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A brief retrospective on CCS
(1990 — present )



Early-Mid 1990s

CCS: A technical curiosity
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Deserves a closer look

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



Early-Mid 2000s

| et’s see what It can do

® DOE’s Carbon Sequestration Program grows

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

® 3" |PCC assessment found that: “Physical removal
and storage of CO, is potentially a more viable
option than at the time of the SAR.”

® [PCC commissions a “Special Report on Carbon
dioxide Capture and Storage” (completed in 2005)

E.S. Rubin, Carnegie Mellon



Gotta have It !

Bullish coal outlook in wake of NG price hikes

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 4t AR (2007) says CCS is a key component of
cost-effective strategies for climate stabilization



Retrenchment

No U.S. climate legislation
Financial crisis, economic downturn
Shale gas euphoria

Cutbacks in CCS demos and budgets;
greater emphasis on utilization



A critical period for CCS

®* Need successes and growth to
preserve and regain global momentum



The Good News



First large-scale power plant
demonstrations coming this year

® Sask Power Boundary Dam
project (Canada)

® 110 MW coal-fired unit =2

* Post-combustion capture +EOR | — .

* ~1MtCO,lyr |

Sask Power, 2013

® Southern Co. Kemper County
IGCC project (Mississippi)

* 582 MW coal-fired unit

® Pre-combustion capture +EOR

* ~3.5MtCO,/yr

Kemper, 2014

E.S. Rubin, Carnegie Mellon




Other Projects Moving Ahead

(Planned projects in the U.S. as of December 2013)

Major CCS Demonstration Projects
Project Locations & Cost Share

CcPI Archer Daniels Midland
FutureGen 2.0 1CCS A 1 CO, Capture from Ethanol Plant
Large-scale Testing of Oxy-Combustion w/ CO, Capture rea CO, Stored in Saline Reservoir
and Sequestration in Saline Formation FutureGen 2.0 $208M- Total, $141M - DOE
Project: ~$1.65B— Total; ~$1.0B— DOE SALINE-"~0.9 MM TPY 2014 start
SALINE—-1 MM TPY 2017 start

L&

Summit TX Clean Energy
Commercial Demo of Advanced 2
IGCCw/ Full Carbon Capture \_V
~$1.7B-Total /

$450M- DOE 7 Southern Company
EOR_ - . " - Kemper County IGCC Project
‘ Transport Gasifier w/ Carbon Capture
/4 ~$2.01B—Total, $270M - -DOE

HECA —- "r‘ EOR - ~3.0 MM TPY 2014 start

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

EOR - ~2.55 MM TPY 2019 start

P

NRG .
W.A. Parish Generating Station Air Productsand Chemicals, Inc. Leucadia Energy
Post Combustion CO, Capture CO, Capture from Steam Methane Reformers CO, Capture from Methanol Plant
$775 M - Total EOR in Eastern TX Oilfields EOR in Eastern TX Oilfields

$167M- DOE $431M- Total, $284M — DOE $436M- Total, $261M — DOE
| EOR- ~1.4 MM TPY 2016 start I EOR- ~0.925 MM TPY 2012 start EOR - ~4.5 MM TPY 2017 start

Source: USDOE, 2013

E.S. Rubin, Carnegie Mellon




Two new demonstration projects
In the UK recently announced

® Peterhead project

® 385 MW gas-fired unit

® Post-combustion capture
+ offshore storage

* ~1MtCO,lyr

Peterhead, 2014

(FEED studies)

* White Rose project

® 426 MW coal-fired unit

® (Oxy-combustion capture
+ offshore storage

* ~2MtCO,lyr

White Rose, 2014

E.S. Rubin, Carnegie Mellon
LIS



R&D Programs Actively Pursing
Lower-Cost Technologies

Bl Post-combustion (existing, new PC)

@ Pre-combustion (IGCC)
A Oxycombustion (new PC)

3¢ CO, compression (all)
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physical
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M Biological
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@ PBI M lonic liquids
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M Solid frameworks
@® sorbents

B Membrane
®systems

M Enzymatic
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éITMS

@ Biomass co-
firing

10+ years 15+ years 20+ years

Time to Commercialization
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Baselines 450 ppm CO,eq with CCS
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® The cost of mitigating
climate change Is
substantially higher;
and ...
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California electricity generation mix and
carbon Intensity for 2050 scenarios
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Results for four
stylized electric
power systems
serving demands
under 450 ppm
scenarios:

- NGCC-CCS

- IRES+ NGCC

- IRES+ NGCC-CCS
- IRES+ Storage

NGCC-CCS has
lowest LCOE and
lowest cost of CO,
avoided thru 2040
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The Not-So-Good News



Not yet proven at full-scale power plants

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

Varied levels of public acceptance

It is relatively expensive

— Utilization for EOR can offset some, but not all,
of current CCS costs for power plant projects



A New CCUS Option ©
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Key Barriers to CCS Deployment

® Policy
* Policy

® !\/
)

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

E.S. Rubin, Carnegie Mellon
LIS



Strong Interactions Between
Policy and Other Key Factors

Public concern :
about climate Policy

Actions

Technology
& Cost

These interactions depend
strongly on local and
national settings

Legal & Reg.
SSIES

E.S. Rubin, Carnegie Mellon




The Climate Problem Hasn’t Gone Away

Total Annual Anthropogenic GHG Emissions by Groups of Gases 1970-2010

+2.2%lyr
2000-2010

“GHG emissions accelerate S L N—
despite reduction efforts” -ipcc
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Without mitigation, atmospheric concentrations
may more than double before end of century

GHG Emission Pathways 2000-2100: All AR5 Scenarios

—_
=Y
o

[ >1000 ppm COeq — 90" percentile

1 720- 1000 ppm CO,eq — Median

[] 580-720 ppm CO,eq
530-580 ppm CO,eq

[ 480-530 ppm CO,eq

[ | 430-480 ppm CO,eq

== Full AR5 Database Range

—_
N
o

— 10" percentile

[.e]
o

=
=
o
wﬁl
o
O
re}
S,
(%]
o
(=]
n
2
=
Ll
O
X
o
©
=]
=
o
<C

“Without more mitigation, global mean surface temperature
might increase by 3.7° to 4.8°C over the 21st century.” -ircc

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



Impacts grow more Severe
as global temperature increases

-—

Increased water availability in moist tropics and high latitudes = == == w= e = - = - .- - - - - -

Decreasing water availability and increasing drought in mid-latitudes and semi-arid low latitudes == == ji-

Hundreds of millions of people exposed 10 INCrease Water SIME5S e mm mm = o= = = - -

Up to 30% of species at Significant’ extinctions -
increasing risk of extinction around the globe

Increased coral bleaching == Most corals bleached = Widespread coral mortality = == s o= - - -

ECOSYSTEMS

Terrestrial biosphere tends toward a net carbon source as:
~15% ~40% of ecosystems affected = ===

Ecosystem changes due to weakening of the meridional m= |
overturning circulation

Increasing species range shifts and wildfire risk

Complex, localised negative impacts on small holders, subsistence farmers and fishers == s e m— - - -l

Tendencies for cereal productivity Productivity of all cereals m —
to decrease in low latitudes decreases in low latitudes

Tendencies for sorme cereal productivity Cereal productivity to
toincrease at mid- to high latitudes decrease in some regions

Increased damage from floods and storms
About 30% of
global coastal "= == = == o o o - g

COASTS wetlands lost?

Millions more people could experience
coastal flooding each year

R ——

Increasing burden from malnutrition, diarhoeal, cardio-respiratory, and infectious diseases == m= i

Increased morbidity and mortality from heat waves, floods, and droughts == == == == == == == == == = - L

HEALTH

Changed distribution of some disease vectors == == == == == == == o= o= o= - - - - = - - - o
Substantial burden on health services == == i

1 2 3 4 he
Global mean annual temperature change relative to 1980-1999 (°C)

E.S. Rubin, Carnegie Mellon Source: IPCC, 2007
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Political realities slow U.S. effort
to enact chmate change laws

By Coral Davenport
The MNew York Tameas

WASHIMGTON —The United
States meeds o enact a major
climate change law, such as a
tax on carbon pollution, by the
end of this decade to stave off
the most catasirophic impacts
of global warming, according to
the authors of a repart relassed
garlier this month by the TILA,
Intergovernmental Panel on Cli-
mete Changa.

Bt sgrpressiveafforts fotackle
climate change have repeatedly
callided with political reality
in Washington, where some
Republicans question the under-
lyingr seience of global warming
and lawmakers' ties to the fossil
fued industry have made them
resistant to change. The riss of
the Tea Party in recent years
has also made & ax increase

— o by President Bill Clinton
in 1893 and one by President
Barack Obama in 2010 — ult-
mately failed, contributing to
heavy Democratic losses in mid
term elections

Lawmakers who back such
efforts, which represent a threat
to the bottom lines of the fossil
fuel industry, particulardy coal,
the naticn's top souree of carbon
pollution, have been criticized
by campaigns from Republi-
rans, Tea Party-affilizted “supear
PACs" like Americans for Pros-
parity, and the coal and odl indus-
iries.

Many membsrs of the Repub-
lican Party question the estab-
lished science that carbon pal-
lution coniributes to climate
change — and hundreds have
also sigmed on to & pledge prom-
ising never to raise taes,

But there has not been a huge

of eoal,” The Senate Republican
leader, Mitch MeConnell, who
& running for re-clection n the
coal-heavy state of Kentueky, has
vowed 1o use every legislative
tactic available to block, repeal
or delay those rules if Republi
cans win control of the Senate
this fall

Within that context, many in
the Bepublican establishment
think that talking about climate
change — and, particularly, any
policy endorsing & (ax on fossil
fuels — would be political suickds
for a Fepublican seeking to win
the party's momination in 2014

The TLN. report says that if
the nation's major economies do
niot emact steep, fast climate pali-
cirs well before 2060, in order to
cut total global emissions 40 to
0 pereent by 2050, the prospects
of avoiding a global stmospheric
temperature  increase of 36

quilekly push thoed even more
siringent pollution-cutting poli
cles, according to the report's
authars

“We nead to inerease the slope
and the pace of the change,” said
David Vietor, one of the repart’s
authors and an expert on climate
and emergy policy ar the Univer-
sity of Califoenia, San Diego.
“Arcalerating what we're daing
in the [1.5, will be vary important
for the next administration.”

Dspite the history of road-
hlocks to -enacting climate
change policy, 50me EXperts sy
they do see some potential for a
legislative path to cut TLS. car
hon polhution.

Ome window could open if
Congress takes up a compre-
hensive effort to overhaul the
nation's corporate tax oode,
which could happen after the
M6 presidential elaction.

pollde

Historically, California®s
ervironmental laws have served
a3 a vanpuard and model for
national environmental poliey.
The push for state-leved polickes
cotlld rise, say experts, i there is
asienificant nerease in extrarme
wegather ke droughts and flood-
ing, which contribute to higher
adaptation costs for state and
Incal governments,

“The question is whether staie
ardd local enmtities want 10 e
action — and if that can then be
translated to local acthon,” said
Thomas Peterson, founder of the
Center fior Climate Steategies, a
nonprofit group that works on
climate policy with state govern:
NS

Last week's report said the
impact of climate change was
alresdy baing experienced, and
it followed on earlier scientific




A Path Forward



Ingredients of a Realistic
Path Forward for CCS

® Successful startup and completion
of planned demonstration projects

® | aunching of new projects for
“next generation” processes

® Sustained R&D programs worldwide

® Strong policy drivers for CCS

— Carrots
— Sticks

E.S. Rubin, Carnegie Mellon
LIS



Policy options that can foster
CCS and technology Iinnovation

“Technology Policy” Options

Regulatory
Policy Options

Direct Gov't Funding of
Knowledge Generation

Direct or Indirect Support for
Commercialization and Production

Knowledge Diffusion and
Learning

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

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

e Intramural R&D in
government
laboratories

e R&D contracts with
consortia or
collaborations

E.S. Rubin, Carnegie Mellon

e R&D tax credits

e Patents

e Production subsidies or tax credit
for firms bringing new
technologies to market

e Tax credits, rebates, or payments
for purchasers/users of new
technologies

e Gov't procurement of new or
advanced technologies

e Demonstration projects

e L oan guarantees

e Monetary prizes

e Education and training

e Codification and diffusion
of technical knowledge
(e.g., via interpretation and
validation of R&D results;
screening; support for
databases)

e Technical standards

e Technology/Industry
extension program

¢ Publicity, persuasion and
consumer information

¢ Emissions tax

e Cap-and-trade
program

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

e Fuels tax

¢ Portfolio standards

Source: NRC, 2010
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Technology innovations reduced

SO, capture costs dramatically as

global markets grew in response
to new policy requirements

1990
®

Capital cost reduced
by ~50%

Capital Costs ($/kW) in 1997%
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EPA UNVEILS RETOOLED CARBON STANDARDS FOR NEW PLANTS

saparate Rules for Coal and Ga: > iBast System of Emission Reduction’
Tamar Hallerman

tor

The Environmental Protection A unveiled a retooled carbon pollution rule for new po plan
units and i t pe tall carbon capture and storage techno
ipe of unit:

2IMWh over a nonth operating period;
o average their emissions over a sevel ar period — 1,000 to 1,050 |bs O

red turbines larger than 850 mmBtu/hr — 1,000 lbs ; and

EF.

are very
fo .rw.:rd for rhe next gen er plants in this country,”

‘Best System of Emission Reduction®

ng states that power plant of
capture provides m 3
deployment and further development of the ten
standards.

S tech nolc-m. EPA. said it would allow plant operators the option
of whether or not you unde d how to op

omments on the new proposal
plans on holding a public meeting on the rule in the near future.

SCIENCE & ENVIRONMENT

17 April 2014 Last updated at 1212 ET

EU green light for UK carbon capture and
storage project

By Matt McGrath

Environment comespondent, BBC News

A UK project to capture CO2 and bury it under the North Sea looks set to receive
a 300m-euro boost from the EU.

The European Commission has confirmed that the White Rose carbon capture and
storage (CCS) project is in line to win the cash (equivalent to about £250m).




* Will soon see first
large-scale power plant
demonstrations, with

® Continued support for
R&D; but ...

® Growth will depend on
the outlook for strong
policy drivers that
create markets for CCS

* WATCH THIS SPACE ~.
FOR FUTURE UPDATES
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rubin@cmu.edu




