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Schematic of Carbon Capture Schematic of Carbon Capture 
and Storage (CCS)and Storage (CCS)
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Questions Posed by OrganizersQuestions Posed by Organizers

• What are realistic prospects for large-scale 
implementation of CCS at coal-fired facilities, 
and in what time frame?

• Are planned demonstration projects sufficient 
to begin the widespread development needed?

• What are the prospects for technology transfer 
to developing countries?

• What carbon prices are needed to achieve all 
this?



Current status of CCSCurrent status of CCS
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Status of CCS Technology  Status of CCS Technology  

• Pre- and post-combustion CO2 capture technologies are 
commercial and widely used in industrial processes;  also 
at several gas-fired and coal-fired power plants, at small 
scale (~50 MW);   CO2 capture efficiencies are typically 
85-90%.   Oxyfuel capture still in development.

• CO2 pipelines are a mature technology

• Geological sequestration is commercial on a limited basis, 
mainly for enhanced oil recovery (EOR);  several projects 
now in operation at scale of ~1 Mt CO2 /yr

• Integration of CO2 capture, transport and geological 
sequestration has been demonstrated in several industrial 
applications—but not yet at an electric power plant, and 
not yet in the U.S. 



Examples of Post-Combustion
CO2 Capture at Coal-Fired Plants

Warrior Run Power Plant
(Cumberland, Maryland, USA)
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Shady Point Power Plant
(Panama, Oklahoma, USA)
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Coal Gasification to Produce SNG
(Beulah, North Dakota, USA)
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Petcoke Gasification to Produce H2
(Coffeyville, Kansas, USA) 
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Examples of Pre-Combustion
CO2 Capture Systems
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Oxy-Combustion Pilot Plant 
Vattenfall Schwarze Pumpe Station (Germany)

14 Sept 2008

Source: Vattenfall, 2008
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CO2 Pipelines for Enhanced Oil Recovery

Source: USDOE/Battelle

Source: NRDC
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Dakota Coal Gasification Plant, ND

Geological Storage of Captured CO2 with 
Enhanced Oil Recovery (EOR)
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Weyburn Field, Canada
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Sleipner Project  
(Norway)

Source: Statoil

Geological Storage of Captured 
CO2 in a Deep Saline Formation
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Source: BP

Geological Storage of Captured 
CO2 in a Deep Saline Formation
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Prospects for largeProspects for large--scale scale 
implementationimplementation
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Barriers to CCS Deployment Barriers to CCS Deployment (1)(1)

Technical / Economic Issues

• No experience in large-scale power plant applications 
(e.g., 500 MW emitting 3-4 Mt CO2/yr)

• High cost of current CCS technologies
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Worldwide Worldwide 
ActivityActivity

• ~ 65 CCS 
projects of 
different scales 
and scope are 
underway, 
planned or 
proposed in 
different parts of 
the world                  
(here is a sample)

Project Name  Location  Feedstock  Size MW Capture 
Process  

CO2 Fate  Start-up  

Total Lacq  France Oil 35 Oxy Seq 2008 

Vattenfall Oxyfuel  Germany Coal 30/300/1000  Oxy Undecided 2008 

AEP Alstom Mountaineer  USA Coal 30 Post Seq 2008 

Callide-A Oxy Fuel  Australia Coal 30 Oxy Seq 2009 

GreenGen  China Coal 250/800  Pre Seq 2009 

Williston  USA  Coal 450 Post EOR 2009-15 

NZEC  China Coal Undecided Undecided Seq 2010 

E.ON Killingholme  UK Coal 450 Pre Seq 2011 

AEP Alstom Northeastern  USA Coal 200 Post EOR 2011 

Sargas Husnes  Norway Coal 400 Post EOR 2011 

Scottish& So Ferrybridge  UK Coal 500 Post Seq 2011-2012 

Naturkraft Kårstø  Norway Gas 420 Post Undecided 2011-2012 

ZeroGen  Australia Coal 100 Pre Seq 2012 

WA Parish  USA Coal 125 Post EOR 2012 

Coastal Energy   UK Coal/Petcoke 800 Pre EOR 2012 

UAE Project  UAE Gas 420 Pre EOR 2012 

Appalachian Power  USA Coal 629 Pre Undecided 2012 

Wallula Energy     USA Coal 600-700 Pre Seq 2013 

RWE npower Tilbury  UK Coal 1600 Post Seq 2013 

Tenaska  USA  Coal 600 Post EOR 2014 

BP Rio Tinto Kwinana   Australia Coal 500 Pre Seq 2014 

UK CCS project  UK Coal 300-400 Post  Seq 2014 

Statoil Mongstad  Norway Gas 630 CHP  Post Seq 2014 

RWE Zero CO2  Germany Coal 450 Pre Seq 2015 

Monash Energy  Australia Coal 60 k bpd  Pre Seq  2016 

Powerfuel Hatfield  UK Coal 900 Pre EOR Undecided 

ZENG Worsham-Steed  USA Gas 70 Oxy EOR Undecided 

Polygen Project  Canada Coal/Petcoke 300 Pre Undecided Undecided 

ZENG Risavika  Norway Gas 50-70 Oxy Undecided Undecided 

E.ON Karlshamn  Sweden Oil 5 Post Undecided Undecided S
ou
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DOE/NETL CCS Technology DOE/NETL CCS Technology 
RD&D Timeline RD&D Timeline 

Source: DOE/NETL, 2008

20102008 20162012 2020 2024

Capture Technology Laboratory-Bench-Pilot Scale R&D

Capture Technology Full-Scale Demos

CCS Commercialization

Capture Technology Large-Scale Field Testing

Carbon Sequestration Phase II -- Validation

Carbon Sequestration Phase III -- Deployment

20102008 20162012 2020 2024

Capture Technology Laboratory-Bench-Pilot Scale R&D

Capture Technology Full-Scale Demos

CCS Commercialization

Capture Technology Large-Scale Field Testing

Carbon Sequestration Phase II -- Validation

Carbon Sequestration Phase III -- Deployment

Capture Technology Laboratory-Bench-Pilot Scale R&D

Capture Technology Full-Scale Demos

CCS Commercialization

Capture Technology Large-Scale Field Testing

Carbon Sequestration Phase II -- Validation

Carbon Sequestration Phase III -- Deployment
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EPRI Vision for CCS DevelopmentEPRI Vision for CCS Development
“… achieving 
significant CO2
emission 
reductions 
while keeping 
electricity 
affordable very 
likely will 
require 
commercial-
scale coal-
based 
generation 
units operating 
with 90% CCS 
between 2020 
and 2030.”

Source: EPRI, 2008
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CURCCURC--EPRI Clean Coal EPRI Clean Coal 
Technology Roadmap GoalsTechnology Roadmap Goals

Source: CURC, 2008

Roadmap includes 
advances in several 

power generation and 
emission reduction 

technologies



E.S. Rubin, Carnegie Mellon

0

500

1000

1500

2000

2500

3000

3500

1990 1995 2000 2005 2010 2015 2020 2025 2030

U
.S

. E
le

ct
ric

 S
ec

to
r

C
O

2 
E

m
is

si
on

s 
(m

ill
io

n 
m

et
ric

 to
ns

)

EIA Base Case 2007

* Achieving all targets is very aggressive, but potentially feasible. 

Source: EPRI, 2007

Technical Potential for COTechnical Potential for CO22 Reductions Reductions 
from the U.S. Utility Sectorfrom the U.S. Utility Sector

150 GWe Plant Upgrades

46% New Plant Efficiency 
by 2020; 49% in 2030

No Existing Plant Upgrades

40% New Plant Efficiency
by 2020–2030

Advanced Coal 
Generation

5% of Base Load in 2030< 0.1% of Base Load in 2030DER

10% of New Vehicle Sales by 2017; 
+2%/yr Thereafter NonePHEV

Widely Deployed After 2020NoneCCS 

64 GWe by 203012.5 GWe by 2030Nuclear Generation

70 GWe by 203030 GWe by 2030Renewables

Load Growth ~ +1.1%/yrLoad Growth ~ +1.5%/yrEfficiency

TargetEIA 2007 ReferenceTechnology

CCS plays 
the largest 

role
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Everyone Agrees: FullEveryone Agrees: Full--Scale CCS Scale CCS 
Projects Are Urgently NeededProjects Are Urgently Needed

• To establish the reliability and true cost of CCS in 
utility applications at commercial scale, for:

� Alternative technologies (PC, IGCC; new, retrofit)
� Different coal types (bituminous, sub-bit, lignite)
� Different geological settings

• To help resolve the legal and regulatory issues of 
large-scale geological sequestration  

• To begin reducing future costs of CCS (via learning-
by-doing together with sustained R&D)

~10 full-scale projects are needed
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Will it Happen?Will it Happen?
Plans Gang Aft AgleyPlans Gang Aft Agley

BP, Edison MissionPre-/ EOR500 MW petcoke
IGCCUSACarson *

Statoil, ShellPost-/ EOR860 MW gas NGCCNorwayHalten

Pre-/ EOR

Oxy-/ Geol.

Pre-/ Aquifer

CCS

475 MW gas IGCC

450 MW lignite PC

275 MW coal IGCC

Technology

BP, SSEUKPeterhead

SaskPower + othersCanadaClean Coal   

FG Alliance, DOEUSAFutureGen

DevelopersLocationProject   

CCS Project Cancellations, 2007–2008

*Project cancelled at this location; a similar project  is now planned elsewhere.

No certainty that currently proposed projects 
will be fully funded and completed as planned
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What Does a FullWhat Does a Full--ScaleScale
CCS Project Cost?CCS Project Cost?

• Total incremental cost of building and operating 
CCS  at a 400 MWnet coal-based power plant (PC 
or IGCC)—including cost of the “energy penalty” 
(replacement power), plus costs of CO2 transport 
and deep aquifer storage (for 5 years):

� 0.7 to 1.0 billion USD                    
per project
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As Best I Can Tell …As Best I Can Tell …

• … None of the proposed projects or 
national programs now in place have 
firm commitments (“money in the 
bank”) for this level of support for 
CCS at a coal-based power plant

• A small number of programs come 
close to providing the commitment 
needed for a large-scale project;   in 
many cases, commitment of funds is 
still years away, hence, uncertain 
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Recent CCS Funding CommitmentsRecent CCS Funding Commitments

• June 2008: USDOE issues FOA for multiple commercial-
scale CCS project (restructured FutureGen) totaling $1.3 
billion (subject to future Congressional appropriations). 

• July 2008: Alberta, Canada announces C$2 billion, 5-year 
carbon capture and sequestration fund to support 3-5 
commercial-scale CCS projects in the province;  to be 
funded from oil and gas royalty income.

• October 2008: European Union parliament approves a €10 
billion commitment to support about 12 large-scale CCS 
power plant projects beginning in 2013, funded by expected 
income from sale of future ETS allowances
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One Recent U.S. Proposal:One Recent U.S. Proposal:
The Boucher Bill (HR 6258)The Boucher Bill (HR 6258)

• Purpose:
� Establish a non-governmental corporation to support 

commercial-scale demonstrations of CCS for new or 
retrofit applications for a range of coals and regions

• Cost:
� ~$10 billion over 10 years (~$1B/yr), supported by fees 

on fossil fuel-based electricity delivered by distribution 
utilities to retail consumers  ($0.43/MWh for coal)

Program would require approval of qualified industry 
organizations and State regulatory agencies;  

Revised bill is still pending Congressional action
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What Will Happen, and When ?What Will Happen, and When ?

• At current pace, a few large-scale 
integrated CCS projects at power 
plants are likely to move forward 
within the next several years

• But too soon to tell how many, 
where, and when;  stay tuned.



Will planned demonstrations Will planned demonstrations 
be sufficient to launch CCS ?be sufficient to launch CCS ?

E.S. Rubin, Carnegie Mellon
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Barriers to CCS Deployment Barriers to CCS Deployment (2)(2)

Regulatory and Legal Issues

• No established regulatory framework for licensing 
large-scale geological sequestration projects in U.S.

• Unresolved legal issues related to sub-surface 
property rights and long-term liabilities

• Uncertainties about public acceptance 

• Uncertain rules for emissions trading regimes
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Several nations and regions are Several nations and regions are 
working on CCS regulationsworking on CCS regulations

The EU
UK

Australia
Details went on hold with new Gvt. in Nov 2007

Victoria and offshore 

The EUThe EU
UKUK

Australia
Details went on hold with new Gvt. in Nov 2007
Australia
Details went on hold with new Gvt. in Nov 2007

Victoria and offshore Victoria and offshore 
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USEPA has developed a draft rule USEPA has developed a draft rule 
for CCS under the UIC programfor CCS under the UIC program

6

EPA has run a series of workshops 
and released a draft rule.  Comments 
are due in November 2008.

EPA proposal developed under 
authorization provided by the 
Safe Drinking Water Act
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Some Unresolved IssuesSome Unresolved Issues

• Legal arrangements for access and use of pore space 
for CCS in the deep subsurface

• Requirements for project licensing and operation

• Responsibilities and requirements for long-term 
stewardship of CCS sites

• Liability for damages during all phases of a project, 
including injection and post-operation phases
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One of Several Current Efforts:One of Several Current Efforts:
The “The “CCSRegCCSReg” Project” Project

• Objective: Work with a wide range of stakeholders and 
experts to design and facilitate the rapid adoption of a U.S. 
regulatory environment for the capture, transport and deep 
geological sequestration of CO2 that is safe, environmentally 
sound, affordable, compatible with evolving international 
carbon control regimes (including emissions trading) and 
socially equitable.

• Collaborators at 4 locations

• Website: www.CCSReg.org

• Interim report in November

• Recommendations in 2009
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Barriers to CCS Deployment Barriers to CCS Deployment (3)(3)

The Elephant in the Room:

• No current policy mandate or incentives for 
large or rapid reductions in CO2 emissions—
hence, no reason to deploy CCS at a large 
scale
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Options for Accelerating CCSOptions for Accelerating CCS

• Expand traditional “technology policy” options 
(e.g., tax credits, loans, subsidies, etc.)                     
(as in Energy Policy Act, USDOE CCTI program, etc.)

• Establish a CCS Trust Fund with fees used to 
pay full added cost of early CCS projects        
(as per Pew Center, EPA ACT committee, Boucher bill )

• Adopt sufficiently stringency cap- and- trade 
program (option: CCS bonus allowances and/or 
a tech. fund, e.g., from auction of allowances)                 
(as in Lieberman-Warner bill and others)

• Establish new regulations that require CCS              
(e.g., generator CO2 performance standards)                
(as in California CO2 stds, NSPS for major pollutants, etc.)
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Recent Cap & Trade Bills Recent Cap & Trade Bills 
Included Incentives for CCSIncluded Incentives for CCS

Source: Pew Center on Global Climate Change, 2008

No agreement on policy in 110 th Congress;
Action on climate change will take time,

no matter who is the next president
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How Rapidly Could CCS be Deployed?How Rapidly Could CCS be Deployed?

• Less rapidly than any models predict

• For reference, deployment of FGD and 
SCR systems at power plants (in response 
to stringent regulatory reqmts) occurred at 
a rate of roughly 80 GW/decade
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Prospects for Technology TransferProspects for Technology Transfer

• Yes, this could well happen once CCS has been 
successfully demonstrated in large-scale power 
plant applications

• Based on current initiatives, it might be China 
who transfers its technology to  industrialized 
countries, rather than the other way around !



What carbon price is needed?What carbon price is needed?

E.S. Rubin, Carnegie Mellon
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Cost of New Power Plants Cost of New Power Plants 
with and without CCSwith and without CCS
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Typical Cost of COTypical Cost of CO22 Avoided Avoided 
(Relative to a (Relative to a SCPC reference plantSCPC reference plantw/o CCS)w/o CCS)

Cost reduced by ~ $20–30 /tCO2
Enhanced oil recovery 
(EOR) storage

~ $50 /tCO2~ $70 /tCO2Deep aquifer storage

�1�H�Z���,�Q�W�H�J�U�D�W�H�G���1�H�Z���,�Q�W�H�J�U�D�W�H�G���1�H�Z���,�Q�W�H�J�U�D�W�H�G���1�H�Z���,�Q�W�H�J�U�D�W�H�G��
�*�D�V�L�I�L�F�D�W�L�R�Q���*�D�V�L�I�L�F�D�W�L�R�Q���*�D�V�L�I�L�F�D�W�L�R�Q���*�D�V�L�I�L�F�D�W�L�R�Q��

�&�R�P�E�L�Q�H�G���&�\�F�O�H���&�R�P�E�L�Q�H�G���&�\�F�O�H���&�R�P�E�L�Q�H�G���&�\�F�O�H���&�R�P�E�L�Q�H�G���&�\�F�O�H��
�3�O�D�Q�W���3�O�D�Q�W���3�O�D�Q�W���3�O�D�Q�W��

�1�H�Z���6�X�S�H�U�F�U�L�W�L�F�D�O���1�H�Z���6�X�S�H�U�F�U�L�W�L�F�D�O���1�H�Z���6�X�S�H�U�F�U�L�W�L�F�D�O���1�H�Z���6�X�S�H�U�F�U�L�W�L�F�D�O��
�3�X�O�Y�H�U�L�]�H�G���&�R�D�O���3�X�O�Y�H�U�L�]�H�G���&�R�D�O���3�X�O�Y�H�U�L�]�H�G���&�R�D�O���3�X�O�Y�H�U�L�]�H�G���&�R�D�O��

�3�O�D�Q�W�3�O�D�Q�W�3�O�D�Q�W�3�O�D�Q�W

�3�R�Z�H�U���3�O�D�Q�W���6�\�V�W�H�P�����3�R�Z�H�U���3�O�D�Q�W���6�\�V�W�H�P�����3�R�Z�H�U���3�O�D�Q�W���6�\�V�W�H�P�����3�R�Z�H�U���3�O�D�Q�W���6�\�V�W�H�P����
��relative to SCPC plant 

without CCS)

Different choices of reference plant without CCS 
will yield different avoidance costs

Levelized cost in 2007 US$ per tonne COLevelized cost in 2007 US$ per tonne CO22 avoidedavoided
(based on current technology w/ bituminous coals)(based on current technology w/ bituminous coals)

Source: Based on IPCC, 2005; Rubin et al, 2007; DOE, 2007
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Technology Technology 
InnovationInnovation

• It is likely that future 
CCS costs can be 
reduced significantly 
based on experience 
from commercial 
deployment coupled 
with sustained R&D



E.S. Rubin, Carnegie Mellon

Cap & Trade is not the Only OptionCap & Trade is not the Only Option

• CT Plus: A combination of C&T with CO2
performance standards for new and existing 
fossil fuel power plants 

– CCS-based limits on CO2/MWh 

• Power plant performance standards have been shown to 
stimulate deployment of emission reduction technologies, 
and innovations that reduce cost

(Based on 80% NO(Based on 80% NOxx removal, 500 MW plant, medium S coal)removal, 500 MW plant, medium S coal)
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Capital Cost Reductions for SCR SystemsCapital Cost Reductions for SCR Systems
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