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PERSONAL INTRODUCTION -
TNO 7

Bart van Kempen

Background
) MSc in Earth Sciences, graduated in 2010.

Working experience
» 201071 2012: PanTerra Geoconsultants
Special Core Analyst

) 20127 present: TNO i Geological Survey of The Netherlands
Advisory Group for the Ministry of Economic Affairs (AGE)
Cluster Lead Geothermal Energy
Specialised on reservoir characterisation (Petrophysics, Well Testing)
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GEOTHERMAL ENERGY @ TNO -AGE g

Purpose and task TNO-AGE (Advisory Group for Economic affairs)

) Supporting Ministry of EZK and SodM in formulating and executing policy regarding subsurface
activities covered by the Mining Law.

) Geothermal related work at AGE includes:
) Collecting, QC and analysis of operator data
) Licence applications
) Financial support measures
) Policy making
) Reservoir potential studies
» Informing parties ((local) government, (potential) operators, etc.)

) Geotechnical evaluations A major role for reservoir characterization.
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GEOTHERMAL =>AQUIFERS<=  O&G
- TNO e e
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Oil & Gas
Porosity
Saturation
Net Thickness
Permeability

Similar to petrophysics in oil & gas E&P, but different focus.

Geothermal energy still small scale.

Highly dependent on data from oil & gas industry, lack of data in geothermal wells.
Geothermal projects mainly in grabens, gas fields in horst blocks.

Geothermal

Permeability
Net Thickness
Porosity
Saty/’Y@tion

Olie/gas
put

(Primary) permeability and net thickness govern success of geothermal project.
Fraccing not yet applied and difficult onshore.
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RESERVOIR EVALUATION OF A
GEOTHERMAL PROJECT
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Open Scenario Save Scenario Exit Program | A

ESTIMATING GEOTHERMAL POWER

Geotechnical input

) A) Aquifer properties __
[Property [ vawe
[aquifer permeability (mD) [ 175 | 310 550 [aquiter ki ratio () [ 10
. [aquiter netto gross (-) [ 098 [ 088 [ 10f [suracetemperature(C) [ 100
) Calculations based on DoubletCalc software, developed by TNO. e Ll N
[aquiter top at producer (m TVD) [~ 16270 [ 18300 | 20130 [[mid aquitertemperature producer (C)] | 0
Jaquihrlnnitinjicmmnwu) [T 16420 [ 1ezro [ 20100  [Taquiferpressure atproducer(ban] | 0.0
[

00

) DOU bletcalc 1D, DOU bletcalc 2D. fsquifarmhusnnm(pgm) [ 119000 [ 1200000 [ 121000 [aquifer pressure atinjector (bar) ]

B) Doublet and pump properties

JPmpsm [ valug
|Iem temperature heat exchanger (*C) | 350
Jdmnoe wells at aquifer level (m) [ 17210
qump system efficiency (-) [ 051
meduﬁinn pump depth (m) [ 400.0
) Flow equation (Verruijt 1970, Dake 1978): v
q J L] . C) Well properties
segment length (m) [100
. [Producer [imiector
L |outer diameter producer (inch) 6.125 [outer diameter injector (inch) | 6125
# Jskin producer (-) [ 0 [skin injector (-) [ 0
‘&‘[I) o p —_ p = Q ]_l] —|— S [penetration angle producer (deg) [ 40 [penetration angle injector (deg) [ 10
“sﬂ'g W ﬂ'g v 2 d{HR " jskin due to penetration angle p (-) 055 skin due to penetration angle i (-) -0.55
j nr iau! w Segment tubing tubing tubing inner tubing Segment tubing tubing tubing inner tubing
g 2 segment segment diameter p roughness segment segment diameter | |roughness |
. sections p | depth p (m | |{inch) p (milli-inch) seclions i ||depth i (m | |(inch) (milli-inch)
(m__ AH) ||TVD) (m__AH) ||[TVD)
1 448 [ 448 | 579 [ 119 | 1 [ 108 108 | 592 | 1.19
2 1052 [ 1013 [ 883 [ 119 | 2 | 1054 [ 1012 [ 868 [ 119
3| 2047 [ 1786 | 628 | ERCI | 3 [ 2013 [ 1775 | 6.28 [ 1.19
4 2140 1850 [ 405 [ 119 | 4 2109 1850 [ 405 [ 1.19
| : -

min |  median | max
175 | 310 | 550
0.98 | 0.99 | 1.0
85.0 | 96.0 | 105.0

|Property
aquifer permeability (mD)

aquifer netto gross (-)

aquifer gross thickness (m)

34 39 aa a9 54 s9 G4 69 74 79 Ba
geothermal power (MW}
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GROSS THICKNESS
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) Good seismic data coverage, especially in oil & gas provinces.
) Sufficient amount of wells.
) Triassic & Rotliegend: thickness laterally highly continuous.

However:

) Heat demand also outside oil & gas provinces.
) Need for additional seismic data.

> Nieuwerkerk Fm. primary target reservoir in the Westland area.
) Fluviatile, syn-sedimentary interval A highly variable thickness.
» Oil & gas wells usually in highs, geothermal wells in lows.

Seismic data coverage (ref: TNO).
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Geothermal

Phi cutoff

Hydrocarbons
Vcl cutoff Phi cutoff Sw cutoff
Gross Net Rock Net Reservoir Net Pay

Gross

Net Reservoir

All Rock Between
geological markers

Rock that can store Rock that can store Rock that contains
hydrocarbons hydrocarbons that hydrocarbons that
can flow can flow
Rock that contains no
hydrocarbons
Rock that can store Rock that can store
hydrocarbons hydrocarbons
Rock that can not Rock that can not Rock that can not

store hydrocarbons

store hydrocarbons

store hydrocarbons

All Rock Between
geological markers

Rock able to flow
water

Rock not able to
flow water

In geothermal reservoirs: Sw = 100% A Vcl & Sw cutoffs not required.
Phi cut-off majorly important:

Based on lower k limit for water to flow (1-2 mD).
N/G lower for water than for gas.

What about fractured reservoirs?
Possibly pressure dependent N/G
Use PLT to assess Net thickness and N/G
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TNO /o e
Approach to determine porosity: local porosity map based on well data.

Requirement: availability of local to sub-regional well log data.
Use results from conventional petrophysical analyses.
Most important: incorporate geological concepts!

Sedimentary facies, diagenesis, burial depth, faulting, etc.

Give more weight, or exclude data points.

Distance to the target location

Lack of porosity logs in most geothermal wells is problematic:
Unable to calculate accurate porosity.
Rough indication of porosity possible via GR-Phi transform.
Or from interference well test.

Other estimation methods, e.g. seismic inversion, but geothermal projects are usually low budget w.r.t.
hydrocarbon projects.
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POROSITY DECREASE WITH BURIAL DEPTH T

) Decrease of porosity with depth is irreversible, Maximum Burial Depth vs Core Porosity
. . ower Volpriehausen Sandstone
therefore maximum burial depth should be taken o R -
into account when:

» Local wells from horst blocks, but project in
graben. -
» Project is located in heavily inverted fault o S SR
block. '

o 2 4 6 8 10 12

20 22 24 26 28 30 32 34

» Adequate poro-depth trend not easy to determine:
) Scatter due to clay and pore cement.
) But high-porosity envelope usually visible.

Maximum burial depth (m)

11| Petrophysics in geothermal exploration in The Netherlands



POROSITY DECREASE WITH BURIAL DEPTH TNO [oater

)
» Poro-depth trend becomes more clear when adding Core porosity vs Maximum burial depth
matrix density attributes. Grain Density classes
) Based on an indication of the mineralogy (and expected . . [, Coreporosiv el N "
matrix density) a porosity range can be determined. 1500 | ' p
oo 00/e &L / L/ 9/
> Note: careful with small data sets. .ooé ° o %i g,/
»  Good fit, but unrealistic trend due to facies & diagenesis. 2500 0 4o+2.651 2.70 i
= °®50 . g/lcm3
£ o) ) )
Core porosity vs Maximum burial depth g oy " 3
Grain Density classes % 3000 - 00 ﬂ JO % . 75 g /C m
5 T:rosnl! 20 25 -E 3500 L V. ° o 4 (0]
2000 E /‘@O %2.65 g/Cm3
g 0 ‘ % a000 ®e S0 ; ;27;.2,275 i
g- 2800 % 0O 2.70-2.725
3000 3 , O 2.675-2.70
= w0 /e o 2625263 |
o = < Soe-as ® 2.60-2.625
: S o <2.60
P so00 ‘

Van Kempen et al., 2018 (in prep.)
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Permeability has major impact on flow rate, but is usually most uncertain.

Permeability can be calculated from:
Petrophysics
Core data
Well Test
Production data

Well Test results generally preferred A most representative reservoir average.
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Important to define representative poro-perm
relation based on core data.

Use intrinsic permeability, e.g. Juhasz (1986).
Use curved or bi-linear transforms.
Use representative data selection.
Proper stratigraphic interval(s)
Complete core data collection

Same sedimentary facies
Use appropriate averaging method that

® RBM ® RBVH RBMD - RBMV

reflects reservoir geometry. ]
Arithmetic, geometri ca\—Ni%%vﬁk—emd“i fferenté
Underexplored intervals A e.g. Brussels Sand (;%
Use alternatives: k based on grain size £
and sorting (Van Baaren, 1978). s ® (1301 ® L1309

Porosity (%)
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