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GEOTHERMAL ENERGYUNLOCKINGGEOTHERMAIPOTENTIAL

. CHALLENGES £ METHODS % IMPACT
) Extending the resource base for ) Geothermal reservoir ) 90% success rate of wells
urban heating characterization based on . .
) 75min+ Public Private

Geological Survey data

) lowering LCOE Partnerships in the development of

) Ensuring safety and sustainability ) Play based portfolio development geothermal energy for urban
heating
) Thermal models
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) RESULT
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Y ThermoGIS

TNO 7
DOUBLETCALCSTOCHASTIC TECHNECONOMIC MODEL

) Techno-economic analysis per XY

) Most important output DEPTH | THICKNESS
location on a 1kmx1km grid ) geothermal power S
) Technical model: ) flow rate PROPERTIES

) Optimization of well distance ) production temperature TEUMODEL
) Pump pressure optimization ) LCOE

DOUBLET
> Batch run of DoubletCalc1D (for PARAMETERS
different transmissivity p-values)
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OVERVIEWGEOTHERMAIPOTENTIAL

Geothermal wells
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GEOTHERMAL ENERGPLAY-BASEDPORTFOLIO APPROACH
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GEOTHERMAL ENERGY: SCAN EXPLORATION AND DRILLING
CONCEPTS

Bouroullec etal., 2019
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Rijswijk Center for Sustainable Geo-energy
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Hoist
= Pull 250 Ton
= Push 100 Ton
u Power 400 kW
= Stroke 16 m
= Rotary fable 37.5 *

Top drive
m Torgue 20 kNm

§ = RPM 200 rpm

= Power 250 kw

= Pressure (bar)/Flow (I/min)
350 / 2000

700 / 350

. Pipe handler

8 = Casingsize 2'/:1020 *
m Pipe length 135 m
8 = Capacity 4.5 Ton



GEOTHERMAIHEATFORTHERMALGRIDS SYSTEMNTEGRATION
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> Thermal energy storage

> Optimizationof KPIs
) costs
) sustainability
) flexibility

> Production

> Heat pumptechnology

WARMINGYP
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y GEOTHERMAL ENERGY:

Hydrothermal systems Petrothermal Systems
| ||

) pore pressure and temperature changes
) seismic hazard predictiomy practical (public)tools

) Identification ofregions & reservoirs h a t need

) Build confidence How good are our predictions?

UNDERSTANDINGNDUCEDSEISMICITY

Hot Sedimentary Aquifers

# of sites with M
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0 cec GEOTHERMAL ENERGY
P RESEARCH

Radial jet drilling
DESTRESS

Reservoir stimulstion

1926 First Indonesian geother-
mal test well, now biggest geo-
thermal field in Indonesis.

High tempersture wells

- Cooperation Mexico
GEOTHERMICA

A W A
IEA TECHNOLOGY - iR
ROADMAP Develop relisble exploration and assessment G E OTH ERM ICA *
GEOTHERMAL methods *

. ENERGY 2011-2050 *o Kk

o 2012 Resoure axsess GEOCAP: GEOTHERMAL S Pokins Perins pari i

= . . 'm (reservoir performance),

e e e CAPACITY BUILDING HestStore (ATES)
19858-2002 Inventory snd msp- msl electricity potentisl in Educstion snd resesrch * GeConnect (tight casing connec-
ping of geothermal potential. the EU. tions)

RES
FOR

¥ NATIONAL . INTERNATIONAL ¥

19821987 Mspping of potential
squifers for geothermal in the Neth-
erlands.

y 4
2010 Public tool for pre-drill geother-
mal capacity estimate.

ULTRADEEP
GEOTHERMAL

ﬁsnd 2D performance sssess-
ment tool

Resource mapping and assess-
ment for high tempersture aqui-
fer therms| energy storage Development ultradeep geotherms!
play in the Netherlands

drilling.

1986 First geothermsl ex-
plorstion well in the Nether-
lands.

2007 First successful
geothermal doublet in the
Netherfands.

A CENTURY OF DEDICATION TO GEOTHERMAL ENERGY



Surface heat flow as indicator for deep temperature

Norwegian Sea

Legend - Heatflow [y m-2]
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SEDIMENTARY BASINS - GLOBAL POTENTIAL
INDICATORS

Performance indicator generalized

Figure 3: World map of deep aquifer systems

Maximum production temperature
(depth < 3 km)
>50 °C
60 °C-80 °C
I 80 °Cc-100 °C
> 100 °C ‘ :
B No aquifer thickness data S : : |

M Poor Moderate Good very good excellent
- o — -

Geothermal energy in deep aquifers: A global assessment of the resource
base for direct heat utilization
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lepth interval starting at excess temperatures of relative to surface, and ranging to a maximum depth o map is based on s i a qs . a . . ab
heat flow data from Artemieva (2006) and sediment thickness information from Laske and Martens (1997). Local performance strongly Ph.L].'lee Calcagno » Fred Beekman”, Sierd Cloetmgh » Jan-Diederik van Wees
depends on natural heat flow ditions and surface P “ Utrecht University, Department of Earth Sciences, PO Box 80021, 3508 TA Utrecht, 1he Netherlands
Source: TNO, www.thermogis.nl/worldaquifer. ::NO P.O. Box 812’15. NL-ZS; TA Utrech, 'muzw ) o 6.2, 1 . Puilding A 60, 14473 Potsdarm, G
11 Delfs, Faculiy of Civil Engineering and Geosciences, PO.Box 5048, 2600 GA Delft, The Netherlands )
IEA 2011  National Research Council of Izaly, institute for Geosciences and Earth Resources, Via Moruzzi 1-56124, Pisa, Italy
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Minimal LCOE EGS 2020 Assumptions:
A Doublet
[EUR/MWAh] A COP =50
=;g° e A Tmin = 100°C
175 - 100 A Flow rate = 70 I/s
[ 1100-125 i —
100128 A Welcost scaling = 1.5
1150 -175 A Zmax = 7km
1175 - 200 H H —
== Hboeed A Stimulation costs =
B 225 - 250 20M euro
B >250
Douéd well costs (M€)
[1] 10 20 40 50 60 70 80
ol I_ I I I I—Wpﬂlcosl‘l.l'lte(s:lll) |
" —— Thermo Gis (s = 1.0)
— ThermoGis (s = 1.2)
2f \ —— Thermo Gis (s = 1.5)
- --- HSD
g ——
E TN
2000 km 81
]
10 H
Costs for Enhanced Geothermal Systems in 2020 +20min stimulation

Limberger et al., 2014
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3D REGIONAL TEMPERATURE MODELLING - NETHERLANDS

Physics-based 3D Updated 3D temperature Updated 3D temperature
Interpolating temperatures temperature modeling modeling - deep modeling - shallow
without geology - 2 = [
= 77.‘ . > o ] i g
TTA
v Y i
/ S 13 o
Temperature (°C) 4 '

80-85  mem <70 Qe
no data available 9 s0um

333 338RERELRRRERY

Lokhorst & Wong, 2007

Gies et al., under review

Bonté et al., 2012 Békési et al., 2020

Temperature modeling in the Netherlands
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&) v~ce DATA SASSIMILATION WORKFLOW

GraphView Menu EHD

Grid View of CA\L

ftDevBasin3D)

Basin3D:

&1 62 63

&4

65

66

67

68

23

~
37244 24837044 |2483.7244 | 1483 7244 |2483 7244 [2474.2583 |2474.2583 | 24742583 |2474.2583 |24,

[683857.1 : 5943830.0: 2160.0] 161114

Step 0
Multi-1-D model

Boundary conditions:
« Surface temperature
+ Heat flow at 10 km depth

h

( Step 1 )

Prior 3-D model

Boundary conditions:

« Surface temperature

» Heat flow at the LAB

Initial thermal properties
misfit

mod

\ ~/

»

Step 4
Update the vertical
thermal conductivity
of sediments

=

Step 3
Update the
radiogenic heat
production of the
upper crust

x

Step 2
Update the basal
boundary condition
(heat flow at the LAB)

Bekesi et al., 2017, for Hungary, GPC
Limberger et al., 2018, for Europe, 2018, GPC
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/ Step 5 \
Posterior 3-D model

Updated thermal properties

misfit

3
%

\
A ES-MDA
A 5000 runs
A User friendly

A steady state
A Runs on PC
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TEMPERATURE DATA

fiDeepo temperature database
o Raw data freely available after 5 years (s Temperatures Oil/Gas/Geothermal e

>~500 meters .

(httD//WWWfﬂqu) (~4100) A DST/RFT 2
. e A
o0 Selection of: : i
1. Bottom Hole Temperatures (BHT)

2. Drill Stem Tests & Repeat Formation Tests
(DST & RFT)

3. Production temperatures from geothermal =
wells

4, Fibre optics (FO) no data available yet
o Correction needed

Y_RD (m)

fiShallowo temperature database

o Shallower then 500 meters

0 ~400 wells with temperature profile
o0 No correction needed

300000

Bekesi et al., geothermics (2020)
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TEMPERATURE DATA AND ANALYSIS

Temperature (°C) Temperature (°C)

fiDeepo temperature database A 8
o Average gradient of 31AC/km N
0 ~1500 corrected measurements
AiShallowo temperature database
o Average gradient of 21AC/km E E
0 ~400 wells % :
T(z) = 10 + 31,4% T()=10+21,5% Y\ |\ -
4 Shallow database 4 Shallow database
® Deep database : ® Deep database

Gies et al., under review



Lipsey et al., Geothermics 2016
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INVESTIGATION OF THE LTG -01 THERMAL ANOMALY

Temﬁ)grature g[():)

0
0

1000

2000

E

23000

2 Dinantian carbonates platform
a 4355 - 5123 m (768 m thick).

Cored show dark-grey limestones

x-axis
0 1 2 3 45 6 7 8 9 10111213 14 15

5000

e Carbonate structure from
e seismic

6000

[ 2 3 4 5 6 7 8 9 M0 1M 12 13 4
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DEEP DUTCH TEMPERATURE MODEL

2012 1 Old temperature model (Bonté et al., 2012) . L N .
Could not fit higher temperatures at larger depth in the \ \ LTG-01 \ \ LTG-01
dinantian carbonates (LTG-01) \. ? \>
Hydrothemal convection in dinantian carbonates in the 3000 L ﬁ\
Luttelgeest well? s”mnl- \ 5"“"""|-
4000 L > I—

- Studies (Lipsay et al., 2016) show convection could - \ s '\r\ﬁ

OCCU r Dinantian -~ Dinantian L
2018 i New temperature model - deep —

?UCICIG 1 2 3 4 5 ] 1 2 3 4 5
Ewmikh) kW mK?)

Take into account possible convection A
Pseudo-convective approach
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PALEO -SURFACE EFFECT

o Based on climate proxy data
0 Weichselen A T, <= 0 AC and Holocene 10.000 year

o Influence on todays temperature profile
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Gies et al., under review
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INCLUDED

T('C)
5 10 15 20 25

IN MODEL

) Add paleo-surface effect in 3D temperature modelli
) Significant improvements
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CONCLUSIONS

) ES-MDA powerful data assimilation for
temperature and densiity models,
supports high res external constrains

» Temperature anomalies in NL strongly
dependent on conceptual constraints (deep

convection 1 paleo surface temp. effects)

) Easy to use, applied in various settings

48°N oo
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@ Dinantian drilled
platform (north)
platform (south)
platform (possible)

platiorm (structure) |
basin facies | s

TWT (sec)

N

s ow

A

ao re N - o
() yidep pajewns3

Calibrated with >3500 temperature measurements

Bekesi et al., 2017, Global and Planetary Change
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Mission Driven Approach Needed

AKPI definition Anowledge )
AFinancial incentives & Legal Aviethods & models
framework

ATechnology & Materials

AOpen Data and research
infrastructure VU o

AKPI monitoring

Policy &
Policy makers, legal

Funding agencies, SodM ’-ﬁ\

Geothermal & heat Operators,
Societal stakeholders

Academia, consultants,
technology providers

B
) Deltares 3

Z ECN' TNO ™

+ Geothermal & heat Operators,
Societal stakeholders

A>10 doublets/year

AMasters of Portfolio

ACost and Risk reduction
ASafe and efffective operation
Annovation ideas & needs

\__

Aield tests

Aield monitoring & validation
Alag ship projects

) 19-3-2019




