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Geothermal technologies in Germany
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Decreasing permeability in crystalline rock
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EGS reservoir target parameters

» Definition (Garnish, 2002): = Typical systems
= \Water flow rate: 50 -100 kg s-1 » Doublet / Triplet
» Wellhead fluid temperature: 150 - 200 °C » Temperature > 120°C
= Effective heat exchange area: > 2 x 106 m? = Depth > 3.5 km
= Rock volume: > 2 x 108 m3 = Production: >2-5 MWe

= Impedance: 0.1 M Pa kg s

Water loss: < 10 % » Subsurface heat exchanger:
[ ] . b

= Natural fractures

= artificially enhanced through "hydraulic or
chemical stimulation”
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Global View on EGS
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High EGS potential in the crystalline basement — Prototype TECHNISCHE
Soultz-sous-Foréts DARMSTADT
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Development of crystalline basement in URG
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95 Mio years

34 Mio years

23 Mio years

today

Meschede et al.
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Grimmer et al.,
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= Active Tectonics

= 350km N-S extension
= 50km E-W extension

» EGS Systems

Soultz-sous-Foréts
Landau

Insheim
Rittershoffen

Grimmer et al. (2017) Meixner et al. (pers.comm.)

Temperatuse at 2000m TVD [°C)
highe 148.2
low:74.7

Borehole > 2000m TVD
= URG main boundary
Volcanic mass'f

Rhine river

ountain massif

Baillieux et al. (2013) " Other boreholes




EGS key parameters
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= Hydraulic
= Stress Field

Borehole GPK1
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Similarity to Conventional Geothermal

GGO'Ogy DARMSTADT
» Soultz-sous-Foréts (granitic) » Roosevelt Hot Springs (metamorphic)
NW SSF RitterShOffen S E Roosevelt Hot Springs Thermal Area 1535
L ° AT ¥
’ g: 50 SATURATED
. ALLUVIUM /
100 ALTERED ROCK
[
1 -
£ 190+ "
.t SATURATED e
) p ALLUVIUM / BEDROCKS.
- 200- ALTERED ROCK 300 8-m
B I28-m e o
2 -
250 A
300 +
3 .
350 _ .
[kmlo 2 4 6 8 10 12 14 16 18 20 00OW 800W 600W 400W 200W O 200 400F GOOE
Vidal ot al LATERAL DISTANCE (meters)
(Vidaletal) LINE 3.5N (Ward et al.)

10



TECHNISCHE
UNIVERSITAT

Similarity to Conventional Geothermal

Temperature profiles DARMSTADT
» Soultz-sous-Foréts » Roosevelt Hot Springs, Utah
Temperatur 5°C] Temperature ( C)
0O 50 100 150 "200 0 50 100 150 200 250 300
0w o . ; : . ,
* .I. . ™ ™ 5=
] vt teeeen, 1 1000
1000 500 4
] 1 2000
] L + 3000
'EZOOO_ EPS1 - 1000 - -
- ] £ + 4000 £
(] g o
“6 1 . GPK1 “ 1500 + 5000 -
i: 3000 = griginal
_ o 71410 + 6000
] 2000 - . S8
4000 GPK2 S—— 1 7000
2500 + ' ' ' : T 8000
5000‘ (Source: GGA Institute) 32 132 23z 332 432 332

(Source: Allis)
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Heat transport in low-temperature systems

» Heat transport equation (without adiabatic effect)

oT
pe, —=V(kVT)+A=[pe,], wVT

19.11.24 | Institute of Applied Geosciences Slide 12



EGS Soltz-sous-Foréts (state 2010)

» Three reservoir created
= 2000m
» 3600 m: 2 wells in > 3km depth
» 5000 m: 3 wells at 650m distance

» Parameters of plant:
» Temperature 5km: 200°C
= Flow rate: upto 43 L/s
» |Installed capacity: 1.7 - 2.5 MW (ORC)
= Natural brine: 100g/L, NaCl, pH~5

= | arge reservoir with similar fluids

Photo: Courtesy of
GEIE
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Induced seismicity

~
Induced or triggered 4616
in connection with
. Geothermal projects
() Hydrocarbon exploitation 1
- H
@ coal mining 4550
. Salt and potash mining
. Ore mining
@  Artificial water reservoirs
() Heavy rainfall in karst geology 2 |
Griinthal et al., 2013
£ o
=
€3
a
4
~]
GPK2
5 ~ ‘| ® GPK1 Stimulation 199‘3-36001«
© GPK2 Stimulation 1995 - 3900 m
© GPK2 Stimulation 1996 - 3900 m
©O GPK2 Stimulation 2000 - 5000 m
@® GPK3 Stimulation 2003 - 5000 m
@ GPK4 Stimulation 2004 - 5000 m
?1> | @ GPka stimulation 2005 - 5000 m
0 : . = -
Easting (km) 1 28 -2 15 A 0.5 0 0.5 1 1.5
Northing (km)

© GEIE Exploitation Miniére de la Chaleur / EEIG Heat Mining
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Hydrothermally altered & fractured zones in granite

» Fracture closely-spaced (cluster)

» Occurrence of « damage zone — core fault »

» Hydrothermal alteration (dissolution) and secondary deposition: quartz, illite, calcite
» Natural fluids: brines, 100g/l, low natural flow-rate

Fracture
Density

fract./m

10

Porosity
%

RS U
N R
EE I R

Genter et al., 2000
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Enhancing hydraulic conductivity using hydraulic stimulation

Initial fracture in ambient stress field

Pressurizing => fracture compliance (normal opening)
Further pressurizing => shearing

remaining fracture aperture higher than initial

B~

«—
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Reservoir engineering

= Flow rate and seismic events
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.
"Learning Curve" Soultz-sous-Foréts:

Stimulation
= GPK2 in 2000 » GPK3 in 2003

= \/olume 23'400 m3, = \/olume 37'500 m3,

= Well pressure up to 150 bar = well pressure up to 160 bar

» Mag. M2.4 (Shut-In) » Mag. M2.7 / 2.9 (Shut-In)
gh 200
22
=3 "%
§§ 08129 T o3 06/16

(%Y
3

Average amplitude
in 24 hours [mV]
3

0
0713 05/26 06/02 06/09 06/16

0
06/29 07/06 (Schindler et al., 2008)




Induced seismicity
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Dorbalh . . Maximum Larger R 4616
tal.201% | Injected Maximum over- Inqucc:':d_ magnitude oPs4
volume flow rate seismicity
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EGS Projects
DHM Project Basel — Operator "geopower AG"
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Intention
» Production of heat (district heating system) and power from 3-well system Lk
Reservoir: il
= granitic rock |
* no exploration

Parameters of plant:

» Depth 5000 m

= Temperature. 200°C

» |nstalled capacity 6 MW, & 17 MW,, (planned)

= Activities:

= 15 Mai 2006 start of drilling operations

= QOctober 2006 1st well completed

» December 2006 Major stimulation

= 8 Dec 2006 Earthquake Mag 3.4 / 2.4, subsequent Mag 3.1/3.2/3.3/2.9
— project on standby

= 12 Dec 2009 — project suspended

Photo:Geopower, 2006 B
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DHM Basel - Induced (Man-made) Seismicity (MMS) DARMSTADT
* _ow transmissivity
= High hydraulic pressure level 4 D supisges: 2000
= High hydraulic energy N 'O "damage event” |
= High Seismicity s, |
g o o P°% o
; . PR Sl S T
4 = SN e
’ 0212 ();¥12 04.12 GS.I’;->-.()312 071.'1;1 US;"IZ 09’_12_7 1012 _11_1?, 1212 13.12 14.12 1512 16.12
Flow rates and wellhead pressure BS-1 20006
" m%x =295 bar || |
1 é‘zoo m?x —_ 6——7 IIS l 21000.0 %
zi-wo ‘1‘;:; £ ! _-’ )~ — — PR p— ﬂ:o.o .% '
5 " / . ] _ Ml_ & \“‘“ﬁ.\mh_'_ _J'_zm |

= Hypocenter in 4-5 km depth. , B

= After 1 month, approx. 23% of injected fluids were recovered
Geopower 2007




EGS Projects

Landau

= Operator: geox (Geysir Eur., Energie SW)

= Reservoir:
= Permeable fault zones in Muschelkalk, Buntsandstein and Granite.

= Multi-horizon exploration
= Parameters of plant:

» depth

= temp.

= flowrate

= capacity
= Activities:

2006
2007
2008
2009

2014

3000 m
160°C

50-80 I/s

3 MW (ORC)

two wells / Successful Testing
Installation of plant / cooling unit
Start Operation

Earthquake Mag 2.7/ 2.4
— reduced operation

Major Leakage in upper casing
— swelling @ surface; groundwater

TECHNISCHE
UNIVERSITAT
DARMSTADT

33333

Source: Geox, 2009
BINE, 2009,
engine, 2006




EGS Projects
Insheim

» Operator: Vulcan Energy Resources

= Reservoir;

= Permeable fault zones in Muschelkalk,
Buntsandstein and Granite.

= Multi-horizon exploration
» Parameters of plant:

= 2008 First well / Testing
= 2009 Second well / Testing I, | . Rl b

= 2010 Circulation — = e ——
= 2010 Side track —_— : '
» 2012 Start Operation http://www.geothermie-insheim.de

= 2013 minor Earthquake Mag 2.1
Slow increase of pressure/flow

= depth 3600 m

= temp. 165°C

= flowrate 50-80 I/s =3 o | RS R L TR

= capacity 4.8 MW (ORC) (| I— B
= Activities: ||\ /|

—




Learning curve

TECHNISCHE
UNIVERSITAT

Mitigation of induced seismicity DARMSTADT
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ECOGI Project
Rittershoffen
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YA
ACH
9

* Doublet GRT-1 and GRT-2
» Reservoir at ~2.5 km depth
» Triassic sandstone / Paleozoic granite
» Thickness is ~500 m
* Production since 2016
» Drying of starch
= for bio-refinery at 15 km distance
= 24 MWth heat,
= (70 L/s, 170°C)

- 1000 m

- 2000 m

-4000 m

GPK-2
Soultz-sous-Foréts

GRT-1
Rittershoffen

2500m

= Upper Tertiary
[ Lower Tertiary
[Juias

[ Keuper

[ Muschelkalk
[ Buntsandstein

[ Hercynian basement
,+° Fault

7 well

Depth [m]

-1000

-2000

-3000

—4000

=5000

Temperature [*C]
100

Maurer et al. 2020, GEEN




ECOGI Project
Rittershoffen

= VView from North-West
= 3D structural model
= GRT-1 (blue) / GRT-2 (red)
= main fault structure
» Top basement (orange) at 2200 m TVD

» GRT-1 Injectivity index:
» 2.5 |/s/bar (at 70 I/s)
» GRT-2 Productivity index
= Up to 3.5 I/s/bar
» No stimulation necessary for GRT-2

= Minor seismic events

Source: ES-G
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Hydrothermal Alteration

* Fractured granite
= |llite & calcite deposits within
= vein alteration related to fractures

GPK1 well
K5-20

S e | GPK1 well
N K19-12

Photo: Courtesy of
GEIE
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Effect of alteration on hydraulic stimulation -7 RN

GPK1: Pre-and Post-stimulation flowing fractures and alteration
FIF |F F F F F/r F
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Crystalline basement in the URG

950,000 980,000 1,010,000 1,040,000 1,070,000

= Soultz-sous-Foréts e

4—A- URG main boundaries

- Magnetic arc granitoids (340-330 Ma)
‘ |:] Id granites (335-330 Ma)
! |:| Id S-type granites (330-325 Ma)
ar [ Mg-K granites (340 Ma)
- Devonian-E. Carboniferous volcanics
|:] md Moldanubian gneisses
md Moldanubian gneisses and/or Palaeozoic cover
2.480,000 V. ] <8 & M E. Palaeozoic
K : D hd E. Palaeozoic + L. Proterozoic basement ?, +/— metamorphic

- Id Felsic rocks, metagranites

2,540,000 -

- Id-md E. Palaeozoic granite + Palaeozoic cover

|:| md E. Palaeozoic + L. Proterozoic ?, +/— metamorphic
" [0 hd Phyliite zone

[:I Rhenohercynian

i Undifferenciated rocks (int. density)

A\ Undifferenciated magnetic rocks, amphibolites

2,420,000

2,360,000 - “V"¥ Devonian Tepla suture
V™V Carboniferous intracontinental thrust

Y Carboniferous rhenohercynian suture

«+ ¢ Vittel - Lalaye - Lubine - Baden-Baden faults zone

2,300,000 'l' MO\ & ) {‘ 2 - O Boreholes sampling the basement
0 Outcropping basement

— T T T T Baillieux et al., 2013

Photo: Courtesy G
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Reservoir and adjacent granitic mountains

DARMSTADT

km

+1-

permo-mesozoische

metamorpher
Sedimente

variszischer Sockel

Oberjura-Kalke

Unteres Eozdn

Reservoir

Tertidre

GeolaB

Unteres Miozan

Heute

Courtesy. Martin Meschede

Slide 30
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GeolLaB: Reservoir simulator for controlled high flow
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experimentes DARMSTADT
Monitoring- Beobachtungs- = GeolaB-site criteria
Stationen bohrungen = High flow rates in
& G Zugangs- crystalline fractured rock
% ’ Kadi*®* stollen m. » Hydrothermal alteration
| Kavernen

Explorations- :
bohrung

Schill et al. (2016)

= Controllable hydraulic
boundary condition

= Reactivation of
fractures

19.11.24 | Institute of Applied Geosciences
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T/
ACH

Frac test in Aspd HRL in the granitic basement

= Conventional injection = Cyclic injection

i ! ’ ’ " (I 50 s . 14
B — 30 Le. * AE event
Frac. .. R 0 1w E 2 & Wb % § @ - 12 © —Flow 12 ©
o 40 . o : ........... o .. .8 B 10 g o 401 —Pir)jection.m g
ge = o == Main Frac =
= ! “ R oV | - \ R LN EEE ...48 @ E |- V-V ERN By T 8 g,
v i Y ] °° =) v i
'gBO. ...... :.‘6 = 330 ................ 6 %
= . 4 o = p =
p Bl e = sofeiow m Bexe e mvenie o . S s PR— o RN NS NIl ~
2 20t N S 20 s
E : n ...... 1 gl & o3e 3 2 =0 (ED of : wamlt INE L 2 Bedfl 2 Bl sk Blasds ssn san o o 2 s 2 =
< \\ 40 =1 < ey ey Jen e N 0 =1
10t ol 10t ol
....................................... =9 3 __23
0 : : ' : : ' : -4 0 . . : . : : : -4
07:12:00 07:40:48 08:09:36 08:38:24 09:07:12 12:00:00 12:28:48 12:57:36 13:26:24 13:55:12

Time

Zang et al., 2017
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Wscientific goals: hydraulics

» Challenge: high flow rates in fractured media » Challenge: Mathematical description
4 ! ! . J I y ) Y ) | ! ) ) ; |
. B 94JUN16 production
L/ 94JUL04 injection
- ——— best fit parabola
3+ A
I 0.15
E - 0.10 E
= 2r g Z
o 005 9
< l g
L _ 0.00
1+ -8 i
I ] Marchand et al., 2020
4 —/‘f Kohl et al., 1996
% s 10 . 15 20

flowrate [l 5]
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Scientific goal:
Development of new monitoring techniques

= Observation on different scales

Besucher-

Tiefengeothermie
& zentrum

°on »

8

pJ
&
5
€ 8 &
§ s ; . . .
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g ‘3
F e 2 o~ |
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= —
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: - E-W
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i _— ] AE event b N’ N S
. -
Frac Flow ?
—P injection {1 g
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8 ] z 6 2
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s 3 ]
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