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Outline of TalkOutline of Talk

• Mitigation objectives and policy drivers

• Current status of CCS technology

• Outlook for future CCS developments

• CCS potential for climate change mitigation



Climate change mitigation Climate change mitigation 
objectives and policy driversobjectives and policy drivers
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The Goal of StabilizationThe Goal of Stabilization

• 1992 U.N. Framework Convention on Climate 
Change calls for “stabilization of greenhouse gas 
concentrations in the atmosphereat a level that 
would prevent dangerous anthropogenic 
interference with the climate system”
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What it Takes to Stabilize What it Takes to Stabilize 
Atmospheric COAtmospheric CO22 ConcentrationConcentration
(a) Atmospheric Stabilization Scenarios              (b) Required CO2 Emissions

Source: IPCC, 2001
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Implications of StabilizationImplications of Stabilization

• Because of its long atmospheric lifetime, 
stabilizing CO2 emissionsis notsufficient to 
stabilize atmospheric concentrations

• Long-term global emissions must be reduced 
significantly (roughly 70% or more) in order to 
stabilize atmospheric CO2 concentrations, no 
matter what target is selected for stabilization!

• The timetable for achieving stabilization has a 
major impact on mitigation strategies
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Why the Interest in CCS ?Why the Interest in CCS ?

• CO2 capture and storage (CCS) can achieve the large 
CO2 reductions needed for stabilization, in time frames 
of policy interest  

• CCS offers a potential bridging strategy for low-carbon 
use of fossil fuels—especially coal—until more 
sustainable options are developed and widely deployed

• CCS offers a potential link to carbon-free fuels and 
energy for transportation (e.g., based on electricity or 
hydrogen production from fossil fuels)

• CCS offers potential to reduce the cost of mitigation 
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Current climate policies are still a long Current climate policies are still a long 
way from stabilization requirementsway from stabilization requirements

• The U.S. still has no restrictions on CO2 emissions

• 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
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But some businesses are already But some businesses are already 
dealing with climate changedealing with climate change

Business Week, July 17, 2006
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Things are also heating up Things are also heating up 
in the U.S. Congressin the U.S. Congress

• As of mid-July 2007 . . . more than 125 bills, resolutions and 
amendments addressing global climate change and GHG 
emissions … a faster pace than any previous Congress

Sample of 
legislative 
proposals in 
the 110th

Congress as of 
August 2007

Source: Resources for the Future, 2007
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Several U.S. States have independently Several U.S. States have independently 
begun to limit CObegun to limit CO22 emissions emissions 

Of particular note to this workshop:

• California recently adopted CO2 limits that would require 
CCS for new coal plants at investor-owned utilities: 

� Emissions from baseload plants limited to 1100 lbs CO2/MWh 
(500 kg CO2/MWh)

� New coal-based plants would need to capture and sequester 
approximately 35–40% of total plant emissions

• Similar performance standards have been adopted in the 
states of Washington and Montana



Current status of Current status of 
CCS technologiesCCS technologies
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Schematic of a CCS SystemSchematic of a CCS System
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COCO22 Capture Options for Power PlantsCapture Options for Power Plants

Source: IPCC, 2005
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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, 
mainly in the petroleum and petrochemical industries; 
CO2 capture efficiencies are typically 85-90%

• Post-combustion CO2 capture also has been applied to 
several gas-fired and coal-fired boilers (to produce 
commodity CO2 for sale), but at smaller scales (<100 
MW) compared to a large modern power plant

• CO2 pipelines are a mature technology in wide use

• Integration of CO2 capture, transport and geological 
sequestration has been demonstrated in several industrial 
applications, but not yet at an electric power plant
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Current COCurrent CO22 Capture ProjectsCapture Projects

Source: IEA GHG, 2007



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

Warrior Run Power Plant
(Cumberland, Maryland, USA)
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Examples of Post-Combustion
CO2 Capture at Gas-Fired Plants

Petronas Urea Plant Flue Gas
(Keda, Malaysia)
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Bellingham Cogeneration Plant
(Bellingham, Massachusetts, USA)
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Coal Gasification to Produce SNG
(Beulah, North Dakota, USA)
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Examples of Pre-Combustion
CO2 Capture Systems
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The Vattenfall 30 MW th
Oxy-Coal Pilot Boiler 
with CO 2 capture at
Schwarze Pumpe
(Germany), starting
mid-2008

Source: Vattenfall, 2006

Example of 
Oxyfuel 

Combustion
Capture 
System

(under construction 
in Germany)

Pilot here

The Vattenfall 30 MW th
Oxy-Coal Pilot Boiler 
with CO 2 capture at
Schwarze Pumpe
(Germany), starting
mid-2008
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CO2 Pipelines for Enhanced Oil Recovery

Source: USDOE/Battelle

Source: NRDC

E.S. Rubin, Carnegie Mellon



E.S. Rubin, Carnegie Mellon

Estimated Global Capacity of Estimated Global Capacity of 
Geological Storage OptionsGeological Storage Options

“Available evidence suggests that worldwide, it is likely that there 
is a technical potential of at least about 2000 GtCO2 (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.”

Uncertain, but     
possibly ~10 41000Deep saline formations

2003–15Unminable coal seams

900*675*Oil and gas fields

Upper Estimate
(GtCO2)

Lower Estimate
(GtCO2)

Reservoir Type

* Estimates are 25% larger if “undiscovered reserves” are included.

Source: IPCC, 2005
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Existing/Proposed CO2 Storage Sites
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Geological Storage of Captured CO2
in Deep Saline Formations
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Dakota Coal Gasification PlantRegina
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Many Factors Affect Reported Many Factors Affect Reported 
Costs of COCosts of CO22 Capture & StorageCapture & Storage

• Choice of CCS Technology

• Process Design and Operating Variables

• Economic and Financial Parameters

• Choice of System Boundaries; e.g.,
� One facility vs. multi-plant system (regional, national, global)
� GHG gases considered (CO2 only vs. all GHGs)
� Power plant only vs. partial or complete life cycle

• Time Frame of Interest
� Current technology vs. future (improved) systems
� Consideration of technological “learning”
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Different Measures of CostDifferent Measures of Cost

($/MWh)ccs – ($/MWh)reference

(CO2/MWh)ref – (CO2/MWh)ccs

• Cost of CO2 Avoided ($/ton CO2 avoided)

=

• Cost of CO2 Abated ($/ton CO2 reduced)
($ NPV)ccs – ($ NPV)reference

(CO2)ref – (CO2)ccs
=

• Cost of Electricity ($/MWh)

(TCC)(FCF)  + FOM
(CF)(8760)(MW)

+ VOM + (HR)(FC)=
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Ten Ways to Reduce the Estimated Cost Ten Ways to Reduce the Estimated Cost 
of COof CO22 AbatementAbatement

10.   Assume high power plant efficiency 
9.   Assume high-quality fuel properties
8.   Assume low fuel costs
7.   Assume EOR credits for CO2 storage
6.   Omit certain capital costs
5.   Report $/ton CO2 based on short tons
4.   Assume long plant lifetime
3.   Assume low interest rate (discount rate)
2.   Assume high plant utilization (capacity factor)
1.   Assume all of the above !

. . .and we have not yet considered the CCS technology!
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Typical CCS Component Costs Typical CCS Component Costs 
(All values in 2002 US$/tCO(All values in 2002 US$/tCO22))

25–115 US$/tCO2 net capturedCapture: Other industrial sources

5–55 US$/tCO2 net captured
Capture: Hydrogen and ammonia 
production or gas processing plant

15–75US$/tCO2 net capturedCapture: Fossil fuel power plants

Cost RangeCCS System Component

Source: IPCC, 2005

Capture costs include the cost of compressing CO2 for transport and storage; 
the energy requirements for CCS represent a significant portion of the costs
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Typical CCS Component Costs Typical CCS Component Costs 
(All values in 2002 US$/tCO(All values in 2002 US$/tCO22))

1–8US$/tCO2 transportedTransport: Pipeline  

25–115 US$/tCO2 net capturedCapture: Other industrial sources

5–55 US$/tCO2 net captured
Capture: Hydrogen and ammonia 
production or gas processing plant

15–75US$/tCO2 net capturedCapture: Fossil fuel power plants

Cost RangeCCS System Component

Source: IPCC, 2005

Capture costs include the cost of compressing CO2 for transport and storage; 
the energy requirements for CCS represent a significant portion of the costs
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Typical CCS Component Costs Typical CCS Component Costs 
(All values in 2002 US$/tCO(All values in 2002 US$/tCO22))

0.5–8US$/tCO2 net injectedStorage:Geological formations

1–8US$/tCO2 transportedTransport: Pipeline  

25–115 US$/tCO2 net capturedCapture: Other industrial sources

5–55 US$/tCO2 net captured
Capture: Hydrogen and ammonia 
production or gas processing plant

15–75US$/tCO2 net capturedCapture: Fossil fuel power plants

Cost RangeCCS System Component

Source: IPCC, 2005

Capture costs include the cost of compressing CO2 for transport and storage; 
the energy requirements for CCS represent a significant portion of the costs
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Representative CCS Costs for New Representative CCS Costs for New 
Power Plants Using Current TechnologyPower Plants Using Current Technology

~37%~63%Increase in capital cost (per kW)

0–1 ¢/kWh1–3 ¢/kWh
Increase in generation cost with  
EOR storage credits               

1–3 ¢/kWh2–5 ¢/kWhIncrease in generation cost        
w/ saline aquifer storage  

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

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

�,�Q�F�U�H�P�H�Q�W�D�O���&�R�V�W���R�I���&�&�6���5�H�O�D�W�L�Y�H���W�R���,�Q�F�U�H�P�H�Q�W�D�O���&�R�V�W���R�I���&�&�6���5�H�O�D�W�L�Y�H���W�R���,�Q�F�U�H�P�H�Q�W�D�O���&�R�V�W���R�I���&�&�6���5�H�O�D�W�L�Y�H���W�R���,�Q�F�U�H�P�H�Q�W�D�O���&�R�V�W���R�I���&�&�6���5�H�O�D�W�L�Y�H���W�R��
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�E�D�V�H�G���R�Q���E�L�W�X�P�L�Q�R�X�V���F�R�D�O�V�E�D�V�H�G���R�Q���E�L�W�X�P�L�Q�R�X�V���F�R�D�O�V�E�D�V�H�G���R�Q���E�L�W�X�P�L�Q�R�X�V���F�R�D�O�V�E�D�V�H�G���R�Q���E�L�W�X�P�L�Q�R�X�V���F�R�D�O�V

Source: IPCC, 2005; Rubin et al, 2007

Variability is due to differences in site-specific factors. 
Added cost to consumers will depend on the number and type of  
CCS plants in the overall power generation mix at any given time
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Cost of COCost of CO22 Avoided Avoided 
(based on current technology w/ bituminous coals)(based on current technology w/ bituminous coals)

~ $15 /tCO2~ $25 /tCO2
Same plant with CCS 
(EOR storage)

~ $30 /tCO2~ $50 /tCO2
Same plant with CCS 
(deep aquifer storage)
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�*�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���&�R�P�E�L�Q�H�G���&�R�P�E�L�Q�H�G���&�R�P�E�L�Q�H�G��
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�6�X�S�H�U�F�U�L�W�L�F�D�O���6�X�S�H�U�F�U�L�W�L�F�D�O���6�X�S�H�U�F�U�L�W�L�F�D�O���6�X�S�H�U�F�U�L�W�L�F�D�O��
�3�X�O�Y�H�U�L�]�H�G���3�X�O�Y�H�U�L�]�H�G���3�X�O�Y�H�U�L�]�H�G���3�X�O�Y�H�U�L�]�H�G��
�&�R�D�O���3�O�D�Q�W�&�R�D�O���3�O�D�Q�W�&�R�D�O���3�O�D�Q�W�&�R�D�O���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

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

Levelized cost in 2002 US$ per tonne CO2 avoided

Source: IPCC, 2005; Rubin et al, 2007



E.S. Rubin, Carnegie Mellon

Coal Rank Has a Large Effect on Coal Rank Has a Large Effect on 
Cost of  PC vs. IGCC Plants w/ CCS Cost of  PC vs. IGCC Plants w/ CCS 

(2005 $/MWh; dashed lines based on constant $/GJ for all coals)(2005 $/MWh; dashed lines based on constant $/GJ for all coals)
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Outlook forOutlook forfuture future 
CCS developmentsCCS developments
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The Importance of The Importance of 
Technology InnovationTechnology Innovation
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to lower costs 
with increasing 
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experience, 
together with 
sustained R&D
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““ Technology PoliciesTechnology Policies”” are often used are often used 
to spur innovationto spur innovation

Support for Learning and 
Diffusion of Knowledge 
and Technology

� Education and training

� Codification and 
transfer of knowledge

� Technical standard-
setting (non-regulatory)

� Technology and/or 
industrial extension 
services

� Publicity and consumer 
information

Direct or Indirect Support for 
Commercialization and 
Production;  Indirect Support 
for Development

� Patent protection

� R&D tax credits

� Production subsidies or tax 
credits to firms bringing 
new technologies to market

� Tax credits or rebates for 
new technology buyers

� Government procurement

� Demonstration projects

Direct Government 
Funding of Research 
and Development (R&D)

� R&D contracts with 
private firms

� R&D grants and 
contracts with 
universities 

� Intramural R&D 
conducted at gov’t 
laboratories

� R&D contracts with 
consortia (2 or more 
of the actors above)

• These policies influence different phases of the innovation process
• Provide incentives for technological change & innovation
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U.S. Patenting Activity in SO2 Control Technology

Regulatory policies also can stimulate Regulatory policies also can stimulate 
innovations that reduce emissions innovations that reduce emissions ……
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……with significant declines in cost with significant declines in cost 
as technologies are deployedas technologies are deployed

(Based on 90% SO(Based on 90% SO22 removal, 500 MW plant, 3.5%S coal)removal, 500 MW plant, 3.5%S coal)
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Similar trends found for Similar trends found for 
flue gas flue gas DeNOxDeNOxtechnologytechnology
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Real cost also can Real cost also can increaseincreaseduringduring
early stages of deploymentearly stages of deployment
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Initial cost estimates for both 
FGD and SCR systems failed to 
anticipate problems encountered 
during early commercialization  

Similar trends found for a 
number of other energy 
technologies we studied



E.S. Rubin, Carnegie Mellon

Experience Curves from Case Experience Curves from Case 
Studies Used to Project CCS CostsStudies Used to Project CCS Costs

• Analyzed historical learning rates for capital 
cost and O&M cost reductions for:

� Flue gas desulfurization systems (FGD)
� Selective catalytic reduction systems (SCR)

� Gas turbine combined cycle system (GTCC)

� Pulverized coal-fired boilers (PC)
� Liquefied natural gas plants (LNG)

� Oxygen production plants (ASU)

� Hydrogen production plants (SMR)

• Applied results to power plant components to 
derive a learning curve for overall plant w/CCS
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• Four types of 
power plants 
w/capture 
analyzed:

� NGCC
� SCPC
� IGCC
� Oxyfuel

• Details available 
in published 
papers and 
reports

Estimating Future Estimating Future 
CCS PlantCCS PlantCosts Costs 
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Results for PlantResults for Plant--Level COE Level COE 
(Based on 100 GW of cumulative CCS capacity worldwide)(Based on 100 GW of cumulative CCS capacity worldwide)
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Conclusions from Case StudiesConclusions from Case Studies

• Future costs and impacts of power plants with 
CO2 capture can be reduced significantly through 
technology innovation;    but …

• Achieving those improvements will require not 
only sustained R&D, but also large-scale 
deployment to foster learning-by-doing

Caveat:  Real cost escalation for input factors can   
offset cost reductions due to technology innovation



Potential CCS Role in Potential CCS Role in 
Climate Change MitigationClimate Change Mitigation

E.S. Rubin, Carnegie Mellon
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Potential Geological Storage AreasPotential Geological Storage Areas

Storage prospectivity

Highly prospective sedimentary
basins
Prospective sedimentary basins

Non-prospective sedimentary
basins, metamorphic and 
igneous rock

Data quality and availability vary 
among regions

(Source: Geoscience Australia; IPCC, 2005).

(Prospective areas in sedimentary basins where suitable saline formations, oil or gas fields, or coal beds may be found)

Good correlation between major sources and areas with potential 
for geological storage. More detailed regional analyses required to 
confirm or assess actual suitability for storage.
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Source: IPCC, 2007

Economic Potential of CCS Economic Potential of CCS 
in a Carbonin a Carbon--Constrained WorldConstrained World
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A Note on ForecastingA Note on Forecasting

• “One commonality is shared by virtually all …
forecasts: their retrospective examinations show 
a remarkable extent of individual and collective 
failure to predict both broad trends and specific 
developments.”

• –Vaclav Smil, 2003
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Barriers to CCS DeploymentBarriers to CCS Deployment
• Technical/Environmental/Economic

� High cost of current CCS systems
� Large energy penalties of current technology
� No demonstrations yet at large coal-based power plants
� No rigorous assessments of regional storage capacity

• Institutional

� No current requirement for large CO2 reductions
� No regulatory framework for large-scale sequestration
� GHG accounting and inventory procedures needed
� Many legal issues (liability, property rights, etc.) and 

public acceptance still unresolved
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Key Needs for CCS to Gain Experience Key Needs for CCS to Gain Experience 
with Utilitywith Utility --Scale ApplicationsScale Applications

• Conduct multiple large-scale geological 
sequestration projects to help resolve legal, 
regulatory and public acceptance uncertainties

• Build and operate integrated CCS systems at a 
number of full-scale power plants (PC, IGCC; 
different coal types; different geologies) to:
� Demonstrate operability and reliability
� Determine actual costs
� Begin to reduce costs through learning-by-doing,       

in conjunction with sustained R&D

• Actions are needed to finance the above
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Need a Regulatory Need a Regulatory Framework for Framework for 
Deep Deep Geological SequestrationGeological Sequestration
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Here is one proposal presented at the March 2007 IRGC workshop



E.S. Rubin, Carnegie Mellon

While its Potential is Significant, the While its Potential is Significant, the 
Future of CCS Remains UncertainFuture of CCS Remains Uncertain

Future
Climate
Policy
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Thank YouThank You

rubin@cmu.edurubin@cmu.edu


