Edward S. Rubin

Department of Engineering and Public Policy
Carnegie Mellon University
Pittsburgh, Pennsylvania

Presentation to the
Conference on Regulating and Financing Carbon Cayatind Storage
Rischlikon, Switzerland

November 7, 2007




Mitigation objectives and policy drivers
Current status of CCS technology

Outlook for future CCS developments

CCS potential for climate change mitigation




Climate change mitigation
objectives and policy drivers




® 1992 U.N. Framework Convention on Climate
Change calls forstabilization of greenhouse gas
concentrations in the atmosphatea level that
would prevent dangerous anthropogenic

Interference with the climate system”




What It Takes to Stabilize
Atmospheric COConcentration

(a) Atmospheric Stabilization Scenarios (b) Required CQEmissions
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®* Because of its long atmospheric lifetime,
stabilizing CQ emissionss notsufficient to
stabilize atmosphericoncentrations

Long-term global emissions must be reduced
significantly (roughly 70% or more) in order to
stabilize atmospheric C@oncentrations)o

matter what target is selected for stabilization!

The timetable for achieving stabilization has a
major impact on mitigation strategies




CO, capture and storage (CCS) can achieve the large
CO, reductions needed for stabilization, in time frames
of policy interest

CCS offers a potential bridging strategy for lowhzmn
use of fossil fuels—especially coal—until more
sustainable options are developed and widely deploy

CCS offers a potential link to carbon-free fueld an
energy for transportation (e.g., based on elettran
hydrogen production from fossil fuels)

CCS offers potential to reduce the cost of mitiyati




®* The U.S. still has no restrictions on Cé&nissions

®* The Kyoto Protocol and the European Union’s
Emission Trading System would cap 2010-2012
emissions at recent historical levels; post-2012
requirements are currently being negotiated

®* Developing and expanding economies like China
and India have no restrictions on GHG emissions




But some businesses are alread
dealing with climate change
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® As of mid-July 2007 . . . more than 125 bills, regmins and
amendments addressing global climate change and GHG
emissions ... a faster pace than any previous Congress
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Of particular note to this workshop:

* California recently adopted GOmits that would require
CCS for new coal plants atvestor-owned utilities

Emissions from baseload plants limited to 1100dk&s/MWh
(500 kg CQ/MWh)

New coal-based plants would need to capture anaeséey
approximately 35-40% of total plant emissions

* Similar performance standards have been adoptix:in
states of Washington and Montana




Current status of
CCS technologies




CO,
Capture &
Compress

CO, | CO, Storage
Transport (Sequestration)

@ - Post-combustion - Pipeline - Depleted oil/gas fields
Useful - Pre-combustion - Tanker - Deep saline formations
Products - Oxyfuel combustion - Unmineable coal seams

(Electricity, Fuels, - Ocean
Chemicals, Hydrogen) - Mineralization
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Pre- and post-combustion GC@apture technologies are
commercial and widely used in industrial processes,
mainly in the petroleum and petrochemical industrie
CQO, capture efficiencies are typically 85-90%

Post-combustion C{rapture also has been applied to
several gas-fired and coal-fired boilers (to praduc
commodity CQ for sale), but at smaller scales (<100
MW) compared to a large modern power plant

CO, pipelines are a mature technology in wide use

Integration of CQcapture, transport and geological
sequestration has been demonstrated in severaitiradu
applications, but not yet at an electric power plan




o Gasification synfuels plan '

e Major Pilot Plants (Post-Combustion)

® CO: Separation from Naturdl Gas for CCS

® Food-grade CO2/ Carbonation brine/ Brea (Post-Combustion)
Source: |IEA GHG, 2007




Examples of Post-Combustion
CO, Capture at Coal-Fired Plants

(Source: ABB Lummus)
o] WE R |
(Source: (IEA GHG)

Shady Point Power Plant Warrior Run Power Plant
(Panama, Oklahoma, USA) (Cumberland, Maryland, USA)

E.S. Rubin, Carnegie Mellon




Examples of Post-Combustion
CO, Capture at Gas-Fired Plants
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Bellingham Cogeneration Plant Petronas Urea Plant Flue Gas

(Bellingham, Massachusetts, USA) (Keda, Malaysia)
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Examples of Pre-Combustion
CO, Capture Systems
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Petcoke Gasification to Producg H  Coal Gasification to Produce SNG
(Coffeyville, Kansas, USA) (Beulah, North Dakota, USA)
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Example of
Oxyfuel
Combustion
Capture
System

(under construction
iIn Germany)

Source: Vattenfall, 2006

Pilot here
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CO, Pipelines for Enhanced Oil Recovery

Source: USDOE/Battelle
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Estimated Global Capacity of
Geological Storage Options

Resarvair Tube Lower Estimate Upper Estimate
P (GCO,) (GtCO,)
: : Uncertain, but
Deep saline formations 1000 possibly ~10 4
Oil and gas fields 675* 900*
Unminable coal seams 3-15 200

“Available evidence suggests that worldwide, it is likely that there
IS a technical potential of at least about 2000 GtCO, (545 GtC) of

storage capacity in geological formations. Globally, this would be
sufficient to cover the high end of the economic potential range,
but for specific regions, this may not be true.”

Source: IPCC, 2005
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Existing/Proposed C{5torage Sites
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Geological Storage of Captured €O
In Deep Saline Formations

Sleipner(Norway)

In Salah /Krechbeligeria)
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Geological Storage
of Captured COIn
a Depleted Oll
Reservolir

(with enhanced oil recovery)

co, &
: USDOE; NRDC
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Many Factors Affect Reported
Costs of COCapture & Storage
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Different Measures of Cost



Ten Ways to Reduce the Estimated Cost
of CO, Abatement
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Typical CCS Component Costs

(All values in 2002 US$IRCY)

CCS System Component Cost Range

Capture: Fossil fuel power plants| 15-75US$/tCQ net captured

Capture: Hydrogen and ammonia

production or gas processing plan®—2°US$1CQ net captured

Capture: Other industrial sources| 25-115US$/tCQ, net captured

Source: IPCC, 2005
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Typical CCS Component Costs

(All values in 2002 US$IRCY)

CCS System Component Cost Range

Capture: Fossil fuel power plants| 15-75US$/tCQ net captured

Capture: Hydrogen and ammonia

oroduction or gas processing plajt2—>°US$MCQ, net captured

Capture: Other industrial sources| 25-115US$/tCQ, net captured

Transport: Pipeline 1-8US$/tCQ, transported

Source: IPCC, 2005
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Typical CCS Component Costs

(All values in 2002 US$ICL

CCS System Component Cost Range

Capture: Fossil fuel power plants| 15-75US$/tCQ net captured

Capture: Hydrogen and ammonia

production or gas processing plan®—2°US$1CQ net captured

Capture: Other industrial sources| 25-115US$/tCQ, net captured

Transport: Pipeline 1-8US$/tCQ, transported

Storage: Geological formations | 0.5-8US$/tCQ net injected




Representative CCS Costs for New
Power Plants Using Current Technology
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Increase in capital cost (per kW) ~63% ~37%
Increase in generation cost

w/ saline aquifer storage 2-5 ¢/kWh | 1-3 ¢/kWh
Increase in generation cost with 1-3 ¢/kWh 0—1 ¢/kWh

EOR storage credits
Source: IPCC, 2005; Rubin et al, 2007

E.S. Rubin, Carnegie Mellon

WHG
LRQ
HG
ODQW



Cost of CQ Avoided

(based on current technology w/ bituminous coals)

Levelized cost in 2002 US$ per tonne £Moided

exsHUFULWGHHIUEWHS,
3RZHU 30DQW |[6\GWOBGIPHUL]H PELQHG
&RDO 30DQNEOH S3CDQW
Same plant with CCS _ _
(deep aquifer storage) $50 /1CO, $30 /1CO,
Same plant with CCS
b ~$25/tCO, | ~$15/CO,

(EOR storage)

Source: IPCC, 2005; Rubin et al, 2007
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Coal Rank Has a Large Effect on
Cost of PC vs. IGCC Plants w/ CCS

(2005 $/IMWh; dashed lines based on constant $/Gllfooals)

OIGCC-CCS O PC-CCS
140 + All plants ~500 MW(net); 75% CF; Aquifer storage, =
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OUtlook forfuture
CCS developmenis



The Importance of
Technology Innovation
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“Technology Policigsare often used
to spur innovation

E.S. Rubin, Carnegie Mellon



Regulatory policies also can stimulate
innovations that reduce emissions
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...with significant declines in cost
as technologies are deployed
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Experience Curve for Flue Gas Desulfurization Cost
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Similar trends found for
flue gasDeNOxtechnology
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Real cost also cancreaseluring
early stages of deployment
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Experience Curves from Case
Studies Used to Project CCS Costs
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Estimating Future
CCS PlantCosts
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Results for Plantevel COE

(Based on 100 GW of cumulative CCS capacity wordihyi

*$1/tCO, $1/MWh
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Conclusions from Case Studies



Potentlal CCS Role In
Clirnate Cnange Miilgation



Potential Geological Storage Areas

(Prospective areas in sedimentary basins wherabdaisaline formations, oil or gas fields, or doadls may be found)

Storage prospectivity

Highly prospective sedimentary
basins

. Prospective sedimentary basins

Non-prospective sedimentary
. basins, metamorphic and
igneous rock

Data quality and availability vary
among regions
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Economic Potential of CCS
in a CarborConstrained World

Source: IPCC, 2007
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A Note on Forecasting



Barriers to CCS Deployment



Key Needs for CCS to Gain Experience
with Utility -Scale Applications
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Need a Regulatoriframework for
DeepGeological Sequestration

PERMITTING PHASE INJECTION PHASE | POST-CLOSURE I STEWARDSHIP

| 1-10’s ! 100’s

v

1-10 10’s

Approximate Duration in Years

I nsurance for remediation and liability costs inca  se of default
I  Feeoninjected CO , to cover long-term stewardship costs
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While its Potential is Significant, the
Future of CCS Remains Uncertain
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