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Outline GCEP

 Fundamentals of storage security

— Natural analogs
 Qil and gas reservoirs
« CO, reservoirs

— Industrial analogues
« Natural gas storage
« CO, enhanced oil recovery

« Environmental risks of geological storage

* Risk management and mitigation
— Storage security pyramid




Options for Geological Storage - pp
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What Keeps the CO, Underground? gcgp

 Injected at depths of 1 km or
deeper into rocks with tiny pore
spaces # B 4

* Primary trapping
— Beneath seals made of fine textured

rocks that provide a membrane and
permeability barrier

e Secondary trapping
— GO, dissolves in water
— GO, is trapped by capillary forces
— GO, converts to solid minerals




Expert Opinion about Storage Security from the =
# IPCC Special Report on CO, Capture and Storage GCEP

“... the fraction retained in appropriately selected
and managed geological reservoirs is likely to
exceed 99% over 1,000 years.”

CARBON DIOXIDE
CAPTURE
AND STORAGE

“With appropriate site selection informed by
available subsurface information, a monitoring
program to detect problems, a requlatory system,
and the appropriate use of remediation methods to
stop or control CO, releases if they arise, the local
health, safety and environment risks of geological
storage would be comparable to risks of current
activities such as natural gas storage, EOR, and
deep underground disposal of acid gas.”
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IPCC Special Report on CO,
Capture and Storage, 2005




Natural analogs
— Oil and gas reservoirs
— GO, reservoirs

Performance of industrial
analogs

— 30+ years experience with CO,
EOR

— 100 years experience with natural
gas storage

— Acid gas disposal
20+ years of cumulative

performance of actual CO,
storage projects

— Sleipner, off-shore Norway, 1996
— Weyburn, Canada, 2000
— In Salah, Algeria, 2004

Evidence to Support these Conclusions GCEP

CO, injection well
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~35 Mt/yr are injected for CO,-EOR




Role of Natural and Industrial ==
Analogs GCEP

« Natural analogues

— Proof that long term storage of buoyant
fluids is possible

— ldentification of geological formations that
can store CO,

— Understanding of geochemical Proof that
interactions between CO,, and rocks StOfaQ; IS
— Identification of features that cause possibie.

leakage

 Industrial analogues

— Demonstrated ability to extract and inject
fluids

— Health, safety and environmental
performance

— Injection technology
— Modeling and monitoring technology

Demonstration
of how to do it.




Weyburn CO,-EOR and —
Storage Project GCEP

« 2000 to present

« 1-2 Mt/year CO, injection

« CO, from the Dakota
Gasification Plant in the U.S.

Wevb“rn Manitoba




® Gas Storage Sites

o _F W
1000 km

\. Approx. Scale at Equator

GCEP

Seasonal
storage to meet
winter loads

Storage
formations

— Depleted ol
and gas
reservoirs

— Aquifers
— Caverns




What Does a Good Storage -
Project Look Like? GCEP

* Three examples
— Sleipner, off-shore Norway
— Weyburn, Canada
— In Salah, Algeria

« CO, remains in the storage
reservoir

« Formation pressures remain
below the fracture gradient

« Wellbore integrity is maintained

« Monitoring demonstrates
satisfactory performance

 No serious accidents

Sleipner Saline Aquifer
Storage Project




What Could Go Wrong?

-
GCEP

. Potential Consequences

1. Worker safety
Industrial operations accidents

CO, exposure due to leakage from
surface and subsurface facilities

Groundwater quality degradation

CO, and geochemical reaction
products

Brine orézas displacement, including
dissolved or separate phase

2.

WORLDWIDE DRILLING DENSITY D 1-100

Number of wells drilled per
10,000 sq km B 10030

- 300 - 1,000
. 1,000 - 4400

. 4,400 - 23,400
. 23,400 - 61,000

D No Wells / Data

hydrocarbons

Resource damage
Migration to oil and gas fields

3.

Potential Release Pathways

« Well leakage (injection and
abandoned wells)

» Poor site characterization
(undetected faults)

» Excessive pressure buildup
damages seal

Migration to minable coal
Ecosystem degradation
Terrestrial plants and animals
Aquatic plants and animals
Public safety

CO, exposure due to leakage from
surface and subsurface facilities

Structural damage
Induced seismicity

Differential land surface subsidence or
inflation

Release to atmosphere

4.

5.

6.

7.




Geological Storage Safety and —

Security Pyramid GC
“With appropriate site selection “... the fraction retained in
informed by available appropriately selected and
subsurface information, a _ . managed geological
monitoring program to detect Financial reservoirs is likely to
problems, a regulatory system, Responsibility exceed 99% over 1,000
and the appropriate use of years.” IPCC. 2005
remediation methods...” R lat 0O aht ’
PCC. 2005 egulatory Oversig
Remediation
Monitoring

Safe Operations

Storage Engineering

Site Characterization
and Selection

Fundamental Storage
and Leakage Mechanisms




Security Pyramid

“With appropriate site selection

informed by available

subsurface information, a : :
monitoring program to detect Financial

problems, a regulatory system, Responsibility
and the appropriate use of
remediation methods...”

IPCC, 2005 Regulatory Oversight

Remediation
Monitoring

Safe Operations

Storage Engineering

Site Characterization
and Selection

Fundamental Storage

and Leakage Mechanisms

Geological Storage Safety and = ===

GCEP

“... the fraction retained in
appropriately selected and
managed geological
reservoirs is likely to
exceed 99% over 1,000

years. IPCC, 2005




Some Key Issues for CO, Storage g—
in Deep Saline Aquifers GCEP

« What fraction of the pore space can be filled with CO,?
« How big will the CO, plume be?

« How much CO, will be dissolved?

« How much will capillary trapping immobilize CO,?

« Can accurate models be developed to predict CO, fate and
transport?

Viscous and
capillary forces Heterogeneity Gravity Structure
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Answering these questions depends on the complex
interplay of viscous, capillary, buoyancy forces and

heterogeneity and structure on CO, plume migration.
Courtesy of Christine Doughty, LBNL




Multi-phase Flow and p—
Capillary Trapping GCEP

.....

High Pressure Pumps




Geological Storage Safety and = ==

Security Pyramid GC
“With appropriate site selection “... the fraction retained in
informed by available appropriately selected and
subsurface information, a _ _ managed geological
monitoring program to detect Financial reservoirs is likely to
problems, a regulatory system, Responsibility exceed 99% over 1,000
and the appropriate use of years.” IPCC. 2005
remediation methods...” R lat 0O aht ’
PCC. 2005 egulatory Oversig
Remediation

Safe Operations

Storage Engineering

Fundamental Storage
and Leakage Mechanisms




Site Characterization and
Site Selection

7 PALEOCERE

UPPER CRETACEOUS

E——

—oewventon creex
— Linosex suovan

SEA LevEL

VALNOT Grove
- ruomwron

i
C orreReNTIATED v
STRATA 8 VOLCANICS.

\ /
N\ fER

_
N

-
L

UNDIFFERENTIATED
MARINE STRATA

UNOIFFERENTIATED NONMARINE STRATA

——

X x
X " GENERALIZED CROSS SECTION
» " SOUTHERN SACRAMENTO VALLEY

SN030viaHD u3dan-3ua

i-'!.'.'{‘.“ S5 k,” 4o
”-'m Tt (R H
o RCNN

S—
GCEP

Status of Sedimentary Basins
in California

LEGEMD:

Sedimentary Basin Status:

]:' Excluded from further consideration
Included for further investigation

i Undetermined (not vet evalusted)

Other Layers:

- Matural Gas Field
- il Field

l:l County Boundary
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Security Pyramid GC
“With appropriate site selection “... the fraction retained in
informed by available appropriately selected and
subsurface information, a _ _ managed geological
monitoring program to detect Financial reservoirs is likely to
problems, a regulatory system, Responsibility exceed 99% over 1,000
and the appropriate use of years.” IPCC. 2005
remediation methods...” R lat 0O aht ’
PCC. 2005 egulatory Oversig
Remediation

Safe Operations
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Fundamental Storage
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In Salah Gas Project
- Krechba, Algeria
Gas Purification
- Amine Extraction
1 Mt/year CO, Injection
Operations Commence
- June, 2004

In Salah Gas Project GCEP

Cretaceous sandstones &
mudstones - 900 metres
thick (regional aquifer).

3CO, :
injection
wells

Carboniferous mudstones
- 950 metres thick.

Carboniferous reservoir
- 20 metres thick.

Courtesy of BP




Increasing Injectivity with Long ===
Reach Horizontal Wells ~ ©¢EF

Kre%hba 503

1500 metres of|lhorizontal section

| Courtes of BP
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Security Pyramid GC
“With appropriate site selection “... the fraction retained in
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subsurface information, a _ _ managed geological
monitoring program to detect Financial reservoirs is likely to
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TRC Rate for Various Oill —
and Gas Related Activities GCEP
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*denotes industry class for which only 2004 rate available.

Total Recordable Case (TRC) rate box plots for NAICS industry classes within an employment size group. Size groups shown are in
thousands of employees. TRC rates for industry classes participating in the oil and gas exploration and production industry are shown.



Well Blowouts During s—
Oil & Gas Operations GCEP

Data from District 4, California, 1993-2004

= From Preston Jordan, LBNL
o 0.0100%
>
2 0.0080% - o
2 3

o >
5 0.0060% | 8 & S
O N Qo S S o
m 0.0040% - g A =) =3 1
< 2 ] 2 g
2 0.0020% - g g -
= 0.0000% ‘ e
© Servicing Operation Other Abandoned  Injection
2 Wells Wells

Blowouts from active and abandoned wells are rare events.




e
Conclusions from Safety Analysis GCEP

* Industrial analogues suggest that CCS activities
will have
— Accident rates less than overall industry average

— When accidents occur, they are more likely to result
in days away from work than the industry average

— Fatality rates typical of heavy industry
— Well blowouts are rare events

Risks of CCS will be comparable to many
workplace activities taking place today.
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p—
Seismic Monitoring Data from Sleipner GCEP
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Sleipner Aquifer Storage Project
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From Andy Chadwick, 2004

Photo and image, courtesy of Statoil




Monitoring Methods GCEP

Walk Away VSP

Flux Tower

Flux Accumulation Chamber

Injection Rate
Wellhead Pressure
Annulus Pressure
Casing Logs

CO, Sensors

Geophones
Active Source Thermal Sensors

Injection ‘

;ﬁ
A‘ ‘A Pressure Transducer

Pressure Transducer
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Reliable Remediation Methods

<0, migrales up dip
maximizing dissolution &
residual O, trapping

gn cted
A

Needed for Each Leakage Scenario

-
GCEP

Fault

Potential Escape Mechanisms

A CO, gas B, Free co, C. co, D. Injected o, E. co, F. Matural flow G, Dissolved
pressurs leaks fram A escapes migrates up escapes via dissolves GO, G0, escapes to
exceads into upper through ‘gap’ in dip, increaseas poorly plugged at CO, [ water atmosphers or
capillary aquifer up fault cap rock into rasanoir old abandonead interface & acaan

pressure & higher agquifer pressure & well transports it out

passes through permeaability of of closure
siltstone fault
Remedial Measures
A. Extract & B. Extract & €. Remowve CO, D. Lower E. Re-plug well F. Intercept & G. Intercept &
purify grournd- purify ground- & reinfect infection rates or with cement reinject CO,, reinject CO,
waler walar elsewhere pressures

Source: IPCC, 2005
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Security Pyramid GCEP
“With appropriate site selection “... the fraction retained in
informed by available appropriately selected and
subsurface information, a _ _ managed geological
monitoring program to detect Financial reservoirs is likely to
problems, a regulatory system, Responsibility exceed 99% over 1,000

and the appropriate use of

> a years.” IPCC, 2005
remediation methods...” :
IPCC, 2005

Remediation

Monitoring

Safe Operations

Storage Engineering
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Fundamental Storage
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 Oversight of due diligence

- Site selection

- Operational parameters
- Monitoring

- Remediation plans

- Site closure

 Transparency
 Confidence building

The regulatory regime for
CCS is being considered.
Long term stewardship
needs to be resolved

Regulatory Oversight

-~
GCEP

KEY QUESTION

Is are & CES opportunity?

14 torage caphcity bhaty
i be adegate?

15 site suitable?

Does program meei reguiatony
condions and comrmunity

Storage capadty reached. Can
T B cniclutted b
chosure commenced?
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Primary and Secondary Trapping ===
Mechanisms GEEE
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-
GCEP

Quantifying Secondary Trapping
Mechanisms

Distributary (D) Bayfill (BF)

Bar (B)

Facies

Barrier core
Channel
Washover
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Numerical Simulations of Plume
Movement and Trapping GCEP

From Doughtx and Bensoni 2006



Trapping Rates and Efficiency =~ GCEP

End Injection End Rest ‘
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Phased Approach to p—
Financial Responsibility GCEP
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The Scale is Large GCEP
10,000
- ~2,000 Mt/yr
S
&
= 1,000
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S ~30 Mt/yr
= 10 ~ 6 to 8 Mt/yr
=
1 1 Mt/yr -
Sleipner 1,000 MW All U.S. Emissions

Project Power Plant CO,-EOR from Coal-Fired
with Capture  in U.S.  Power Plants




Integrated Technology p—
Development Pathway GLEP

Basic and Applied Research

Industrial Scale Projects




