EUROPEAN CENTER FOR SCIENCE ARTS AND
CULTURE (ECSAC) OF LOSINJ

WORKSHOP ON STATUS AND FUTURE OF
GEOTHERMAL ENERGY
IN THE PERI-ADRIATIC AREA

: }{) VELI LOSINJ CROATIA
(./ 25-27 AUGUST 2014
| GEOTHERMAL RESERVOIR

CHARACTERISATION AND MANAGEMENT
Miklos ANTICS & Pierre UNGEMACH

m.antics@geoproduction.fr

GPC INSTRUMENTATION PROCESS (GPC IP)
PN2 BUSINESS PARK BAT 4A

165 RUE DE LA BELLE ETOILE - BP55030
C 95946 ROISSY CDG - France

Jb Phone: +33 (0)1 48 63 08 08
C Fax: +33 (0)1 48 63 08 89

P DCE14095 ECSAC Mobile: +33 (0)6 28 62 29 17



mailto:m.antics@geoproduction.fr

OUTLINE

OUTLOOK

CONCEPTUAL MODELLING
EXPLORATION GEOPHYSICS
STRUCTURAL GEOMODELLING
RESERVOIR ASSESSMENT
RESERVOIR SIMULATION

SUSTAINABLE RESERVOIR/ RESOURCE
MANAGEMENT

O O O O O O O

DCE14095 ECSAC 2 I
IP




IP

Pressure

DCE14095 ECSAC

OUTLOOK
PURE WATER PHASE DIAGRAM
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OUTLOOK
PRESSURE-ENTHALPY (MOLLIER)

DIAGRAM FOR PURE WATER
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G A: maximum enthalpy (2803 kJ/kg, 240 °C, 33.47 bar)
(]j) C: critical point (374.1 °C, 224 . 91 bar) I
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GEOTHERMAL CONTINUUM - THE
EGS ISSUE
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OUTLOOK
GEOTHERMAL RESOURCE &
RESERVE ASSESSMENTS

Heat production: from theoretical to practical capacity

2015 i
MRH Matched to demand

RH:
A Recoverable
Heat

Economically recoverable

3 1078 x10° Sm?
today 38 x 103 PJ for greenhouses

PRH:Potential

Recoverable Heat
1/3 v (Tres — Tin) h 109

ThermoGIS

Technically recoverable
176 x 102 PJ for greenhouses

HIP: Heat In Place
v (Tres — TO) h 10°® Heat in subsurface

2007 668 x 10% PJ L
G ®
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(/ DCE14095 ECSAC 6 I

IP

—




Surface/Subsurface
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RESERVOIR ENGINEERING
AN INTEGRATED APPROACH

Numerical Modelling Reservoir Simulation
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7 , Reservoir Development

7 : Reservoir Engineering

9 s sl0a sadl 5 1243 ] ,
W i _ 7 Reservoir Assessment

Interpretation & Modelling

Geophysical (Seismics, MT, ABI)
\’0@? Processing/Imaging




CONCEPTUAL MODEL
VOLCANO-TECTONIC ENVIRONMENT

INDONESIAN SUBDUCTION

Caldera setting

Fumaroles and faults intersections

| Injection (H1, T1 & Q1) |

Mixing zone at 760 mMD ﬁ Inflow (Hin, Tin & Qin)

I Downflow (H2, T2 & Q2) |

.

Dual reservoir evidence . I




CONCEPTUAL MODELLING
EXPLORATION/DEVELOPMENT STATUS

NISYROS(DODECANESE)

o 1o 150 200 e w = s Well Name N-1 N-2
b Year completed 1982 1983
1 T N oot e N Total depth (m) 1,816 1,547
N .'/ ‘l‘ : :: of Nigyros 1 ) R 360-695
ESR \ D o Prmecte e Productive interval (s) (m) 14201816 1,000-1,547
-}: Q. '-“‘h Siafonos ond Pobate vents : :r.:'::;“ \amperoture BHT (oC) 350 350
5 % Sosmacuitoraton zonen WHT (°C) n.a. 178
i N "’ O , WHP (bars) n.a. 7.6
N p—— S Total flow (t/h) 137 69
100+ “"--3'.’1_!_"--“_]].'-!—2 Steam water ration 0.8 0.5
< " Specific enthalpy (kJ/kg) 2,350"" 1,520
‘-""_3 . Non condensable gascontent (% wt) n.a. 5
1= [us-s TDS (ppm) 150,000 60,000
140 -
1= ®) superficial reservoir
AT - Exploratory well summary sheet
Well temperature profiles eTotal well deliverability=4MWe
N NW SE
s
B oeltiees hyadacit o
es - dac tic-r acitic o o
! fomarolgs R ' - co!dsu

0
ydrothermal
aquifer

-500

impervious .04

limestone wal

sequence —

F-100

= =1501

Geep i
hydrothgrmat
500 1000 m aquifer

=58

L-200
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Paris Basin

Dogger limestones

CONCEPTUAL MODELLING
TWO CONTRASTED SEDIMENTARY
ENVIRONMENTS

West Netherland Basin

Rijswijk sandstones

nnnnnn

' sse
DELFLAND
BERX:
SST
DELFLAND
.
DELFLAND pe
/ Target area
Main reserv Raameh | umassic -
e [ itanian limestones [ [ ] .
0 Transgressive Sheet Sand 3 Shelf Sands [ Paralic Sequence

M, Veddomods: B Cogpikons: W ipmorteines [ Marine Shales [ Coastal Barrier

(modified from Ph Maget , 1983)

)

( o Carbonate

¢
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CONCEPTUAL MODELLING

CONTINENTAL RIFT ACTIVE TECTONICS
UPPER RHINE GRABEN

Northern Graben

Vertical
| | Displace-
- { | ment:

3,700 m

Southern Graben

Three regional
@ Dogger

@ Buntsandstein

aqunfﬁ' s ik [
® Upper Muschelkalk, % '

Vertical
Displace-
ment:
3,000 m

sTemperature Distribution in URG
T(z) Distribution

~ Source: Thomas KOHL, 2014

'I‘cmpcrulun:( o(.) (Source: GGA Institute)

Source: CGA institute

P DCE14095 ECSAC

Deep Drilling locations

12




EXPLORATION/DEVELOPMENT STATUS
MILOS (CYCLADES)

Well name MZ1 MA1 MI-1 MI-2 MI-3
Year completed 1975 1976 1981 1981 1982
Total depth (m) 1100 1165 1100 1380 1000
Productive interval (m) 810-1100 | 750-1165 |900-1100 | 940-1380 900-1000
BHT (°C) 300 250 323 282 300
BHP (MPa) n.a. n.a. 11.7 11.9 n.a.
WHP (MPa) 0.6 0.74 1.2 1.2 n.a.
Total flow (t/h) 22 51 120 50 125
Steam / water ratio (1 MPa) 0.64 0.22 0.35 0.71 0.42
Specific enthalpy (kJ/kg) 2010 1170 1460 2200 1600
TDS (ppm) > 100,000 | > 100,000 | 120,000 | 140,000 130,000

Milos exploratory/step out well summary sheet

| wiLos
Cross Section (Sketch)

Profikis llias

Projection of the Adamas Structure

NE

SW Paraspotes

Zefiria Plain

GULF OF MILOS

- @ Warm spring & Hol spring

@  Cold spring :

E’*‘f g Metamorphic basemsnt R Cold cirellation W Hioh - Gircislation 4 Deepwell & Shallow wall

Comission of the Evropean Comeiouitivs, Directurate~ Genoral for Svience, Researeh and Development fia |
. 7 = | PR S

DCE14095 ECSAC SW-NE cross section of Milos geothermics 13
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EXPLORATION
SOUTHERN GERMANY MOLASSE BASIN.
MALM RESERVOIR. SEISMIC ATTRIBUTES

Top of the Upper Jurassic carbonste platform

WSwW «—2000m ENE

Upper Jurassic morphology
from 3D seismic survey
wsw =~ Reef ~ Faultzone ~Reef = ENE

.
Migrated seismic depth section

S\ s i i & R VL :
P}..:.,,,,,.., Jishakn D § "»"wawam»;;;uwlm”W?“' £
Jr o 3y "‘"‘I'"’." e m‘»»un.---“>-un;;ﬂbinp’1;;;735 X
"iw idads o

G SN ek o i 4N UG
Reflections which are 1 km

enhanced by spectral decomposition Source: H. Von Hartmann et al, 2012
Fault graben structure evidenced

| é’ by migrated depthsection I
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EXPLORATION
SOUTHERN GERMANY MOLASSE BASIN
SEISMIC (RE)PROCESSING

2020 Depth (m) 2560 2020 Depth (m) 2560 Gt1

sponglia bearing

recifal limestone$
thin bedded limestones

tho!hammon

W Malm (Upper Jurassic) M Cretaceous [ Tertiary

MALM Reef facies

4= hasz Maim
2000

VSP (raw processed) on weII GT1
(Geophone depth # 2000-2500 m) offset
(#4000 m)

fcor
WSWi Ll i S i 8 57,“ s’l‘ 5§°ENE

Reprocessed 2D seismic line R
location of wells GT1 & GT2 oy

Zero Bffsét and 'réprocessed 2D - I
line match

i BRRR

EERRERRENENEE
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EXPLORATION
PANNONIAN BASIN
COMBINED WELL GEOLOGY/SEISMIC (2D
PROFILES, VSP)/MT PROCESSING

1000 1000 1000

Depth (m)
|
o
Depth (m)
o
|

-1000 — - -1000 -1000 — + —-1000
] ' 7krrl| long sect]ion ' ' 1000 7 km long section
Re-interpreted Geological cross
seismic section o section and
: AMT/MT inversion
oo ] data
I.l.(il)l
\ [l
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3D STRUCTURAL MODELLING
PERMO TRIASTIC RESERVOIR




3D REGIONAL
GEOLOGICAL MODEL

le data:
lithostratigraphic columns

2387 21 Upper Anhydrits Member
2622 71 8alt Member
2661 21 Lower Anhydrita Member
2678 71 Lower Claystone Manber
2679 Coppershale Membe-
2888 Slochteran Farmation

— | zmm2 2913 Caumer Subgroup

Interpolated data extracted from existing
databases and geological atlases

DCE14095 ECSAC
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3D STRUCTURAL GEOMODELLING

Seismic data

SOUTHERN
NETHERLAND CLASTICS

Friesland Sandstrone o OUPUT DATA:
(Cretacrous) ! = Depth
o ANAAAN I Thickness

= Lower Detfurth sandstone |
WD)

Tubbergen sandstone
(Carboon)

Derthfurth sandstone (Trias)

Source: TNO

18




MOLASSE BASIN. MALM RESERVOIR
3D SEISMIC PROCESSING. RESERVOIR
TARGETING

ca.1:1

Schnitt (Inline NW-SE) durch 3D-Kubus

(\\\‘ Luschen et al (2013, acceple
> Source: Knapek, D-GEO-DAYS, PARIS 2014
(f 19 I
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RESERVOIR ASSESSMENT

WELL TARGETING
FAULT BLOCK STRUCTUAL SETTING

Source: Dernieres Nouvelles
d’Alsace (DNA, 2013) adapted
from FONROCHE interview
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RESERVOIR ASSESSMENT
WELL TARGETING
MULTI HORIZON CONCEPT

Insheim Soultz Temperature profiies with cepth

o
v

500
1000+
1500+
m.
— 2500}
E
e |
i o
»Multi-Horizon Concept”
m.
mA
Well GTI 1 5500
Start; 03.06.2008 0 50 w150 220
End: 12.09.2008 Temperature ['C)
Depth: 3654 m
Well GTI 2
Start: 28.01.2009
End: 20.04.2009
Depth: 3846 m

Target Formations:
Limestone,
Buntsandstone,
Perm,
Granite

Source: BESTEC

Y , ; I
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RESERVOIR ASSESSMENT
MULTILAYERED RESERVOIR
TENTATIVE FACIES CORRELATIONS

GLCS 4  GLCN 4 GBMN1 GAY4  GAY3 GTRE 4
! 1\
i i
E;; \'é"‘:i
B i3] 28 - Top Dogger B

FACIES

[—_—] Internal micritic and gravelly platform - Forward oolithic/bioclastic barrier

Oolithic barrier (reservoir) - Microgravelly biogenic external platform
Source: Rojas et al
22
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RESERVOIR ASSESSMENT
LAYERING IMPACT. CANDIDATE
RESERVOIR STRUCTURES

CR CR CR

DEPTH
DEPTH

13.5% 5

BR BR BR
100 %FLOW 100 %FLOW
« <
1. Production well 2. Injection well 3. Five layered 4. Sandwich 5. Single layer
Flowmeter logging reservoir reservoir equivalent
L5 RESERVOIR CR CAPROCK
(J}) N\ IMPERVIOUS LAYER BR BEDROCK
C
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RESERVOIR ASSESSMENT

LAYERING IMPACT. CANDIDATE RESERVOIR
TRUCTURES. PRODUCTION WELL COOLING KINETICS

Time, years

0 10 20 30 40 50 60 70
0 — g lg L L T e e e
1 E 2 : \Q\Q\Q\‘\Q\
2 =
3 = \
. AN
® 5 =
s =\
= =
2 6 —=
o = &\
3 3
o =
2 =
< E
s 8 =
o —
E =
e 9 =
10 E o——=&—= Single layer equivalent reservoir o—
= | v ¥ ¥ 2D Reseroir \V\
1 i «—o =& Three layered model. Reservoir 1 (top) V\x ——
5 | #——*——=@ Three layered model. Reservoir 2 (int.) N
12 —— #——=——=» Three layered model. Reservoir 3 (bot)
= | «—@—— sandwich Model. Top reservoir \V\v\v\\&
13 —=—| ¢——&—— sandwich Model. Bottom reservoir ~,

(]}) 14 | |

DCE14095 ECSAC 24 I
IP




RESERVOIR ASSESSMENT
STRUCTURAL GEOMODELLING
GOCAD 3D VIEW OF THE SANDWICH
RESERVOIR EQUIVALENCE




STRUCTURAL
GEO-MODELLING

GRID

RESERVOIR
SIMULATION S !

UPSCALING
DISTRIBUTED
PARAMETERS - POFPLILATE I
BOUMNDARY AIMITIAL 451100';'3.3 ITBLOEES
COMDITIONS AR
MODELLING/
MODIFY RESERVOIR

SIMULATION SMOATON
C H A I N . PE%%ETE'EN

cAERAToR INITIAL STATE

DEVELOPMENT
STRATEGIES

PREDICTIVE
SIMULATIONS

*

CPTIMISED

2 DCE14095 ECSAC e >
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@eptual hydrogeological m@
RESERVOIR v

Generate a simulation grid

SIMULATION = =

Quantity relevant data for each grid block:

g,eometry. elevation, hydraulic properties,
ermal properties, temperature, pressure,
enthalpy, salnity, gas content. Define
relative permeability characteristics.

NATURAL STATE v
MODELLING corresponding rates (or areasere) mas. o oine

closed boundaries and constant temperature boundaries.

FLOWCHART 4 -

Run model for simulated geological

time (several thousand years) A
Did
the system Increase
reach a simulated
quasi-steady time span
state? or
i modify model
Modify model characteristics
characteristics

distributions of
temperature and
heat flow at quasi-steady
state agree with
the observed

Initial-state
model

2002, GeothermEx, Inc.

INITIAL STATE FLOWCHART COA

(s

Source: Sanyal, 2002
27
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RESERVOIR

reguli ir;gular mass ﬂo\w he/atﬂow
S I I\/I U L/ \ I I O N |~ porous medium boundary |_— constant
geometry . '
[~ fractured medium conditions j~_ time
\ / \ dependent

S I I\/I U L Q TI O N 1-D 2-D 3-D pressure temperature

G R O U P porosity permeability mass heat
\ / thermal \ /

: ivi : tant
formation con.ductlwty ke ar |_— constan
parameters \gram aehalty sources [~ time-

/ \ specific heat / \ dependent
relative capillary production injection
permeability pressure
time
P.T,S, X stepping convergence
) linear
initial = Hinifee computational [~ solvers
conditions [~ non-uniform parameters | program
£\ options
;f/ ‘l‘..‘\
(fb
C Source: Pruess, 2002
N DCE14095 ECSAC 28
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RESERVOIR SIMULATION

- Couches imperméables

[ r=20m
- T=40Dm
|:| T=500m
|:| T=600m
oo
““““““ - mEmEE
* L l!llll=l
Horizontal Gridding
£ o Transmissivity distribution
Computed
pressure/temperature .

field (refined grid)
N/ 29
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40 50 60 70 80
| o i — |

Temperature (°C)

o T

000000000000000000000000

Pressure and temperature field
Year 2045
DCE14095 ECSAC Wells (450 m3/hr)

ooooooo

RESERVOIR SIMULATION
SUSTAINEBLE MANAGEI\/IENT SCENARIOS

126000~ -

125000 -

124000

123000 2 =

122000

121000

120000

119000
118000-{
117000

116000

115000

595000 596000 597000 598000 599000 600000 601000 602000 603000 604000

Interferences with
neighbouring doublets

30 ’ !

80

7%

70

65

60

55

45

40
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RESERVOIR DEVELOPMENT
RISK ANALYSIS

THE HIGH ENTHALPY CASE
MINING RISK ASSESSMENT. GEOPOWER

Well output curve
140
120 L g ———
\
Well power output 100
Formation temperature: 250°C 2 g0
Cold source (condenser) temperature: 50°C g
Condenser pressure: 0,120 bar 60 \
Separator pressure (single stage flash): 10 bar 40 \
Separator temp. (single stage flash): 180°C
Mass flowrate @ 10 bar: 110 kg/s 20
Power output @ 10 bar turbine inlet: #10MWe 0
0 5 10 15 20
Full success: 10 MWe P bar

Total failure: 5 MWe
Well delivery curve

(36
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RESERVOIR DEVELOPMENT
RISK ANALYSIS
THE MEDIUM ENTHALPY CASE

AN

N\
\ FULL SUCCESS
MINING RISK |~ —

T 45 MW,, \\
SUCCESS VS —
FAILURE CRITERIA | }
(CHP PROJECT) N
250 \\
T~
TOTAL FAILURE\\\\‘

150
150 155 160 165 170 175 180 185 190 195 200 205 210 215 220
( [l Wellhead Temperature (°C)
(]_\)l 7
~~_  DCE14095 ECSAC 32




RESERVOIR DEVELOPMENT
RISK TREE OF A TYPICAL GDH SYSTEM

( 1 ,
2 DCE14095 ECSAC 33 :
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450

350

300

250

200

150

Annual Avg. Generation Rate (MWG)

100

k(}:l)

400

432

Effect of SEGEP Injection on SE Geysers

(CalpinePower Plant Units 13, 16, 18 and NCPA Plants 1 & 2)

SUSTAINABILITY WATER INJECTION

o The Geysers field

2,500

2,000

1,500

1,000

500

Cuml. Steam/Injection 109 kg

Q

Cumlulative Production and Injection

A

45%
40%

A

- 35%
- 30%

7

- 25%
- 20%

/ P

- 15%
- 10%

—

L

- 5%

1960

246

a7 P Generated
Eleciricity

T
-
= -

Exponential

1/96

IP

1197

1/98

1/99 1/00 1101 1/02 1/03 104

DCE14095 ECSAC

1/05

1/06

1/07

1970 1580 1990 2000

‘ = Cuml.Steam Cuml. Injection Cuml. Inj Percentage ‘

0%
2010

Cumulative Production and

Injection
(Division of Qil, Gas, and
Geothermal Resources)

Effect of SEGEP Injection on SE
Geysers [Calpine and NCPA].

34

Cuml. Injection %



SUSTAINABILITY
GDH DOUBLET/TRIPLET COMPATIBILITIES

PARIS SOUTH
EXISTING AND PROJECTED GDH STATUS

124000
122000— GBAM i
GBA2
v

120000 |
3 abandoned doublets
14 serviced doublets
6 new doublets Ly F
3 triplet rehabilitated doublets

116000

114000 —
G 596000 598b00 600IOOO 6021000 604]000 606|000 608|000 610b00 6124000
(}:) Source : BRGM
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DCE14095 ECSAC

SUSTAINABILITY

MULTI-DOUBLET EXPLOITATION (1984-2035)
PARIS SOUTH. YEAR 2035

Simulation time 52 years (1984-2035)
Bottom reservoir layer

16000

15000

14000

13000

12000

11000

(%]
oo

3
b

TEMPERATURE (oC)

S (&) (o)) [0}
[ N (&) o

I
iN

40

| | | | | | | | | | | | | | |
S & L & & PSP S EES
P T PF PP FT T LESLFEL PSS &SS
S S S S S R S M SN N SRS Y

- Production well

4 Injection well

Source : Maria PAPACHRISTOU




HYDRO/THERMO/GEOCHANICAL

MODELLING EGS ENVIRONMENTS
PROCESSES INVOLVED

» Essentially fractured medium, Darcy flow;
non-Darcy flow at high fluid velocities in fractures

» Hydraulic coupling: advection
* Thermal coupling: buoyancy, density, viscosity
» Mechanical processes play an important

role in reservoir development and assessment
» Fracture mechanics
» Shear fracturing

T=c+ tan((D)- o,

._ _ _ Pf >SS+ o,
» Tensile fracturing
P.>S+o,,ta-P

» Matrix elasticity
» Poroelasticity
» Thermoelasiticity
» Injected fluid and formation fluids are different;
biphasic flow or multicomponent transport

» Geochemistry also play an important role in
reservoir characteristics

—

(s

Al .
C) oiiios ccenc Source: Kohl, 2007 . I
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INDUCED SEISMICITY

POST FRACTURING MAPPED EVENTS
Field Monitored

: M s
. . Gl
6000
0 1 \ \
| r 500 -1000  -1500  -2000  -2500

&,
| l ‘%‘b 1500 1000 500
By

4 Morthing [m] 55
DCE14095 ECSAC Source: Baria et a/, 2007 38 I




EGS

INDUCED SEISMICITY
COMPUTED POST FRACTURING SEISMIC EVENTS

Computer
p Each colored point corresponds to

Generated the center of a single fracture partially invaded
Circulation test Summer 2005

10 T T
8l pOPKS 1
Downhole s} Popis —
pressure ‘;j. """" 3
[MPa] 4L :
-2
-4

1 T T T T T T
5 i Sepka }
08 é“éra:" o s i
Saturationos - : o
04 F i ,
02F ST M
| M/
0
0 0.5 1 1.5 2 2.5 3 g5 4 4.5 . :
%l A M
20 - - v Lay .
15 f-veeeee I ----------------- " ......... S gep K3 - ’ S ' o
B Uepk2 =5-==- i
12 [t Qgpka +— |
Flowrates [ s /
sl 3f ] 0%  50%

-5 L2
0

11.5 5 2%5 5 31.5 4 45 |:- Saturation

Time [Weeks] |
DCE14095 ECSAC Source: Kohl, 2007 39 I
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INDUCED SEISMICITY

o EGS undertakings hosted in seismically active tectonic
environments

o A fatal issue during the build-up of any EGS reservoir

o A major contributor to fracture mapping and stimulated
bulk-rock volume estimates

o A sensitive social acceptance issue: triggering of M=2.9
(Soultz) and 3.4 (Basel) seismic events leading to
pressure mitigation (Soultz), flowrate limitations
(Landau) and project abandonment (Basel)

o Requirements
o Remote well sites
Thorough microseismic monitoring protocols
Soft rock stimulation procedures
Low injection pressures (multipath well trajectories)
Interactive communication with the public

O O O O

EJ:{)
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GEOTHERMAL ENERGY:
ENEWABLE-SUSTAINABLE-PROVEN-ACHIEVABLE-REALISTIC

h———— =

THANK YOU! MERCI!

www.gpc-france.com y I

DCE14095 ECSAC




