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Th iS IeCtu re p resents - E.ON Energy Research Center

risk and strategies for minimizing risk

numerical process modeling as pivotal tool

the MeProRisk - approach

sources for reservoir data

reservoir simulation and methods for estimating rock properties
two examples: (i) crystalline basement, (ii) sedimentary basin

visualizing results of 3-D simulations

optimal experimental design: finding the best location for an exploration
borehole

® summary
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Risks in Geothermal Exploration EON Erergy Reeorch Cnter
® Risks in hydro-geothermal exploration and use:

®m Drilling risk (loss of equipment in the borehole, loss of borehole)

m Technological risk (borehole, pumps, power plant)

B Productivity risk (temperature and flow rate ) T=75 °C, Q=240 L s-1)
[l Thermal Power: P,= (p c); Q AT

Q:  Flow rate (m3 s); AT: Temperature drop (K);
(p c); Fluid thermal capacity (J m=K-)

® Prediction by numerical reservoir modeling
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Work flow in numerical reservoir simulation

E.ON Energy Research Center
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Analysis of
borehole data

3 f laboratory studies on
. . ke
m Provide reliable structural 3 core samples
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® Simulate fluid and heat flow N
(forward) and estimate rock 4
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Integrated data
processing

Data base:
Thermal + hydraulic

rock properties

!

properties (inverse)

Geological model

>

Geostatistical
Simulation
of rock properties

TN

Fluid and heat flow
simulation

B Reduce uncertainty of

\ 4

physical rock properties and
thus of productivity and

numerics
AL

Constraining
post-processing:

-Comparison with measured state variables;
-selection of reasonable realizations

economic risk

}

of uncertainty in

Quantification and reduction

predictions of rock properties and
state variables (e.g. temperature)
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M e P ro Ri S k COO pe rati O n E.ON Energy Research Center

General Information
Geology, Hydrology

.
s

Migration, Imaging

Micro seismicity and
Permeability

v

Seismic models

Structure and
Geometry assessment

f

Planning
Risk assessment
Production scenarios

Rock properties
Logging, Up-scaling
Reservoir model

Reservoir simulation Parallelization Shape optimization

Inverse methods Autom. Differentiation [fDesign optimization
Uncertainty analysis Visualization
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Reservoir rock properties ==
from InverSIOn Of borehcle |OgS E.ON Energy Research Center

o AWmK']
o HWmK'] ,

0 GR [API] 156 -015  NPHI[] 0.44

140 DT[usm’] _ 401950 RHOB [kgm’]

Integrative statistical petrophysical

studies for deriving representative
properties for rock types and
geological units

(1) Correlation of rock components and log response

(2) Calculation of volumetric fractions of rock components from log
data

(3) Calculation of thermal conductivity using appropriate mixing law
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Reservoir rock properties —

from petrophysica| ana|ysis E.ON Energy Research Center
laboratory studies on . Analysis of
core samples <+=—correlation=— borehole data
i < ™ Y
6500 A " - — %
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PP & AT Y
15500 e ¢ ? Cf E
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X [mm] % 3 } ]
Example of scanning measurement of thermal Example borehole data
conductivity A and sonic velocity vp
(interbedded dolomite - anhydrite).
+ direct measurements + allows spatial coverage of geologic units
- selective, not representative + completes vertical profile

- possibly large errors
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E.ON Energy Research Center

Statistical reservoir rock property data base

Original Distribution Layer 9
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|
Reservoir simulation and prediction EON Energy Research Cente
BDE . Gelogical Rock Geostatisics
el Structure properties
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Geothermal reservoir simulation — PDEs

O FIuidrow:V(k,Ofg//‘f)Vh"'Q:SSi?_]Z

B Heat V(AVT)-(pc), vVT+A4=(pc) T
transport: ’ ! o

m Species V(Dvck)—vVCk=¢§Ck
transport: &

E.ON Energy Research Center

permeability k [m?]

porosity ¢ [-]

density (fluid/effective) pf/e [kg m]
fluid dynamic viscosity uf [Pa s]
gravity g [m s2]

hydraulic head h [m]

specific storage coefficient Ss [m™]
source term Q [s7"], A[W m]
temperature T [°C]

effective thermal conductivity Ae [W m-! K]

concentration Ck [mmol L]

heat capacity (fluid/effective) cf/e [J kg K]

specific discharge v [m s]
dispersion tensor D [m? s]

solved by SHEMAT-Suite, an advanced version of
SHEMAT for 3-D forward and inverse simulations
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Methods for Property Estimation

m Bayesian Inversion
Optimization of an objective function
(AD technique used to determine the covariance
matrix)

(7 _ T~ _ T i i
O=dr5(p))y §oald 38 B)+ i ey §ralp 3 3) = Min!
least squares on parameters least squares on data
m Geostatistical Monte Carlo
Rock properties assigned randomly to a large
number of models according to given histograms

m Ensemble Kalman Filter
Recursive data assimilation (=comparison of data
with simulation prediction and corresponding
system adjustment) whenever in time data (and
its errors) becomes available

GGE | Applied Geophysics
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E.ON Energy Research Center
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Comparison of Methods:

Soultz-sous-Foréts Tracer test

E.ON Energy Research Center
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Test Location-Type 1 : Basement Rocks

E.ON Energy Research Center

m Southern German Crystalline Basement

= fragmented metamorphic rocks

= Data from the German Continental Deep Drilling KTB

Pilot hole: 4000 m, main hole: 9101 m
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E.ON Energy Research Center

KTB — Reservoir Structure and Geometry
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Calculation of coherency from HB==
eigen-structures of covariance matrices EON EnergyResearch Center

Data matrix
y-traces d11 d12 H’L'-I

[dn1 dng . diy

'

Covariance matrix: C = D'D
Largest eigenvalue

@ '
-§ Degree of . AL A A\
= coherency: =T C) T I =
DG 2N
J=1 J=1
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E.ON Energy Research Center

KTB — Reservoir Structure and Geometry

E. Szalaiova, Kiel
P
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Development & application
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structure recognition
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E.ON Energy Research Center
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KTB - ReserVOir Structure and Geometry E.ON Energy Research Center

Test location KTB:

= Interpretation of seismics e
of new filter techniques for

identifying structures
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KTB - Rese rVOi r Pe rm ea b i I ity E.ON Energy Research Center

Induced seismicity & permeability
Seismic reflectivity & permeability

[ o e
[ womornan B e
o ——
B s e [ SRS -
Fs
Pl zEw:
T e [ s [ reteee

Seianic Rafectors.
Etamio Groar- zev. . et
B - e R B )

low
reflectivity a4 F
- Horizontal slice at

4 ..,

3.5 km depth

Bugaayy lenuuy IOVI ‘6002 ‘I8 16 eAep

e localized micro-
tremors

high
reflectivity
Vertical slices between 4 km and 7.2 km depth

RWTH//CHEN
UNIVERSITY



E.ON Energy Research Center

Flow Simulation — KTB
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Flow Simulation — KTB

E.ON Energy Research Center

B Units > Rock properties

®m Fracure analysis =2
= Rock Permeability
= Flow model

Assignment of rock
properties & development o
a hydro-thermal flow model

10000
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log10 k
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Christian Kosack
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KTB - Temperature Estimate (first results)

E.ON Energy Research Center
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Test Location-Type 1 : Basement Rocks EON Encrgy Rsearch Center
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S O u ItZ'SO u S- F O réts E.ON Energy Research Center

®m Tracer experiment with three boreholes

1.5 MWe (+x MWe)

—GPK2 —GPK 4
o oo
E «
©
e
E
5~
©
-
O
o T T |‘-—F - T
0 30 60 90 120 150
Time (days)
Stimulated zone Pump test in 2005:

From central GPKS to peripheral GPK2 and GPK4
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B ayeS i a n I n Ve rS i O n E.ON Energy Research Center

m Given:
d: data; p,: a priori parameters,
g(p): non-linear system response function relating p and d

0=(d-g(p)) C;'(d-g(p))+(p-p.) C;'(p-p.) = Min!

m Differentiation with respect to parameters yields iteration scheme for
Improving parameter estimates

P =p+a(J ClI+CY I C d - (")

ag(p);
op

is the Jacobian

m C,and C,: data and parameter covariances; J, =

B Result:

= Parameter set minimizing the residual r = d - g(p) which approximates best the
a priori parameters
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SOUItZ'SOUS'ForétS -_ BayeSian InverSion E.ON Energy Research Center

m Data: Recorded Injection and production flow rate

B Properties to estimate:
Porosity ¢
Permeability k
Dispersion length ap

800 m
Z‘ 400 m
X Y Om
Om
400 m
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Soultz-sous-Foréts — Bayesian Inversion

25

E.ON Energy Research Center

Sensitivities _

— Observed Data 400
— Calculated Data
2 _ Data Errors 300"
é | 200/
E 8
= £ 100-
S 1 £
§ 0.5 -100
° o:-,.) -200
05 50 100 150 %
Time (d)
Zone ¢ (-) k (10> m?) | o (m)
3 (fault) 0.0015 | 35.1 68
9 (host rock) | 0.0069 0.0316 4.4
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Soultz-sous-Foréts —
Stochastic Monte Carlo Method

m Permeabilities picked from a bi-modal histogram

N

w

GPK 2 Best Fit

—observed
—simulated

—_
T

Tracer concentration (mol/L)
N

(@)

Time (d)
100 best fits of 5000 realizations
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Soultz-sous-Foréts —
Stochastic Monte Carlo Method

E.ON Energy Research Center

B Permeability distribution of best fit

connecting zone
between GPK3 and GPK2

Streamline Contour
Var v Var kx
Y .’ In
|
| D -16.00 -14.15 -12.30

|
1.1492-12 6.509-08 1.302e-07 1.9532-07 2.604e-07 Max: -11.50
Ma 7 Min: -18.13

x: 2.804e-0
Min: 1.149e-12
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Soultz-sous-Foréts — —t—
Stochastic Monte Carlo Method E.ON Energy Research Center

® Permeability and alternative flow paths

(Permeabilities sampled from bi-modal histogram )

1500
1000

1000 1500

x (m)

I > direct path

50 wide path
1000
Q
multiple path g.
<
Y Darcy Velocity (m s™) log,[Permeability (m)] Q
fT -— - ————
X 1.0e-07 5.0e-06 -14.25 -12.50
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Data Assimilation —t—

by Ensemble Kalman Filter (EnKF) £ON Energ Reseach Cener

B |dea underlying EnKF:
whenever in time data becomes available with known errors, compare
with data predicted by simulation and adjust system accordingly

m P =F W) +e, Forward propagation of the system ¥
d, = Hq;kf s Data prediction
N Adjust system according to a weighted

a _ f _ f
Ve = +aK,(d, -HY/) difference between data and predictio

"= K, =C H -(HC/,H"+C,)" Kalman Gain

k denotes time step; C, is data error covariance and C’, , is system error covariance
obtained from an ensemble of system realizations which converges during repeated
data assimilation steps
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Soultz-sous-Foréts — Ensemble Kalman Filter (EnKF=="

‘ON Energy Research Center

log,.[Permeability (m?)] log, [Permeability (m?)]
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1102 ‘Wenbiepy 3 1607

500 500
E E
N N
100 100

"(fn, 0 Estimation "("v 0 Sensitivity

B 1kmx24kmx1km (21 x 48 x 21 nodes);
Injection at GPK3

B 2 production wells at GPK2 and GPK4
B Simulation time 150 days
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Sou

ltz-sous-Foréts — Ensemble Kalman Filter (EnKF="="

E.ON Energy Research Center
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Soultz — permeability ensemble mean and e

Sta n d a rd d eVi ati O n E.ON Energy Research Center

log,.[Permeability /m? ] log.[Permeability /m? ]

_] | [

.

47 16 -

1km x 2.4 km x 1 km (21 x 48 x 21 nodes); Injection at GPK3
2 production wells at GPK2 and GPK4

150 days simulation time

3 iteration steps

880 realizations
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Soultz - porosity ensemble mean and ==
Standard deV|at|0n E.ON Energy Research Center
Porosity (-) Porosity (-)
mH | BN

0.0002 0.0006 0.001 0.0001 0.0004 0.0007 0.001
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Test Location-Type 2: Sedimentary Basin

E.ON Energy Research Center

B Northern German Sedimentary Basin
sedimentary hydrocarbon reservoir

Data (provided by RWE Dea, Hamburg)

= 3-D seismics

= records and logs from ~ 100 boreholes

= drill cuttings, cores from selected reservoir sections
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Sedimentary Basin — ==
Reservoir Structure and Geometry E.ON Energy Rescarch Center

Development & application
of new filter techniques for
identifying structures
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Sedimentary Basin — —t—
Relation Between ROCk Propertles and VP E.ON Energy Research Center

m for various rock types
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Model Generation: Sedimentary Basin EON EnergyResearch Center

o1 e 112

Integration of geological, structural
and rock property data in a 3-D
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Uiy
L LT P
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Zaxis
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Thermal model

Qpasals 75 MW m-2

GGE | Applied Geophysics
and Geothermal Energy

E.ON Energy Research Center

vl 10238
3.93 0.176
3.25 10.118
2.57 0.0595
1.90 Io.oo 100

Tiop: 11 °C
TS
I15o.7
104.1
I57.5o
11.00 Numerical experiments:

influence of advektion < 0.25 K
(confirmed by Vosteen et al. 2004)
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E.ON Energy Research Center

Predicted target temperature

Bayesian inversion of
temperature based on

BHT and simulations of
700 geostatistical Monte

Carlo realizations

variable:

thermal conductivity,
porosity,

basal specific heat flow

prior:

Specific heat flow at 6000 m:
75.0 £ 10.0 mW m=
posterior: 77.7 1.2 mW m2

GGE | Applied Geophysics
and Geothermal Energy

e ] Initial
1 006, ____________________________________________________________________________ InverS|On I
00 —+-QObserved BHT

I

Significant reduction of

3 -,
.............................

prior uncertainty! o

< —Monte Car|o

e o foreorrreernerneenecieeeen.. 8 IRRRRRSERREORR: - - .- - . - ASUREI ORPREPPTRN N 3 S

50 100 150
Temperature (°C)

200
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Interactive Visualization E.ON Energy Research Center

m Simulated streamlines of a geothermal doublet installation
visualized in a virtual 3-D “cave” environment

GGE | Applied Geophysics RW'IH
and Geothermal Energy
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Test Location-Type 2: Sedimentary Basin EON Energy Research Centr

® Model of a geothermal doublet

EnKF simulations

Producer

[0.]
o

Temperature (°C)
\]
(@]

(o)}
o

50O 5 10 15 20
Time (a)
m Sample realization 400 realizations
GGE | Applied Geophysics an'l a
and Geothermal Energy
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LimitS On temperature and pressure E.ON Energy Research Center

50

1N
o

Frequency
w
o

N
o

Frequency

%O 60 70 80 90 -%O -60 -40 -20 0 20
Temperature (°C) Well Pressure (MPa)

m Success probability for realizing 42 L/s at 75 °C: 1.6 %

GGE | Applied Geophysics an'l
and Geothermal Energy
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Single-well concept

E.ON Energy Research Center

Geothermal well

GGE | Applied Geophysics
and Geothermal Energy
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Single-well concept

Distance well-fault:

Producer
90
—107" m?, 5%
~s0 N | 107" m’, 20%
. —10"2m2 20 %
e O\ | 10712 m?, 20 %
270! T |
9 10 "m,20%
g
5
60
a | - 15 20
Time (a)
Producer
12
—10™" m? (i)
& 100 1072 m? (i
o W 107" m2 (i)
S .
28\
[0} \
; .
8 N T————
| | - 15 20
Time (a)

GGE | Applied Geophysics
and Geothermal Energy

E.ON Energy Research Center

Distance well-fault:

~40 m (ii)
Producer
90
80\\\\ \
70 ‘

Temperature (°C)
o o))
o o
—
'l
Illl

Negative pressure: flow rate of ™o 5 10 15 20
42 I/s cannot be established

% 5 10 15 20
Time (a)
Producer
20
—10"" m?, 5%
] R 10" m? 20 %
< —10"2m? 20 %
o 10| 10" m? 20 %
2 —10™ m? 20 %
o 5
o
o —
=0 T R
Time (a)
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Optimal experimental design (OED) EON Energy Research Certer
®m [nversion - Parameter estimation | x"‘«\Gaurs 1-D
= Find the optimal parameter vector p*, so that the or | :
simulation g(p,x) reproduces the observation d to |
beSt flt Z: Gd — VI
! i
T . T '
®~(d—g(x,p)) C 1(d—g(x,p))=Mm N
m accuracy of estimated parameter S o
= IfN -«  for noisy data: e(d, Vy) @ di
for estimated parameter: ¢( p*, F) B
r " / \ GauRk 1-D
= Fischer-Matrix: F ~ 9g(x, p) y 9g(x, p) | -
op op . |
. ] . 04 t G e F_ 1
B OED: Optimal experimental design: I/ b
= Find the optimal experimental condition (position o
vector) x*, so that the parameter p is estimated to LI T R B R
best precision based on the available data d(x*) p
GGE | Applied Geophysics RW'IH 48
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Optimal experimental design — Synthetic Model EON Energy Rescorch Cente

m Synthetic test case:

g_conc
0.007
0.005
0.003
0.001
-0.001
-0.002
0.004
-0.006
-0.008
0.010
-0.011
-0.013
-0.01%
-0.017
-0.019
-0.020
-0.022
-0.024
-0.026
-0.027
-0.029
-0.031
-0:033
0.035
-0.036
-0.038
0.040

Best position to estimate the permeability of
a fluvial sediment deposit based on a
chemical tracer experiment

Best observation point: max(dc/dp)

p=4.0%10"

Guessed a priori
parameter value

- suitable observation site

< unsuitable observation sites due to
large sensitivity to errors in parameter

GGE | Applied Geophysics RW'IH
and Geothermal Energy
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H=-
Main MePrO RiSk aCh ievements E.ON Energy Research Center

® Improved seismic processing for identifying geological units, fractures,
and faults

®m New methods relating seismic observations to hydraulic properties

® Improved assessment of thermal and petrophysical rock properties by
integrated interpretation of logs, core, and cuttings

B Improved numerical methods for reservoir simulation, parameter
estimation, and quantification of uncertainty

B |nnovative use of immersive visualization for appraisal of results

m Development of new methods for optimized siting of boreholes and field
exploration (OED)

GGE | Applied Geophysics RW'IH 50
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Thank you for your attention!

E.ON Energy Research Center

MAGNETISCHE FELDLINIE

MAGNETISCHER NORDPOL

Aléutengraben Mittelatlantischer
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atlantik)
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verdische
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(Ober-

guinea)
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= é”mn !
FesTeR ADKERN Mitelatlan-
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ERoKengy Riicken
B (Sudlicher
— Adantik)
\
Tonga-Ker-
madec- Peru-Chile-Graben
Graben

Siidamerika

Chile-Erhebung

1
‘* Ostpazi-

fische
| Erhebung

MAGNETISCHER SUDPOL
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