using monte-carlo
sampling .

Figure 3.13 gives an example of an NPV distributidopting various subsurface
uncertainty in transmissivity. The average perfarogais positive, but due to the
uncertainties there is probability of 43% that f@sted NPV is less than 0. The
resulting calculated risk is 1.5 min Euro. Thelitaility of Succes (POS) is defined as
the probability of having a successful project whie 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 min EURO and a downside (average loss under
yellow area) of ca 2.4 min euro. Capability to abort the project after a first well (cost
3.5 miIn Euro) appraising transmissivity provides a significant reduction of downside
down to ca 1.4 min and increase in expected return to ca 3 min Euro.

In geothermal projects, the downside poses a ceradite financial risk, which often is
ensured. For ensurance decisions the ProbabilBuo€es is an adequate measure.

For the dutch “garantiefonds” facility a thresh®®S of 90% has been adopted.
Consequently for a project developer it can be edghat NPV should be equal or
larger than zero at the p90 of the NPV distributionapply to the “garantiefonds”
facility. For the NPV distribution in Fig. 3.13 thlp®0 value is significantly lower than
zero. Plotting p90 values of NPV In map view (R3dL4), it becomes clear that only
limited areas can be developed, where the p90 \IN®V is larger than 0. However
adopting the p50 values a much larger area caebaaped.
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Project developers have recognized that the p®riom is rather strict. They have
worked around with private ensurance schemes alp¥ar a lower level of POS than
90%.

This touches upon on the question of what is asteaPOS for geothermal
development. A number of arguments favour a mualetdOS (60-70%):

- upside compensatioProject developers can use higher that p50 NPV
outcomes (upside) to compensate for negative owdsofrhis systematic is
commonly used by oil and gas companies. In prattie®il and gas industry
is capable of accepting a POS of 20-70%. POS ithgemal development
needs to be higher as the revenues in case oftvpasitcome are not as high
as in oil and gas.
spatial correlation-group risksProject developers can take advantage of
spatial correlation in uncertainty in local devetomts. If spatial correlation is
strong a single exploration well allows a more thinterpretation for the
specific doublet developed, but also for adjacenibdets planned to be drilled.
The correlation can significantly reduce the rigksharing the risk of the first
exploration well among various developers. Van Wated. (2008) have
shown that such correlations for the Gas explangtiortfolio can significantly
alter the predicted future reserves
Uncertainty reductionA number of regional geothermal characterization
activities can aid in reducing the uncertainty, #wmdugh this increasing the
p90 value of NPV. A number of stimulation measutaggeted at uncertainty
reduction have been described in the report TN®40B82010-00473/A

P50 NPV [min €] P90 NPV [min €]

ROSL-ROSLU ROSL-ROSLU

Figure 3.14 p50 and p90 NPV value in agreement pbih and p90 transmissivity values for the ROSL-
ROSLU reservoir. Maps have been masked (purpler)ciol areas where NPV<0.
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3.8

Resource Assessment

The maps of Heat in Place, Potential Recoverab#g lH@d Recoverable Heat can be
have been generated for all aquifers and accunduiiate maps for greenhouse heating
(fig. 3.15-3.17) and spatial heating.

Integration over the map area gives the potenéat n the dutch subsurface for both
applications. Values for HIP, PRH and RH have kabenlated for p90,p50 and p10
transmissivity values for the different main aqr($¢ groups (Table 3.1 and 3.2). The
values have been displayed for greenhouse angkpaditing in the theoretical to
practical capacity pyramids (cf. Fig. 3.1) in F3g18 and 3.19 respectively.

The greenhouse recoverable heat (p50) amount®$s geating value of approximately
1/3 of the size of the cumulative Giant Slochtegesfield reserves and is sufficient to
supply the heat demand of an equivalent of 1 mifionses (25 PJ/y) for at least 1500
years.

The spatial recoverable heat (p50) amounts t@eéa.df the gross heating value of
Slochteren and is sufficient to supply the heatalehof an equivalent of 1 million
houses (25 PJJy) for at least 500 years.
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HIP [PJ/km ?]

All Aquifers

Fig. 3.15. map of Heat in Place of all aquifershiermoGIS. Units are in PetaJoulefkm
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PRH [PJ/km ?]

All Aquifers

Fig. 3.16 map of Potential Recoverable Heat (greesd) of all aquifers in thermoGIS
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RH [PJ/km 4]

All Aquifers

Fig. 3.17 map of Recoverable Heat (greenhousel) afjaifers in thermoGIS
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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 hadtrecoverable heat for greenhouse
heating for the p90, p50 and p10 transmissivity snafpall aquifers. The last column
displays the recoverable heat in equivalent Billip@) cubic meters of low caloric gas
(35.17 MJ/m3)

2015 ?

MRH Matched to demand

RH:
4 Recoverable

Heat Economically recoverable

38 x 103 PJ for greenhouses 1078 x10° Sm?

today

PRH:Potential

Recoverable Heat
1/3 g(Tres — Tin) h 10°

ThermoGIS

Technically recoverable
176 x 103 PJ for greenhouses

HIP: Heat In Place
g(Tres — TO) h 10 Heat in subsurface

2007 668 x 10° PJ

Fig. 3.18 From theoretical to practical capacitydreenhouse heating
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expectation | Aquifer HIP[PJ] | PRH[PJ] | RH[PJ] | RH[BCM]
RO-

P90 STACKED 396415 82079 57 2
TR-

P90 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]
RO-

P50 STACKED 396415 82079 10173 289
TR-

P50 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]
RO-

P10 STACKED 396415 82079 34757 989
TR-

P10 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 hadtrecoverable heat for spatial
heating for the p90, p50 and p10 transmissivity srafpall aquifers. The last column
displays the recoverable heat in equivalent Billip@) cubic meters of low caloric gas

(35.17 MI/m3)

ThermoGIS

2007

2015 ?
MRH

RH:
Recoverable
Heat

. )
today 12 x 103 PJ for spatial

Matched to demand

Economically recoverable

Ca 343 x10°Sm?3

PRH:Potential

Recoverable Heat
1/3 g(Tres — Tin) h 10-°

129 x 103 PJ for spatial

Technically recoverable

HIP: Heat In Place
g(Tres—TO) h 10°

668 x 10% PJ

Heat in subsurface

Fig. 3.19 From theoretical to practical capacitydpatial heating
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