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) Geothermal potential of Dinantian carbonates - can we calculate that too?
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) GEOTHERMAL POTENTIAL

It is not just how much is in there,
but how much you can get out -
against economic rates
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Muffler & Cataldi, 1978, Kramers et al. 2012 *
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DOUBLET POWER

E [MW,,] = Q X dT X Cp

FLOW RATE Q

permeability X thickness

pressure 2 H

Q=Ap
o L |
viscosity u| In| — [=S | skin factor
rW
well distance
well radius
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figur ks DERS

Take home message for doublet power: all you need is...

Depth and thickness

Permeability

Temperature

and calculate QxdTxCp at every X, Y, Z
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) THERMOGIS WORKFLOW

i AQUIFER
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3D and 2D seismic
Wells

Well logs
Core plugs
Well tests
Burial / uplift

Borehole temperature

Heatflow model

currently 14 layers interpreted, more to come
Kombrink et al. 2012

Calculation of twt

using a stochastic

algorithm-> 500
realizations

SD

Calculation of VO

using a stochastic
algorithm- -> 500
realizations

l

Calculation of tvd
-> 500 realizations

4

Calculation of

Well stratigraphy — residuals

-> 500 times

Residual grids

!

Well tied tvd
-> 500 realizations

Seismic interpretation and time-
depth conversion result in depth,
thickness and error maps for main

geological units

28 aquifers are then added by
using well-controlled isopachs
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relationship between porosity

POROSITY AN D PERM EABILITY and permeability, varies per layer

3D and 2D seismic 3

Wells :

Well Iogs .60 0.05 0.1 0.15 ohi 02 0.25 03 035

Core plugs porosity and permeability
decrease with depth - take

Well tests

maximum burial into account

Burial / uplift porositeit [%]

horizontale permeabiliteit [mD]

0 -] 10 15 20 25
Borehole temperature L .
=8~ horizontale permeabiliteit [mD]
Heatflow model i
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£
. £
Porosity 2 i
<4 16 -20
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g-12 [ >24
12-16 o
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PERMEABILITY MAPPING WORK FLOW

Calculated well averages

|
1
< = =R ot
petrophysical 1 iA=L [nput
well data analysis @h (paverage kaverage
1
1

I process

* i * marked by uncertainty
: collocated regression
D subsurface co-kriging®| |Lnka) = C + Do,
4 *

models l
Y

Legend

k

] linear permeability trend permeability

porosity map transformation (3) trend map kriging @ map
ifer thick *
aquifer thickness o Koporane X H©
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TRANSMISSIVITY: OPTIMISTIC AND PESSIMISTIC CASES

P90 P50 P10

ROSL_ROSLU permeability P50 [mD]

-
W2
325
B s-10
B 10-20
[ zo0-50
[[] 50-100
[[] 100-200

[] 200- 500
[[] 500-1,000
[J 1.000-2,000
[J 2.000-5,000

[ >5.000
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) TEMPERATURE
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Discounted cash flow model
Generalized cost model based on Dutch doublets
Well costs depth dependent

Facility costs: base amount and power/energy

dependent o
Benchmarked with SDE+ figures
Main output: cost maps (P90-P50-P10) — \

Levelized (net present) cost of energy [€ct/k\/§/hi

Geothermal economic potential
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Economic parameters

economic lifetime

drilling time

annual load hours

well costs

CAPEX base expense (excl. wells)
CAPEX variable expenses (excl. wells)
CAPEX contingency

annual OPEX per unit power

annual OPEX per unit energy produced

electricity purchase price for operations

| tax rate

interest on loan
inflation
required return on equity

debt ratio
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ThermoGIS is a regional geothermal
prospectivity assessment tool
Over 1000 maps
Overview maps aggregating all aquifers
Input/output maps per geothermal aquifer
P90-P50-P10 probability maps
Different development scenarios

Location specific calculation tool

Economic potential classes
Good: P50 unit cost < reference price
Moderate: P30 unit cost < reference price
Indication: P10 unit cost < reference price
Poor/unknown: P10 unit cost > reference price

unit cost: cost per unit energy [€ct/kWh]

white areas: poor data availability
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) CURRENT DUTCH GEOTHERMAL LANDSCAPE
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) DINANTIAN PALEOGEOGRAPHY

Fluvial-lacustrine deposits
[0 Low to moderate sand content

Basin-fill deposits
Deltaic (medium to coarse-grained sands)
Shallow-marine (siliciclastic)

|| Interbedded clastics, coal, carbonate (‘Yoredale facies))

I Flysch (fine-grained)

[ Deep-marine (bituminous, fine-grained)

Carbonate deposits

[ Open-marine shelf (carbonates)

[0 Shallow-marine (coarse-grained, carbonates)

Sediment source and transport direction
m===p- Caledonian uplands
- Variscan Orogen
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DINANTIAN PLATFORM CARBONATES - CONCEPTUAL MODEL

permeability scenario's

Karst seen on seismic:

Dinantian below Chalk CAL-GT
subcrop (or other). geothermal
Outcropping in DE / BE doublets
S N

Post-Triassic

___Permo-Triassic

Northem ——
Netherlands S

— \‘I
2 North Frisian Black
N ; ‘\ Basin

N

0
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Average Dinantian porosity only 4% but zones with
higher porosity found (~10%, streaks to 20%)

CALGT-01-51 (MD] J ¥ E| T— =

b

% I

=

il

e 5 - . OT TEAT=E =D + prsiicn
; X [ TEmE ol ; ; ; + =
I cororan | + -
525 s 1022 1 T T O P = =

' GR DT . CMR PHIDT VSH — = =0 ]

|
i
vy
Al

R

[

I
ddh
fe

T | B e u Canam _Basa Kars
AT e ==L h=s=im) 8
T ] I — ———— —— I I

—

,1,["”' ‘

D\
I
A%

1800 J1592.2364.7]

1790 1584 F1380.1]

[\

D

\ 1]

\

U

allAd)

ey
el

AT

S M

1830 F1615.3413758.2

SE T i i E =

R i S 1800 f1592 Zf1354 7 *
r T ] K * I E = —_—

2000 1764 1452 4 3 1810 Fas00.<F1369 3] g L
L 1 q T 3E 3E E ] —_—

2100 —5—1353.;—1515.&5 1820 Jas08.41373.9 ]
r I ] 2 1 = F F E . ] f

oo 15808 z \/é‘;‘
drm

ke YU

Attend Bastiaan Jaarsma's talk for more
information on results of the SCAN-project
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Petrophysical analysis reports available from https://www.nlog.nl/en/scan
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1000 (a) Choi et al (2016)
) FAULTS AND FRACTURES.. THE IDEA = 0] e e o
8 1005  y=3 0317x*77 o °
| e = 1 R?=0.7022 ‘\\ “
= - )
Few tens of meters & 10
HFault = =
G —
=1 i .
E o= Larger faults in
= = o Californié doublet
® = = e - o _—~Deformation band
o = R 3 T y=1.6595x"5872
o ] = 1 ™ " R?=0.7622
o) L) 0.01 .
q} Q - 1 L Ry ] ||||||| 1 ||||||| LI |||| T ||||||| 1 T |||||
= @D 0.01 0.1 1 10 100 1000 10000
= -
5 = Displacement (m)
a
(7]
(3]
@
[& ]
=
N/
- c\..
8 —— __ =
X - ab]
Sl TRE =
- TR \ " sl e ot
SIS \ns X v ) 8
raifl. ~ }{\s\ g g 0
8 _?\» / <-/ f,&’r\{\/\-’ i‘ ‘S\\*%F ’::::{ g

Impermeable fault rocks

WYy Fluid flow

-‘_ﬁ-.;_ 3 = - ;_ :'
AR R,
R. Bouroullec, Faille de Ferques

s
f‘h Moderately fractured rDCkD(Cataclasites, Clays, DP breccias)‘ Pot. Barrie
m Intensely fractured rock @ Permeable dilation breccias &,_Karstificatio

Bauer, Schrockenfuchs & Decker (2016)
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) MODELLING PERMEABILITY: FRAGTUREINTENSITY

) Fracture intensity (l;) determines fracture permeability (K)

) 'Fracture intensity' modelled as normal distribution with u=0m and c=400m. E

Fracture intensity as a function of distance to
faults, modelled as a normal distribution

TN ———___ 100% Intensity @
0.90
\ fault core o
" 0.70 i
>. — 130 - 140
E 0.60 s
E os0 & 50%Intensity@ |~
; 0.40 .
g * ~500 m distance
0.20
0.10
etc
0.00 1
0] 200 400 600 800 1000 1200 1400 1600 1800 2000
Distance to faults [m]

Faults as mapped on 2D seismic, two main directions. Abundant
NNW-SSE demonstrated in Californié doublet. Sparse WNW-ESE
direction unlikely to be 'open'?
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) NNW-ESE faults:
Maximum distance 500 meter (Californié)
Maximum transmissivity in fault core 300 Dm (Californié (TNO AGE)
Minimum transmissivity at outside fault zone 0.1 Dm (analogue??)
Option: decrease permeability with depth > not proven
) WNW-ESE faults:
Maximum distance 500 meter (arbitrary)
Maximum transmissivity 1/3 of NNW-ESE (arbitrary based on perpendicular principal stress direction)
Minimum transmissivity 0.1 Dm (arbitrary)

) Chalk (and other?) subcrop: Given large uncertainty,

Buffer around subcrop ~1 kilometer downside (P90) will go

Transmissivity 100 Dm (arbitrary) down to ~0, whereas
) Background transmissivity: upside (P10) will be large

Assume near tight: 0.0025 Dm (based on petrophysical analysis)
otrnes B TN friie "
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—— Faults
Depth [m]
. |[C]>1500
L

[ 1500 - 2000
[ 2000 - 2500
[ 2500 - 3000
[ 3000 - 4000
[ 4000 - 5000
[ 5000 - 6000
[ 6000 - 7000
[ 7000 - 8000
I > so00

Do not re-use

May contain errors

Temperature [*C) Geothermal power [MWth]
B - [Jo-1

[ s0- 100 -5

[ 100- 150 [s-10

[ 1s0-200 [Jw-1s

[ 200-250 []1s-20

[ 2s0- 300 ) z0-25

-;:mu | B
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Both technical and economical geothermal potential reliably calculated for clastic reservoirs
Permeability estimate plays a major role..

.. but don't count out the economic part

Dinantian limestone geothermal potential not calculated before (except for HIP)
Extreme uncertainties regarding location and range or permeabilities
Learn from existing doublets

But anyhow we can produce a first estimate
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