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WHAT QUESTIONS DO THE GEOTHERMAL OPERATORS ASK ME
ABOUT THE DEVELOPMENT OF THEIR PROJECT ?

What questions do the
geothermal operators ask me G =
about the development of

their project ? v
Do | have better answers now a0 o™

than | did 6 years ago when
the SCCER-SoE started?

BB Where shall I drill my boreholes ?
n What is the best way of drilling my borehole ?
n What shall | measure in my boreholes ?

n What volume of rock will | influence when | develop my reservoir ?
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B WHERE TO PLACE MEDIUM/DEEP
GEOTHERMAL PROJECT ? Conceptual targets

1) Temperature : sufficient for the planned application

2) Water flow and permeability

* Primary permeability/porosity
« Secondary permeability/porosity (fractures, karst)
* Hydrogeological boundary conditions

3) Stress state and faults slip tendency
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nPLAY-FAIRWAYS ANALYSES APPROACH
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n DATA AVAILABLE TO IDENTIFY TARGETS

* Hydrostratigraphy (Chevalier et al.
2010)

* Mechanical stratigraphy (Hergert et
al., 2015)

* Geomol horizon model (swisstopo)
» Geomol fault model (swisstopo)

« Geomol model

(swisstopo)
» Heat flow map (swisstopo)

« Spring and thermal spring locations
(Hydr. Atlas of CH, Sonney and
Vuataz; 2008)

» Evaluation of regional flow pattern

o Stress field estimation with a Swiss-
scale finite element stress simulation

temperature

« Earthquake catalog of Switzerland
(download from SED website)

Mechanical
n Geomol

Hydrostrati. Ssﬂ%ratlgraph

Aquidudes  Aquiters|Sociie Horizons

Chrono- Lithology Formation|Lithological| Thickness
stratigraphy I'group | column | variation
[m]
Conglomerate,
Late Miocene %h:r?nel sandstone,

Sandstone, silt

Early Miocene -
Late Oligocene

Conglomerate,
channel sandstone,
marl, fresh-water
carbonate, gypsum

M. Oligocene

Turbidite sandstone,
shale

TBr - Top bedrock

E. Cretaceous

Bioclastic limestone,
calc. mudstone, marl

Micritic limestone, — pfaim
occasionally dolomitic  jimestone!

L. Jurassic Dark calc. mudstone
to shaly limestone
. . H
Dark silty marl, oolitic
M. Jurassic limestone, bioclastic
limestone, shale
. Lias
E. Jurassic Shale, siltstone, marl, undifferen
limestone .
Arietenkal
Sandy shale, dolomite Sand:
marl, sandstone keuper
L. Triassic ‘
Alternating shale & Gipskeuper|
gypsum/anhydrite
Limestone, dolomite  Trigonodus-
o (porous) 0[0?0",7?32 i
M. - E. TriassiC  Atternating shale & Tolp
anhydrite, rock salt, Basgl
sandstone sandstone ==X
Siltstones, sandstones,
Permo- breccias, bituminous
Carbon- shale, coal seams
iferous .
Crystalline Gneisses with Variscan
basement granitoid intrusions

BCen - Base Cenozoic
TCret - Top Cretaceous
TUMa - Top Upper Malm

TLMa - Top Lower Malm
TDo - Top Dogger

TLi - Top Lias

TKeu - Top Keuper

TMus - Top Muschelkalk

BMes - Base Mesozoic

BPC )
Base Permo-carbonif.
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n DATA AVAILABLE TO IDENTIFY TARGETS

* Hydrostratigraphy (Chevalier et al.
2010)

* Mechanical stratigraphy (Hergert et
al., 2015)

* Geomol horizon model (swisstopo)
» Geomol fault model (swisstopo)

« Geomol temperature model
(swisstopo)
* Heat fllow map (swisstopo)

« Spring and thermal spring locations
(Hydr. Atlas of CH, Sonney and
Vuataz; 2008)

» Evaluation of regional flow pattern

o of reglonar Tow patem L vaas
e Stress field estimation with a Swiss- |
scale finite element stress simulation

« Earthquake catalog of Switzerland
(download from SED website)

SCCER-SoE : annual conference 2020 [




a) [ Molasse I Keuper limestones
[ Cret. & Malm I Gipskeuper
= . [ Lower Juras. [ Muschelkalk
S TR [ Upper Dogger B Anhydrite group
- "5 S [ Lower Dogger  HE Basement

n DATA AVAILABLE TO IDENTIFY TARGETS

* Hydrostratigraphy (Chevalier et al.
2010)

* Mechanical stratigraphy (Hergert et
al., 2015)

* Geomol horizon model (swisstopo)
» Geomol fault model (swisstopo)

« Geomol temperature model
(swisstopo)

* Heat fllow map (swisstopo)

« Spring and thermal spring locations

(Hydr. Atlas of CH, Sonney and
Vuataz; 2008)

» Evaluation of regional flow pattern

e Stress field estimation with a
Swiss-scale finite element stress Working assumptions:
simulation

_ As a first order approximation stress is
) Edarthqlua'ﬁ catglé)g Ofb iw'tze”a”d controlled by gravity and stiffness
(download from website) contrast under tectonic loading
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nEXAMPLE OF STRESS PROFILE

Mechanical

Chrono- Lithology =~ Formation
stratigraphy [ group

Conglomerate,

i channel sandstone,
Late Miocene i

Sandstone, silt

Early Miocene - conglomerate,
Late Oligocene channel sandstone,

stratigraph Geomol
l|Sot ﬁ
marl, fresh-water

Horizons
TBr - Top bedrock Molasse |
b ok SH“laX 15 GPa J
TOMM - Top OMM
S—TUSM - Top USM I 1
carbonate, gypsum [ o 1 | |
’ 7 Cret. & Malm
: =2 <L A TUMM - Top UMM -1000 [ 40 GP -
hal ' a
Biodlastic I t f BCen - Base Cenozoic
E.Cretaceous  cajc mudstons. marl S TCret - Top Cretaceous |

M Oligocene Turbidite sandstone
. shale
— = —=r—TUMa - Top Upper Malm

Moo, o pam / \ \ / L. Jura. 15 GPa |
L. Jurassic Dark calc. mudstone I TLMa - Top Lower Malm [ T
to shaly limestone nembe B 1105 - Top Dogger 2000 F ) \ U_ Dog_ger 30 GPa |
L L. Do1goger & Keuper
-20GPa

Lias TLi - Top Lias .. Mufglée#;alk ‘
E. Jurassic Shale, siltstone, marl, undifferent.

limestone 30

— Tieu - Top Keuper =" Anhydrite groupe \ \ ]
st e 5 GPa

Alternating shale & Gipskeuper
gypsum/anhydrite

Dark silty marl, oolitic

M. Jurassic limestone, bioclastic
limestone, shale

L. Triassic

Limestone, dolomite Trigonodus-} TMus - Top Muschelkalk Basement SV
B i 30 GPa
M. - E. Triassic  Aiternating shale & é?ogpn o 4000 F
anhydrite, rock salt, Basgl e
sandstone sandstone e 2 - = " ) .
es - Base Mesozoic
Siltstones, sandstones, Not oriented Shl I I
Permo- breccias, bituminous g I n
Carbon-, shale, coal seams
iferous )
Crystallme Gneisses with Variscan BPC .
basement 9ranitoid inirusions Base Permo-carbonif.
-5000 — : —
0 20 120 140

Working assumptions: Stress [f\/IPa]
As a first order approximation stress is controlled by gravity and stiffness
contrast under tectonic loading.
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nWHERE SHALL I DRILL MY BOREHOLES ?

» Contrast in favorability index
» Uncalibrated criteria combination and weighting scheme
- Need to calibrate against deep borehole productivity index
* Rely completely on the quality and homogeneity of the underlying datasets

« At a scale that is too large for geothermal site selection

Combined favourability index
02 04 06

E

For a 80° C target

Y,
17,
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EWHAT IS THE BEST WAY OF DRILLING MY BOREHOLE ?
DGWOW : Deep Geothermal Well Optimisation Workflow

->

calibration and
parameters estimation

Borehole failure Borehole failure
severity model database

Computation of
shear and

Statistical normal stress
distribution on frac

of calibrated

Statistical evaluation

of failure severity
for potential ‘ Evaluation
deviated hole of optimal

< e trajectories

hole trajectory

[l
uni Asmae Dahrabou C )GEII?\I%RGIE Andres Alcolea

UNIVERSITE DE BenOTt Va”ey : SUISSE Peter Melel"

NEUCHATEL
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EDEEP GEOTHERMAL WELL OPTIMISATION WORKFLOW

Data preparation

Input data Data processing Input for calibration

Observations
breakout width

Acoustic data processing

Wellbore failure assessment breakout extent

breakout orientation
Natural fracture

Lo DITFs occurrence and
determination

corresponding wellbore
minimum stress

Independant data
Sv, Pp, cooling,
wellbore pressure,
well trajectory, tensile strength
elastic parameters

Vertical stress profile
assessment

Pressure and cooling
assessment

2nd order models

1st order models

9 model parameters 7 variability parameters to calibrate
SHmax © ASHmaztVd +b sHmaz €SHmax

Shmin : spmintVd +b spmin ES hmin

Shmax orient. HeY 5?

Cohesion s c [

Friction ) €Ashen

Shen'’s extent model : Agpen, , Bspen €Bhen

Starting points Starting points

Random but respecting crust stability constraints Selected calibrated 1st order models
Optimisation parameters Optimisation parameters

PEST optimisation parameters PEST optimisation parameters

2nd order calibrated models

1st order calibrated models

Failure prediction

e

Stochastic rockmass models =+ Well trajectory scenario

Failure intensity prediction and evaluation
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2 Project Information
== UBI data
-2 |mage quality check

@ Centralise Radius Image
2 Detect breakouts
=l Measure BOs
~oEllipse section fit
~2BOs Orientation
-2 Failure width
-2 Failure depth
~oCSA
2Detect DITFs
*DITFs orientation
-2 Natural fractures orientation
-2 UBI data synthesis
-2 Borehole trajectory
2 Pore pressure and mud pressure
2Vertical stress profile
@ Temperature and cooling
@ Elastic and thermoelastic properties
- Minimum hoop stress estimate

I=l=First order calibration

-2Zone and data definition

o Starting point and calibrations
9 1st calibrated profiles

~o1st calibrated histograms

° 1st calibrated objective function
o st order calibration sorting

I=l» Second order calibration

- @Second order calibration evaluation
I-l= Natural fracture analyses
~oFracture set estimation

o Fracture spacing statistics

I-l Feed zone analyses

-2 Slip-tendency analyses

"o Fracture frequency analyses

2Well trajectory scenario selection
*Well trajectory scenario evaluation

-aSingle depth trajectory evaluation

-9 TT clean-up and well geometry computa

;A l‘h’ﬁﬂw‘
oo N




BWHAT SHALL | MEASURE IN MY BOREHOLES ?

many things, but one of the key parameter is the in-situ stress state !

Borehole

Drill pipe
Normal

| N
_- ' % stress

Decide the testing  Use inflatable packers  Fluid injection
interval to isolate the tested interval http://apetrol.com/mini-frac-test-services/

d

/ Rock Formation

3D DISPLACEMENT
Pressure

* 6 measurements of
normal stress to —— — L L._lr_
estimate complete Back-flow Wy

stress tensor =
10 minutes

Flowrate

TIME

Kakurina (2019) Haimson and Cornet, 2003
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BHYDRAULIC TEST ON PRE-EXISTING FRACTURE WITH SIMFIP

a : :
| - Displacement in 3D
0 /‘
@ U =57
5 4//%/@"
3 . &7 %<4
5 o Y . 7
Uz| M /M 2 £ 0 “"""’
test interval ) o = 2 e’ *(’"?‘ N
240m §TF /Uy ©7
' Uy ¢ 10 A 0
Sluy/T" UPPER :
40 29 B
QY‘ ANCHOR Northern [;m] ’ Westem [um]
| 0.49 m
Engine pum
—@ " LOWER gine pamp
~ 0 ANCHOR S e | [y ]
;E:: % (fixed) o Pressure |
‘:'1 A g 40 - I |
2 Sawl
:.:1 % % » Flowrate I
N I'XI'I i
[ A %5_20 i Displacement ( |- |
s g -40 \ | | ! | | |
] ] o 5000 10000 L g 15000 20000 25000
Guglielmi et al (2015). ISRM Time [sec] _
Suggested Methods p. 179-186) Kakurina (2019)
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BHYDRAULIC TEST ON PRE-EXISTING FRACTURE WITH SIMFIP

- N . i
. Raw data After processing Time ofoceuring | S01ated Slip vectors

Data extracted: S

- Slip vector ~N 4
- Potential slip planes (fractures)

- Fracture normal stress

- (Vertical stress component)

-> Find stress tensor honouring all

these observation
"\ o, Kakurina (2019)
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nGRID SEARCH ON STRESS ORIENTATION AND
RATIO TO MATCH SLIP ORIENTATION

o, : stress normal
to the fracture
estimated from
pressure record
during injection

c, . estimated
from overburden

Opportunity
_ Full stress tensor estimate for stress
Kakurina (2019) from a single injection test profiling
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nWHAT VOLUME OF ROCK WILL I INFLUENCE WHEN | DEVELOP

MY RESERVOIR ?

Un seisme secoue Strasbourg, Fonroche
dément en étre a l'origine

Une secousse d'une magnitude de 3,3 a été ressentie a Strasbourg,
mardi 12 novembre a 14h38. Son épicentre se situe au nord de
Strasbourg. Peu de dégats signalés. Evoqué comme cause possible, le
site de géothermie de Fonroche a Vendenheim dément.

KILSTETT

VENDENHEIM
i ] LA WANTZENAU
Géothermie profonde
LAMPERTHEIM de Fonroche
REIGHSTETT
MUNDOLSHEIM

HONAU
SOUFEEEWEYERSHEIM

HENHEIM
MITTELHAUSBERGEN BISCHHEIM

OBERHAUSBERGEN SCHILTIGHEIM Epicentre AUENHEIM
o
b Y W
£ »
WOLFISHEIM > ABAQH
y.
=
ECKBOLSHEIM 5 {
M "
L
KEHL o
NE» i
JKORK
N
1€ okm A ANELaL
TINGORSHEIM © OpenStreetMap contributors

« Unity of time
« Unity of space
« Unity of action
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Dutler et al., under review

SCCER-SoE : annual conference 2020 Euclidian distance, r [m]



DOMINANT RESERVOIR DEFORMATION MECHANISMS
REFLECTED IN THE FAR FIELD RESPONS

A diffusion component

Pore pressure (kPa)

3 0 5 10 15 20 25 30 35 40
N\ 90°
/ ] i
W
42 m '
(o) N =]
€0
-g & 120 S3 )
Z + ,
B deviatoric component
100 - Pore pressure (kPa)
-20 -15 -10 -5 0 5 10 15 20
80 ,‘ 270 5
§ ‘

60 = 4 | \

40 I I ! P I I
-20 0 20 40 60 80

Easting
+667400

Dutler et al., under review
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THANKS FOR YOUR ATTENTION

Team-work, the key for advancing geothermal in Switzerland

Let’s keep working together !

e SEl % (
S % | b v
_ | v a
e

Hydraulic testing at the Concise test site DUG-Lab team at the Grimsel test site
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