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O li fO li f T lkT lkOutline of Outline of TalkTalk

• A brief retrospective on CCS• A brief retrospective on CCS

• The good news

• The not-so-good news

• A path forward

E.S. Rubin, Carnegie Mellon



A brief retrospective on CCS  A brief retrospective on CCS  
(1990(1990 t )t )(1990 (1990 –– present )present )



E lE l Mid 1990Mid 1990EarlyEarly--Mid 1990sMid 1990s

CCS: A technical curiosity
199519921990

Brief review of “CO2
collection and disposal”p

Science, 10 July 1992E.S. Rubin, Carnegie Mellon



MidMid L 1990L 1990MidMid--Late 1990sLate 1990s

Deserves a closer look

• Growing concerns about climate change (Kyoto Protocol)• Growing concerns about climate change (Kyoto Protocol)

• New studies of CCS for coal-fired power plants show 
greater potential than before (especially for IGCC)

• Growing consensus among analysts that CCS could 
improve the cost-effectiveness of mitigation strategies

• USDOE announces new initiative on CCS

E.S. Rubin, Carnegie Mellon

• USDOE announces new initiative on CCS



E lE l Mid 2000Mid 2000EarlyEarly--Mid 2000sMid 2000s

Let’s see what it can do

• DOE’s Carbon Sequestration Program grows

• Original FutureGen project announced (2003); 
CSLF formed to promote CCS worldwide

• 3rd IPCC assessment found that: “Physical removal y
and storage of CO2 is potentially a  more viable 
option than at the time of the SAR.”

• IPCC commissions a “Special Report on Carbon 

E.S. Rubin, Carnegie Mellon

p p
dioxide Capture and Storage” (completed in 2005)

2005



MidMid L 2000L 2000MidMid--Late 2000sLate 2000s

Gotta have it !

• Bullish coal outlook in wake of NG price hikesp

• Planned demonstrations of CCS at coal plants 
throughout Europe, North America, Australia

• Carbon pricing in EU; widespread expectation of 
climate change legislation in the U.S.

• IPCC 4th AR (2007) says CCS is a key component of 

E.S. Rubin, Carnegie Mellon

cost-effective strategies for climate stabilization



E lE l Mid 2010Mid 2010EarlyEarly--Mid 2010sMid 2010s

Retrenchment

• No U.S. climate legislation

• Financial crisis, economic downturn

• Shale gas euphoria

• Cutbacks in CCS demos and budgets; 
t h i tili ti

E.S. Rubin, Carnegie Mellon

greater emphasis on utilization



L ki d 2020L ki d 2020Looking toward 2020Looking toward 2020

A critical period for CCSp

• Need successes and growth to       
preserve and regain global momentum

E.S. Rubin, Carnegie Mellon



The Good News The Good News 

E.S. Rubin, Carnegie Mellon



First largeFirst large--scale power plant scale power plant 
d i i hid i i hidemonstrations coming this yeardemonstrations coming this year

• Sask Power Boundary Dam 
project (Canada)

• 110 MW coal-fired unit
• Post-combustion capture +EOR   
• 1 Mt CO / er

, 2
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• ~ 1 Mt CO2/yr
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• Southern Co. Kemper County 
IGCC project (Mississippi)

• 582 MW coal-fired unit
• Pre-combustion capture +EOR 
• 3 5 Mt CO /yr 01

4

E.S. Rubin, Carnegie Mellon

• ~ 3.5 Mt CO2/yr
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Other Projects Moving AheadOther Projects Moving Aheadj gj g
(Planned projects in the U.S. as of December 2013)(Planned projects in the U.S. as of December 2013)

Major CCS Demonstration Projects
Project Locations & Cost Share

CCPI

ICCS Area 1  

FutureGen 2.0

FutureGen  2.0
Large‐scale Testing of Oxy‐Combustion w/ CO2 Capture 

and Sequestration in Saline Formation
Project: ~$1.65B – Total; ~$1.0B – DOE

SALINE – 1 MM  TPY 2017 start

Archer Daniels Midland
CO2 Capture from Ethanol  Plant
CO2 Stored in Saline Reservoir
$208M – Total, $141M – DOE

SALINE – ~0.9 MM  TPY 2014 start

Southern Company
Kemper County IGCC Project

Summit TX Clean Energy
Commercial Demo of Advanced
IGCC w/ Full Carbon Capture

~$1.7B – Total
$450M – DOE

EOR – ~2.2 MM TPY 2017 start Kemper County IGCC Project
Transport Gasifier w/ Carbon Capture

~$2.01B – Total, $270M – ‐DOE
EOR – ~3.0 MM TPY 2014 startHECA

Commercial Demo of Advanced
IGCC w/ Full Carbon Capture
~$4B – Total,  $408M – DOE

EOR – ~2.55 MM TPY 2019 start

NRG
W.A. Parish Generating Station

Post Combustion CO2 Capture
$775 M – Total
$167M– DOE

Leucadia Energy
CO2 Capture from Methanol Plant

EOR in Eastern TX Oilfields
$436M ‐ Total $261M – DOE

Air Products and Chemicals, Inc.
CO2 Capture from Steam Methane Reformers

EOR in Eastern TX Oilfields
$431M Total $284M DOE

E.S. Rubin, Carnegie Mellon

$167M – DOE
EOR – ~1.4 MM TPY 2016 start

$436M ‐ Total,  $261M – DOE
EOR – ~4.5 MM TPY 2017 start

$431M – Total, $284M – DOE
EOR – ~0.925 MM TPY 2012 start

Source: USDOE, 2013



Two new demonstration projects Two new demonstration projects 
i h UK l di h UK l din the UK recently announcedin the UK recently announced

• Peterhead project
• 385 MW gas-fired unit
• Post-combustion capture 

+ offshore storage
• 1 Mt CO / d,

 2
01

4

• ~ 1 Mt CO2/yr

(FEED studies)
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• White Rose project
• 426 MW coal-fired unit

( )

426 MW coal fired unit
• Oxy-combustion capture

+ offshore storage

os
e,

 2
01

4

E.S. Rubin, Carnegie Mellon

• ~ 2 Mt CO2/yr
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R&D Programs R&D Programs Actively Pursing Actively Pursing 
LL CC T h l iT h l iLowerLower--Cost Cost Technologies  Technologies  
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E.S. Rubin, Carnegie Mellon

Time to CommercializationTime to Commercialization
Source: USDOE, 2010



New Studies Show Importance of CCS New Studies Show Importance of CCS 
for Climate Change Mitigation for Climate Change Mitigation 

E.S. Rubin, Carnegie Mellon



IPCC affirms CCS as a key component IPCC affirms CCS as a key component 
of costof cost--effective strategies to meet goalseffective strategies to meet goals

E.S. Rubin, Carnegie Mellon
Source: IPCC AR5, WG III, 2014



Wi h CCSWi h CCSWithout CCS… Without CCS… 

• The cost of mitigating 
climate change is 
substantially higher; 
and … 

• Climate stabilization 
levels needed may  
not be achievable

E.S. Rubin, Carnegie Mellon Source: IPCC, AR5 WG III, 2014



Scenarios for U.S. GHG ReductionsScenarios for U.S. GHG Reductions

Results from EMF-24

E.S. Rubin, Carnegie Mellon Source: Clarke et al .(in press), 2014



California electricity generation mix and California electricity generation mix and 
b i i f ib i i f icarbon intensity for 2050 scenarioscarbon intensity for 2050 scenarios

E.S. Rubin, Carnegie Mellon

Source: UC Davis, ITS, 2014



CostCost--effectiveness of NGCCeffectiveness of NGCC--CCS vs. CCS vs. 
I t itt t R bl f EI t itt t R bl f EIntermittent Renewables for EuropeIntermittent Renewables for Europe

NGCC NGCC CCS Wi d ff h

Results for four 
stylized electric 
power systems 250250

NGCC NGCC‐CCS Wind offshore

PV PHS Curtailment

BASE 450 + medium HIGH‐REN + medium HIGH‐NGCC‐CCS + medium

power systems 
serving demands 
under 450 ppm
scenarios:
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The NotThe Not--SoSo--Good News Good News 

E.S. Rubin, Carnegie Mellon



D b k fD b k f CCS T h lCCS T h lDrawbacks of Drawbacks of CCS TechnologyCCS Technology

• Not yet proven at full-scale power plantsy p p p

• Legal and regulatory issues remain in 
some areas (esp regarding storage sites)some areas (esp. regarding storage sites)

• Varied levels of public acceptance p p

• It is relatively expensive
– Utilization for EOR can offset some, but not all,                   

of current CCS costs for power plant projects

E.S. Rubin, Carnegie Mellon



A New CCUS Option A New CCUS Option pp

E.S. Rubin, Carnegie Mellon



K B i CCS D lK B i CCS D lKey Barriers to CCS DeploymentKey Barriers to CCS Deployment

• PolicyPolicy

• PolicyPolicy

• PolicyPolicy

Without a policy requirement or strong incentive
there is no reason to deploy CCS widely

E.S. Rubin, Carnegie Mellon



Strong Interactions Between Strong Interactions Between 
P li d O h K FP li d O h K FPolicy and Other Key FactorsPolicy and Other Key Factors

PolicyPublic concern 
about climate Policy

Actions
about climate 

change

Technology
& Cost

Public 
Acceptance

Legal & Reg

Acceptance

Legal & Reg.
Issues

These interactions depend 
strongly on local and 

national settings

E.S. Rubin, Carnegie Mellon

national settings



The Climate Problem Hasn’t Gone AwayThe Climate Problem Hasn’t Gone AwayThe Climate Problem Hasn t Gone AwayThe Climate Problem Hasn t Gone Away

“GHG emissions accelerate
despite reduction efforts” - IPCCdespite reduction efforts   IPCC

E.S. Rubin, Carnegie Mellon
Source: IPCC, WG3, 2014



Without mitigation, atmospheric concentrations Without mitigation, atmospheric concentrations 
may more than double before end of centurymay more than double before end of century

“Without more mitigation, global mean surface temperature 
i ht i b 3 7° t 4 8°C th 21 t t ”

E.S. Rubin, Carnegie Mellon

might increase by 3.7° to 4.8°C over the 21st century.” -IPCC

Source: IPCC, WG3, 2014



Impacts grow more severeImpacts grow more severe
l b l il b l ias global temperature increasesas global temperature increases

E.S. Rubin, Carnegie Mellon Source: IPCC, 2007



More extreme events are expected More extreme events are expected pp
as atmospheric concentration risesas atmospheric concentration rises



Thi J t IThi J t IThis Just InThis Just In

E.S. Rubin, Carnegie Mellon



A Path ForwardA Path Forward

E.S. Rubin, Carnegie Mellon



Ingredients of a Realistic Ingredients of a Realistic 
P h F d f CCSP h F d f CCSPath Forward for CCSPath Forward for CCS

• Successful startup and completion          
of planned demonstration projectsof planned demonstration projects

• Launching of new projects for          
i“next generation” processes

• Sustained R&D programs worldwideSustained R&D programs worldwide

• Strong policy drivers for CCS
– Carrots
– Sticks

E.S. Rubin, Carnegie Mellon



Policy options that can foster Policy options that can foster 
CCS d h l i iCCS d h l i iCCS and technology innovation  CCS and technology innovation  

Regulatory 
Policy Options “Technology Policy” Options 

Economy-wide, 
Sector-wide, or 
Technology- Specific 
Regs and Standards 

Direct Gov’t Funding of 
Knowledge Generation 

Direct or Indirect Support for 
Commercialization and Production 

Knowledge Diffusion and 
Learning 

 Emissions tax 
 Cap-and-trade 

program 
 Performance

 R&D contracts with 
private firms (fully 
funded or cost- 
shared) 

 R&D tax credits 
 Patents 
 Production subsidies or tax credit 

for firms bringing new

 Education and training 
 Codification and diffusion 

of technical knowledge 
(e.g., via interpretation and Performance 

standards (for 
emission rates, 
efficiency, or other 
measures of 
performance)

)
 Intramural R&D in 

government 
laboratories 

 R&D contracts with 
consortia or

for firms bringing new 
technologies to market 

 Tax credits, rebates, or payments 
for purchasers/users of new 
technologies 
G ’t t f

( g , p
validation of R&D results; 
screening; support for 
databases) 

 Technical standards 
T h l /I d t performance)

 Fuels tax 
 Portfolio standards  

consortia or 
collaborations 

 Gov’t procurement of new or 
advanced technologies 

 Demonstration projects 
 Loan guarantees 
 Monetary prizes

 Technology/Industry 
extension program 

 Publicity, persuasion and 
consumer information  

E.S. Rubin, Carnegie Mellon

 Monetary prizes 

Source: NRC, 2010



Inventive Inventive activity in SOactivity in SO22 control control 
dd f CAA if CAA isoared soared after CAA requirementsafter CAA requirements

CAA R + R&DN F d l R&D Some

U.S. patenting activity in SO2 control technology, 1880–2000 
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Year Patent Filed

Source: Rubin et al. 2007



Trends in FGD Deployment and Cost Trends in FGD Deployment and Cost 
(1972 (1972 ––2000)2000)
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Technology innovations reduced 
SO2 capture costs dramatically as 
global markets grew in response
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i il h?
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Year Scrubber in Service
a similar path?



S R D lS R D lSome Recent DevelopmentsSome Recent Developments

E.S. Rubin, Carnegie Mellon



What is the Future of CCS ?What is the Future of CCS ?What is the Future of CCS ?What is the Future of CCS ?

F
• Will soon see first 

large-scale power plant 
d i i h Future

Climate
demonstrations, with 

• Continued support for Climate
PolicyR&D;   but …

• Growth will depend on p
the outlook for strong 
policy drivers that 
create markets for CCScreate markets for CCS

• WATCH THIS SPACE

E.S. Rubin, Carnegie Mellon

WATCH THIS SPACE 
FOR FUTURE UPDATES



Th k YTh k YThank YouThank You

rubin@cmu.edurubin@cmu.edu
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