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Outline

* Analogues for geological storage

— Natural analogues
 Oil and gas reservoirs
e CO, reservoirs

— Industrial analogues
* Natural gas storage
e CO, enhanced oll recovery

* Risk management
— Storage security pyramid



Role of Natural and
Industrial Analogues

Natural analogues

— Proof that long term storage of buoyant
fluids is possible

— ldentification of geological formations that

can store CO, Proof that

— Understanding of geochemical storage Is
interactions between CO, and rocks possible.

— ldentification of features that cause
leakage

 Industrial analogues

— Demonstrated ability to extract and inject
fluids _

— Health, safety and environmental Demonstration
performance of how to do it.

— Injection technology
— Modeling and monitoring technology




Options for Geological
carbon?
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' Geological Storage Options for CO,

OII and gaS flelds 1 Depleted oil and gas reservoirs

2 Use of CO, in enhanced oil recovery
3 Deep unused saline water-saturated reservoir rocks
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Injection of CO, for —-
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20 to 30 Mt/yr are injected yearly for CO,-EOR
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Weyburn CO,-EOR and

Storage Project

e 2000 to present

e 1-2 Mtlyear CO, injection

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

Wevb“rn Manitoba




e Seasonal

storage to meet
winter loads

e Storage

@ Gas Storage Sites

I

Apprax. Scale at Equator

formations

— Depleted oll
and gas
reservoirs

— Aquifers
— Caverns



Scale of Industrial Analogues (T
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Expert Opinion about
Storage Safety and Security

“ With appropriate site selection
Informed by available subsurface
Information, a monitoring program
to detect problems, a regulatory
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.”

CARBON DIOXIDE
CAPTURE
AND STORAGE
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Fraction Retained

“ Observations from engineered and natural
analogues as well as models suggest that
the fraction retained in appropriately
selected and managed geological
reservoirs Is very likely* to exceed 99%
over 100 years and is likely** to exceed
99% over 1,000 years.”

* "Very likely" is a probability between 90 and 99%.
** Likely is a probability between 66 and 90%.
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What Keeps the CO,
Underground? cardd
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 Injected at depths of 1 km or
deeper into rocks with tiny pore
spaces
* Primary trapping
— Beneath seals of low permeability rocks
e Secondary trapping
— CO, dissolves in water

— CO, is trapped by capillary forces
— CO, converts to solid minerals




X-ray Micro-tomography at the
Advanced Light Source

Micro-tomography Beamline Image of Rock with CO,
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Comparison to Theoretical )
Distribution carbandl
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Measured by L. Tomutsa, LBNL Image calculated by D. Silin, LBNL

Measured Distribution Calculated Distribution at
40% Saturation

From Benson et al., 2006



Multi-phase Flow and
Caplllary Trapping

High Pressure Pumps

Core Holder In Scanner

80% CO, 100% CO,

o

L)
5
A
g .
SR TR A



CO, Saturation Profiles
During CO, Injection

Sco?2

0.8

0.7 |

0.6 -
0.5 -
0.4
0.3 -
0.2
0.1

et VRS e iy
S OSSN UPPUURRE o o D0 O

0

1 3 5 7 9 11 13 15 17 19 21 23 25
Slice

—e— 5%CO2
—=— 10%C0O2
20%C0O2
50%C0O2
—x— 80%CO2
—e— 90%C0O2
—+—100%CO2




Capillary Trapping During
Water Injection
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Geological _
Characterization (EHAEES
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Numerical Simulation
of Plume Migration




Sealing Active and Abandoned |
Wells carbon?
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e

1000 Km
Approx.Scale at Equator

WORLDWIDE DRILLING DENSITY 1-100 . 300 - 1,000 . 4,400 - 23,400 No Wells / Data

Number of wells drilled per -
10,000 sq km 100 - 300 - 1,000 - 4,400 .23.4%51,004:'

From IPCC, 2005




Well Blowouts During
Oll & Gas Operations

Data from District 4, California, 1993-2004
From Preston Jordan, LBNL
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Blowouts from active and abandoned wells are rare events.




In Salah Gas Project

In Salah Gas Project
- Krechba, Algeria
Gas Purification
- Amine Extraction
1 Mt/year CO, Injection
Operations Commence
- June, 2004
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Cretaceous sandstones &
mudstones - 900 metres
thick (regional aquifer).

Carboniferous mudstones
- 950 metres thick.

Carboniferous reservoir
- 20 metres thick.

Courtesy of BP




Increasing Injectivity with Long
Reach Horizontal Wells

1500 metres of|lhorizontal section

Courtesy of BP
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 Document effective

55 roposetppaes safety record of
Industrial analogues

 |ldentify best practices
for safe operations




TRC Rate for Various Ol
and Gas Related Activities
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Conclusions from
Safety Analysis

 |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.




Monitoring Needs for CCS o
Projects carbonz
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Requirements for Geologic Storage

Worker and Local Environmental GHG Mitigation

; Impacts to Groundwater :
Public Safety and Ecosystems Effectiveness

Monitoring Needs



Sleipner Project, y 0
North Sea cor29.n

=1996 to present e
=1 Mt CO, injection/yr -
= Seismic monitoring

(800 - 1000m depth)

Sleipner East
- Production and injection wells

Sleipner East Field

Picture compliments of Statoll



Seismic Monitoring Data &~
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1999 5 2001 2002

Horizontal
seismic section
not available
for 2002

From Andy Chadwick, 2004



Reliable Remediation Methods
Needed for Each Leakage Scenario@ Xyl
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Injected CiO, migrates up dip
maximzi ng dissolution S

residual CO, trapping

Fault

Potential Escape Mechanisms

A.CO_gas B. Frae CO, C. CO, D. Injectad CO_ E. CO, F. Matural flow G. Dissolved
pressure leaks from A escapes migrates up escapes via dissolves CO, CO, escapes to



