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Outline

• Analogues for geological storage
– Natural analogues

• Oil and gas reservoirs
• CO2 reservoirs

– Industrial analogues
• Natural gas storage
• CO2 enhanced oil recovery

• Risk management
– Storage security pyramid



Role of Natural and 
Industrial Analogues
• Natural analogues

– Proof that long term storage of buoyant 
fluids is possible

– Identification of geological formations that 
can store CO2

– Understanding of geochemical 
interactions between CO2 and rocks

– Identification of features that cause 
leakage

• Industrial analogues
– Demonstrated ability to extract and inject 

fluids
– Health, safety and environmental 

performance
– Injection technology
– Modeling and monitoring technology

Proof that 
storage is 
possible.

Demonstration 
of how to do it.



Options for Geological 
Storage

From IPCC Special Report

• Oil and gas fields
– Depleted
– EOR, EGR

• Saline formations
• Unminable coal-

seams
– ECBM

• Other



Industrial Analogues

Depleted Oil Fields

Enhanced Coal Bed 
Methane

Saline Formations

CO2 EOR with Storage

Depleted Gas Fields

Natural Gas Storage in 
Depleted Oil Fields

Coal Bed Methane Recovery

Natural Gas Storage in 
Saline Formations

CO2 EOR

Natural Gas Storage in 
Depleted Gas Fields



Injection of CO2 for 
Enhanced Oil Recovery

20 to 30 Mt/yr are injected yearly for CO2-EOR



CO2 Enhanced Oil 
Recovery



Weyburn CO2-EOR and 
Storage Project

• 2000 to present
• 1-2 Mt/year CO2 injection
• CO2 from the Dakota 

Gasification Plant in the U.S.

Photo’s and map courtesy of PTRC and Encana



Natural Gas Storage

• Seasonal 
storage to meet 
winter loads

• Storage 
formations
– Depleted oil 

and gas 
reservoirs

– Aquifers
– Caverns



Scale of Industrial Analogues
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Acid gas injection
Sequestration projects
EOR

Operator (field)

500 MW coal plant

Chevron (Acheson,
1st AGI site, 1989)

West Coast
(Jedney, USA)

West Coast (Largest
AGI site, 2002)

UT
(Frio Brine)

Battelle (Saline
Experiment)

Statoil
(Snohvit)

Statoil
(Sleipner)

BP
(In Salah)

EnCana
(Weyburn)

Chevron
(Rangeley)

Amerada Hess
(Seminole)

Kinder Morgan
(Sacroc)

Altura
(Wasson)

From IPCC, 2005

CO2 Plume
~ 102 km2



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 CO2 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.”



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%. 

From IPCC Special Report



Fundamental Scientific Knowledge of 
Storage and Leakage Mechanisms

Effective Site Selection and Characterization Methods

Storage Engineering

Safe Operations

Monitoring

Remediation Methods

Regulatory
Oversight

Storage Safety and Security
Pyramid

Financial
Responsibility



What Keeps the CO2
Underground?
• Injected at depths of 1 km or 

deeper into rocks with tiny pore 
spaces

• Primary trapping
– Beneath seals of low permeability rocks

• Secondary trapping
– CO2 dissolves in water
– CO2 is trapped by capillary forces
– CO2 converts to solid minerals

1/10 inch

Sandstone

Shale

Sandstone

Sandstone or Carbonate
(storage formation)

Shale or Evaporite (seal)

Fundamental Scientific Knowledge of 
Storage and Leakage Mechanisms



X-ray Micro-tomography at the
Advanced Light Source

Micro-tomography Beamline Image of Rock with CO2

Mineral
grain

Water
CO2



Comparison to Theoretical 
Distribution

Measured by L. Tomutsa, LBNL

Measured Distribution Calculated Distribution at 
40% Saturation

From Benson et al., 2006

Image calculated by D. Silin, LBNL



Multi-phase Flow and 
Capillary Trapping

High Pressure Pumps

Core Holder In Scanner

5% CO2 20% CO2

80% CO2 100% CO2



CO2 Saturation Profiles
During CO2 Injection
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Capillary Trapping During 
Water Injection
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Effective Site Selection Criteria and Characterization Methods

Prospective
Sites

Preferred 
Site



Geological 
Characterization

Depostional Environments 3-Dimensional Geological Model



Numerical Simulation 
of Plume Migration



Storage Engineering

Sealing Active and Abandoned
Wells

From IPCC, 2005



Well Blowouts During 
Oil & Gas Operations
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Data from District 4, California, 1993-2004
From Preston Jordan, LBNL

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 CO2 Injection
Operations Commence

- June, 2004

Gas Processing and CO2 Separation Facility

Courtesy of BP



Increasing Injectivity with Long 
Reach Horizontal Wells

Krechba 503 

1500 metres of horizontal section

Wells geo-steered 
through 20m thick 
reservoir unit to 
maximise the 
penetration of high 
porosity sandstones

Average reservoir permeability ~ 5 md

Courtesy of BP



Safe Operations

• Document effective 
safety record of 
industrial analogues

• Identify best practices 
for safe operations



TRC Rate for Various Oil 
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

Monitoring Needs for CCS 
Projects

Monitoring Needs

Requirements for Geologic Storage

Worker and 
Public Safety

Local Environmental 
Impacts to Groundwater 

and Ecosystems

GHG Mitigation
Effectiveness



Sleipner Project, 
North Sea
1996 to present
1 Mt CO2 injection/yr
Seismic monitoring

Picture compliments of Statoil



From Andy Chadwick, 2004

Seismic Monitoring Data 
from Sleipner



Remediation Methods
Source: IPCC, 2005

Reliable Remediation Methods 
Needed for Each Leakage Scenario


