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C@z Outline of the project

« A MuUItiple Space and Time scale Approach for the
guaNTtification of deep saline formations for CO2 storaGe

« A large scale integrating project, 19 partners

« Site characterization methodology for the quantification
of saline aquifers for CO2 geological storage

e June 2009 - June 2013 (4yr)

e 7 test sites including one deep injection experiment and
one shallow injection experiment of CO2

e WWW.CoZ2mustang.eu




CQ,

(1) Process understanding and description;
Laboratory experiments, natural analogue studies and theoretical
analyses for improved process understanding and
conceptual models.

(2) Field characterization;
Data from test sites will be analyzed and new data collected.
Development of advanced field techniques includes
Tracer testing, seismic and electric monitoring.

(3) Interpretation and synthesis;

Updating of some of the best-performance computational models
based on the project findings and their application to the test sites.
Integration into a risk assessment framework.

(4) COZ2 injection experiment;

A small scale CO2 injection experiment will be carried out to validate
the field methods and models at Heletz (Israel). The target layer is at
a depth of ~ 1600 m.

SEVENTH FRAMEWORK



Partnhers

Uppsala University (Sweden) — Coordinator
Environmental & Water Resources Engineering (Isra  el)

University of Gottingen (Germany)

National Research Council (Spain)

Israel Institute of Technology (Israel)
University of Nottingham (England)

Centre National de la Recherche Scientifique (Franc  e)

University of Edinburgh (Scotland)
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Leipzig Institute for Applied Geophysics (Germany )

10.University of Cambridge BP Institute (England)

11.University of Bucharest (Romania)

12. Karlsruhe Institute of Technology (Germany)

Scientific, Industrial and Regulatory
13.Vibrometric (Finland) Advisory Board SIRAB
14.Amphos 21 (Spain)

_ International Experts : LBNL, Stanford University (USA)
15.Geological Survey of Sweden (Sweden) CO2CRC (Australia), IAE-GHG, JOGMEC(Japan)
16.Geophysical Institute of Israel (Israel) Industries : EnBw, EON, Statoil-Hydro, Vattenfall,

IEC, LAFARGE, Marathon, Progressive Energy,
ermoelecrica, CEA

18.IMAGEAU (France) Requlators : CDE, CIUDEN, Israel Water Author

19.0XAND (France) German Ministry of Environment, NAMR, SGU
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17.Lapidoth — Israel Oil Prospectors Corporation (Isr a




Management (WP1)

Technologies for
Field Measurement and monitoring
(WP3)

}

Test Sites
(WP2)

Israel (Heletz), Romania (Valcele), Germany
(Horstberg), France (Maguelone), Spain (participation
to the selection process), Scotland (North Sea and
Viking Graben), Sweden (SW Scania),

Cooperation with
Australia (Otway), the USA (Frio and WESTCARB)

Processes Investigation
(WP5)

|

Natural Analogies
(WP4)

Laboratory Experiments
(flow-thru, batch, large size)
(WP4)

Modeling and model
development
(WP7)

SIRAB
(Scientific, Industrial and Regulatory Advisory Board)

Experts
L.Myer (US-LBNL), S.Benson (Stanford U.), Yamamoto
(Japan), P.Cook, S.Sharma (Australia), John Gale
(IEA-GHG), T.Torp (Statoil-Hydro)

End-Users
EnBW (Germany), E-ON (Sweden), IEC (Israel),
LAFARGE (France), Marathon (Scotland), Progressive
Energy (Scotland), SHESA (Spain), Statoil-Hydro
(Norway), Vattenfall (Sweden), TERMOELECRICA
(Romania), CEA (France)

Regulators
CDE (Spain),CIDEN (Spain), Israel Water Authority,
Ministry of Environment (Germany), National Agency
for Mineral Resources (Romania), Swedish Geological
Survey (SGU, Sweden),

v

Quantification of relevant time
and space scales
(WP8)

l

CIC measures
Containment - Injectivity — Capacity
(WP9)

!

Certification platform
(WP9)

Risk Assessment
(WP9)

}

Guidelines
(wpP9)

Impact, dissemination, public
acceptance
(WP10)

(][}

SEVENTH FRAMEWORK
PROGRAMME




Management (WP1)

Technologies for
Field Measurement and monitoring
(WP3)

}

Test Sites
(WP2)

Israel (Heletz), Romania (Valcele), Germany
(Horstberg), France (Maguelone), Spain (participation
to the selection process), Scotland (North Sea and
Viking Graben), Sweden (SW Scania),

Cooperation with
Australia (Otway), the USA (Frio and WESTCARB)

Processes Investigation
(WP5)

|

Natural Analogies
(WP4)

Laboratory Experiments
(flow-thru, batch, large size)
(WP4)

Modeling and model
development
(WP7)

SIRAB
cientific, Industrial and Regulatory Advisory d)

Experts
L.Myer (US-LBNL), S.Benson (Stanford U.), Yamamoto
(Japan), P.Cook, S.Sharma (Australia), John Gale
(IEA-GHG), T.Torp (Statoil-Hydro)

End-Users
EnBW (Germany), E-ON (Sweden), IEC (Israel),
LAFARGE (France), Marathon (Scotland), Progressive
Energy (Scotland), SHESA (Spain), Statoil-Hydro
(Norway), Vattenfall (Sweden), TERMOELECRICA
(Romania), CEA (France)

Regulators
CDE (Spain),CIDEN (Spain), Israel Water Authority,
Ministry of Environment (Germany), National Agency
for Mineral Resources (Romania), Swedish Geological
Survey (SGU, Sweden),

v

Quantification of relevant time
and space scales
(WP8)

CIC measures
Containment - Injectivity — Capacity
(WP9)

!

Certification platform
(WP9)

!

Risk Assessment
(WP9)

}

Guidelines
(wpP9)

[

4/26/2009

Impact, dissemination, public
acceptance
(WP10)
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CQ,

Objective
How suitable are these varied sites to CO
storage?

e Performance during the CO2 injection process
* Long term spreading (performance assessment)
e Source pathway target

* |Innovation will consist in the validation of the
guidelines against a wide variety of test sites of
different geographical locations and hydro-
geological settings.

e 2 X Fleld experimental sites



(Q;

« Common framework for
data organization
established, to make the
models comparable

MUSTANG WP 2 Site characterisation Figure 1
Template overview

Co,

Talble 1 General site information Table 2 Well information

« Conceptual model
construction and data
compilation underway

Table 3 Reservoir properites

(LLLELE LA

Einemo, Niemi, Erlstrom, Juhlin.
Vadoze Zone Jour. Submitted.

Erlstrom et al. 2010
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Test Sites
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Site Area

® Weil
TUwe Fault

—~~~_ National border

Sweden

50 km

Hand Bay Basin

Hano 1042 <

Denmark Frey. O
@ A

Stenlille wells

Bornholm

Mikael Erlstrom, SGU

The South Scania site - Malmo

Southwest Scania

Mesozoic basin, marginal part of the
Danish Basin

Oil prospecting (1970-ties)

» Seismic investigations
15 deep adjacent wells with data

Geothermal prospecting

(E.ON 1999-2005)
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The South Scania site -

- 2 wells
One vertical (FFC-1) and one
deviated (FFC-2)

Drilled for geothermal
purposes by E.ON

- Seismic surveys (2D)
Seismic modeling
Geophysical well logging
Chemical studies
Hydrotesting

Reservoir modeling

Mikael Erlstrom, SGU
SEVENTH FRAMEWORK
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Miinch, Sistenich, Biicker and Blanke (VGE Power Tech 10/2005),

deep-geothermal resource-type map for Germany
Huenges (TU Berlin, 2005)

maodified after Kaltschmitt and Muller {GEV 2004),

Horstberg Site - Germany

* Potential formation for CO2- sequestration
in Germany (Triassic sandstone)

» Well characterised formation (gas
exploration)

 Hydraulically well characterised
 Available tracer experiments

* Available artificially generated frac in cap
rock
« Hydromechanics of cap rock and formation

Wuttke, M. LIAG; Sauter, M. Univ. Go6ttingen

SEVENTH FRAMEWORK
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Horstberg Site - Germany

g Horstberg Z1 Depth [m]

- 0 Single well
t Terti
| | Quaternary & Tertiary i ' tracer test
= 1030
| | Cretaceous
= 2000
I Jurassic - 2510
I Keuper
= 2990
Muschelkalk
= 3300
Buntsandstem
= 4230
| Rotliegend ')

Wouttke, LIAG; Sauter Univ. Géttingen 7
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Hontomin — Spain

- Site selected based on
‘ ‘ Spanish national site selection

program

- Reservoir dolomite (lower
Jura); thickness: 100-200,
depth: 1600-1200 m, porosity:
10-20 %, closed structure (test
site !): anticlinal

-Seal formation: marls (Jura) +
clay (lower Creta

- four boreholes, nine seismic

HONTOMIN o

-Intensive (national) site
Investigations underway and to

. come
Silva, O, Carrera, J. CSIC



Hontomin — Spain

SITE CHARACTERISATION 2009-2010

* Regional hydrology and hydrogeology (shallow)
 Natural gas emission
 Seismicity

» Geothermal characterization

A sondeos

9 lineas sismicas {surveys BG, G v 5)
10 km

* Detailed topography (satellite-based
interferometry)

» Petrophysics of reservoir and seal formations
» Detailed geological and structural mapping
3D structural model

» 3D seismic survey

 High resolution gravimetry

» Design downhole to 1500 m

Silva, O, Carrera, J. CSIC




Valcele - Romania

Valcele

Fig.A3.1.. Tectono-structural map of Roumania
(M.Sandulescu)

 anticline of the Paleoclene
covered with Helvetian
deposits

« data available from history
of oil exploitation

Scradeanu, D, Univ Bucharest



Valcele - Romania

[ Badenian

Geological cross section through Véalcele structure

 Data available from history

of oil exploitation

» Many exploitation/exploration
wells

» Geophysical logs of all boreholes;
» Seismic data

*Some new hydraulic data to be obtained

Scradeanu, D, Univ Bucharest




Heletz - Israel

Shtivelman, V. Gendler, Goldberg, GlI
Bensabat, J. EWRE

- Depleted oil field. At its edges
the formation is filled with saline
water (50,000 ppm TDS, 30,000

ppm CI).

 Relatively good geological
characterization (~50 wells in a
area of ~10 Km?).

* Site for MUSTANG deep CO2
injection experiment









Deep injection of supercritical
CO, Heletz, Israel

- extensive monitoring and
modeling

- major financial component of
the project

Shtivelman, GlI

Shallow injection of gaseous CO ,
Maguelone, France

- cross-validation of certain
geophysical methods, especially
geoelectric, co-financing by CNRS

Pezard, CNRS
]
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J. Bensabat, EWRE, A.Niemi, UU



« Small scale CO2 injection to a
reservoir layer at 1600 m depth,
layer thickness ~20m

* re-entry of an existing well
(injection well),
drilling of new one
(monitoring well)

J. Bensabat, EWRE
]
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Develop and verify innovative CCS-
adapted field techniques to assess the
suitability of a site

Develop methods for monitoring the
fate of CO, in the formation

Recommend suitable and cost-
effective technologies for  the
Measurement Monitoring Verification
(MMV) process.
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Principles of planned tracer experiments at Heletz (lsrael)

» single well push-pull experiments without CO,
obtain information on: fluid-rock interface densities

« dipole flow experiments without CO,
obtain information on: inter-well system size, connectivity, fluid
residence time distribution including heterogeneity, effective porosity

« single well push-pull experiments with CO,
Dynamic characterisation of CO,/brine/rock interfaces, their evolution
with time and scale dependency, residual saturations

e dipole flow experiments with CO,
Dynamic characterisation of CO,/brine interfaces, their evolution with
time and scale dependency to understand CO, mass transfer (multi-
phase, density dependent flow conditions) with time

M. Sauter, T.Licha, I.Ghergut, UGOTT
.|



Interface specific tracers

Interface specific tracers in CO2
& their reaction products in H20

M. Sauter, T.Licha, [.Ghergut, UGOTT
.|






Investigating coupled THMC
mechanisms using laboratory
experiments reproducing in-situ
conditions

Hydrodynamics of supercritical CO, In
brines and CO,—controlled mass
transfers

Long-term containment properties of
the sealing. Including natural analogue
studies
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dissolution localization , drying induced salt precipitation
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P.Gouze, CNRS, G.Wigand, KIT, C.McDermott, Univ Edinburg, T.Licha, Uni Gott
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«Sampling strategy for caprock

*The Marcellus Formation black shale
(New York, USA)
or
*New Albany Shale (lllinois, USA)

*Benefits:

Have been exposed to similar burial/tectonic
conditions as presently found for target CO2
storage site caprock in North Sea

» Characterise fracture suites (persistence alarigesind

through formation depths/heights, width, plananigture

of fill, spacing, bi- or multi-polar populations attaeir

distributions.

« UK onshore Kimmeridge caprock outcrops (1. Isle of

Skye, Scotland and 2. South Coast of England)alsth be

sampled but questions persist as to burial/tectonic

conditions that are recorded/experienced.

» Microscale characterisation via suite of imaging

(transmitted light microscopy, SEM, XRD with XRF) K.Ediman, C.Mcdermott, Uni Edinbrg

chemical grocesses



*New Hybrid Finite Element
Analytical Solution

sHeterogeneous material
properties

*No adaptive mesh refinement
«Sharp front retained

*Faster stable solution

eSource term injection

*Basis for investigating coupling

to Thermal Mechanical and
Chemical processes

K.Ediman, C.Mcdermott, Uni Edinbrg
|






Overall  objective: A framework of process
models describing CO, spreading and trapping
in saline formations. Relative significance of the
various processes in the fully coupled Thermo-
Hydro-Mechanical & Chemical (THMC) system.

Multiphase-multichemical flow, transport and
trapping in a coupled THMC system

Formulation of process models (some
processes previously not considered?)

Implementation into numerical codes

Solution of the coupled THMC system in
relevant scenarios

Relative significance of the wvarious sub-
processes in the coupled system

IPCC, 2005






Overall objective: to provide numerical tools
for the simulation of flow, transport, reactive
transport, thermal and chemical processes
occurring to the fluids and to the rock matrix
during the injection and storage of CO

the coupled THMC effects
multiple spatial and temporal scales
and uncertainties due to heterogeneity

Improved understanding of site-scale modeling

Improvements to the existing best-performance
(TOUGH2, RETRASO, OpenGeoSys) models

Rigorous analysis of some sub-processes

Einemo, Niemi, Erlstrom, Juhlin.
Vadoze Zone Jour. Submitted.



Manuscript: Vilarrasa, V., Bolster, D., Olivella, S. and J.rtgaa, 2010. Coupled hydromechanical modelling

CO, sequestration in deep saline aquiféngernational Journal of Greenhouse Gas Contsalbmitted.

Problem set-up. Simulation
with CODE_BRIGHT
(Olivella et al., 1994, 1996)

Fluid pressure evolution for 3
different strategies of CO,
injection

of



Scenario 1. Injection near the top of the aquifer Scenario 2. Injection away from the top of aquifer

t= 50000 s t= 50000 s

t=100000 s t=100000 s
t=200000 s t=200000 s
t=400000 s t=400000 s
t=600000 s t=600000 s
t=800000 s t=800000 s

Pressure distribution after 800000 s

Thesis Slooten, L. J., 2009. An object
oriented approach to groundwatger
optimization and simultation problems,
Tesis de doctorado, Departamento |de
Ingenieria del Terreno, Cartografica|y
Geofisica, Universidad Politécnica de

Cataluia.
]




* Injection into heterogeneous field

McDermott et al. in prep.
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Novel method for modeling evolution of multiple cra cks with
meshless approach, RBF method

Represents a fully meshless formulation, suitable for large 3D problems

The Hermitian method complex but robust, and
offers flexibilities when solving problems in
heterogeneous domains

Initial value problem:

Tu _ Blu(x,t)] = g(xt) onC
ﬁ+S(X)— Lu 4(x0) = f(x) N

Hermitian Interpolation using solution values, the PDE-operator,
and boundary operator(s) where present

u= " ay(xex]) +

=1 j=NI

NI+N+B?J_BY(HX_ y H )] . Nf’taj |_[Y (HX- X H )] + P

j=NB+NI+1

Useful for modelling heterogeneous soil / rock structures,
and will form the basis of the crack evolution method



* 65 8 ?

Fagerlund, Niemi, UU, Bensabat, EWRE
|



Overall objective: Integrate the project findings
and products into guidelines and decision support
system for site quantification. Risk, performance
and liability assessment.

Generic methodology for performance and risk
assessment

Application to one of the MUSTANG test sites
Suggest measures for the performance
evaluation of the CO, storage in a specific
reservoir.

Address the liability issue.

Outline a set of practical guidelines for the
quantification of a specific site for CO, storage.
Develop a decision support system in order to
assist the decision making process both at the
scientific level and the decision making level.

MANAGEMENT (WP1)

Technologies Natural
for Field Analogues
Measurement (WP4)
and
monitoring
(WP3)
Test sites Processes Laboratory
(WP2) Investigation Experiments
(WPS) (WP4)
Quantification of relevant
time and space scales
(WP8)
SIRAB
\ 4

Impact, dissemination,
public acceptance

(WP10)




Done : detailed description of the steps of a
Risk Management process

On-going : Functional definition of the system

— Geology: reservoir, caprock, aquifers, wells,
faults...

— Potential targets: surface (inhabitants, industry),
fresh water, subsurface activities...

Next : identification of potential risk events
— Processes that lead to risky events
— Potential consequence of these events
— Potential causes of the risk

Next : quantification of risk
— Expert analysis of Mustang partners
— Experimental and modelling activities within the
project

Yvi LE GUEN, Stéephanie DIAS, Olivier
POUPARD, Oxand

System definition

Functional analysis

Simeo™ ERM : Risk quantification and reporting



(1) Process understanding and description;

Laboratory experiments, natural analogue studies
and theoretical

analyses for improved process understanding and
conceptual models.
(2) Field characterization;

Data from test sites will be analyzed and new data
collected.

Development of advanced field techniques includes
Tracer testing, seismic and electric monitoring.
(3) Interpretation and synthesis;

Updating of some of the best-performance
computational models based on the project findings
and their application to the test sites. Integration into
a risk assessment framework.

(4) COZ2 injection experiment;

A small scale CO2 injection experiment will be
carried out to validate the field methods and models
at Heletz (Israel). The target layer is at a depth of ~
1600 m.
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