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Why the interest in CCS ?

(Carbon Capture and Storage /Sequestration)

Why the interest in CCS?

Status of current CCS technology
Current cost estimates
Potential for cost reductions

Stabilizing atmospheric GHG concentrations will require
large reductions in CO, emissions. But ...

Fossil fuels will continue to be used for many decades
—alternatives not able to substitute quickly

CCS is the ONLY way to get large CO, reductions from
fossil fuel use—a potential bridging strategy

CCS can also help decarbonize the transportation sector
via low-carbon electricity and hydrogen from fossil fuels

Energy models show that without CCS, the cost of
mitigating climate change will be much higher




Models show increasing need for CCS
as stabilization goal tightens
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Fraction of Maximum Potential Storage Capacity Available

CO, CO, Storage
Transport (Sequestration)

- Pipeline - Depleted oil/gas fields

- Tanker - Deep saline formations
- Unmineable coal seams
- Ocean
- Mineralization
- Reuse

Status of CCS technology
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® Fossil fuel power plants

= Pulverized coal combustion (PC)
= Natural gas combined cycle (NGCC)
= Integrated coal gasification combined cycle (IGCC)

® Other large industrial sources of CO, such as:

= Refineries, fuel processing, and petrochemical plants
= Hydrogen and ammonia production plants

= Pulp and paper plants

= Cement plants

— Main focus is on power plants, the dominant source of CO, —
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Overview of Geclogicol Storoge Options
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Pre- and post-combustion CO, capture technologies are
commercial and widely used in industrial processes; also
at several gas-fired and coal-fired power plants, at small
scale (~40 MW); CO, capture efficiencies are typically
85-90%. Oxyfuel capture is still under development.

CO, transport via pipelines is a mature technology.

Geological storage of CO, is commercial on a limited
basis, mainly for EOR; several projects in deep saline
formations are operating at scales of ~1 Mt CO, /yr.

Large-scale integration of CO, capture, transport and
geological sequestration has been demonstrated at several
industrial sites (outside the U.S.) — but not yet at an
electric power plant at full-scale.

Puertollano IGCC Plant
(Spain)

Al g™ m Buggenhum
] ' ‘ e ’ IGCC Plant
Petcoke Gasification to Produce H, Coal Gasification to Produce SNG (The Netherlands)

(Colffeyville, Kansas, USA) (Beulah, North Dakota, USA)




Post-Combustion Technology Post-Combustion CO, Capture
for Industrial CO, Capture
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at a Gas-Fired Power Plant

BP Natural Gas Processing Plant
(In Salah, Algeria)

Post-Combustion CO, Capture Oxy-Combustion CO, Capture
at Coal-Fired Power Plants from a Coal-Fired Boiler

i R ] e . ; . 30 MW, Pilot Plant (~10 MW) at

Shady Point Power Plant Warrior Run Power Plant SR b Vattenfall Schwarze Pumpe Station
(Panama, Oklahoma, USA) (Cumberland, Maryland, USA) z A el (G(’I'I)I(III.\‘)




> 3000 miles of pipeline

~40 MtCO,/yr trans

Utsira Forfnation

ported

Project

Operator

Geological
Reservoir

Injection
Start Date

Injection
Rate
(MtCO,/yr )

Sleipner
(Norway)

StatoilHydro

Saline
Formation

1996

1.0

Weyburn
(Canada)

EnCana

Qil Field
(EOR)

2000

In Salah
(Algeria)

Sonatrach, BP,
StatoilHydro

Depleted
Gas Field

2004

Snohvit
(Norway)

~ Snohvit
o~
Harfimeorfest
" ay

StatoilHydro

“Murmansk

Saline
Formation

2008




Geological Storage of Captured
CO, in a Depleted Gas Formation

In Salah /Krechba (4igeria)
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Geological Storage of Captured CO, with
Enhanced Oil Recovery (EOR)
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Geological Formations in North America

Oil & Gas Fields

CCS at a Coal-Fired Power Plant with

Storage in a Deep Saline Formation
(Pilot plant scale)

20 MW capture unit at
AEP’s Mountaineer
Power Plant
(West Virginia)

1bin, Carnegie Mello




Full-scale power plant demo #1 Establish the reliability, safety and true cost of CCS

Full-scale power plant demo #2 in full-scale power plant applications

Fullsscale powerplantidemo -3 Heli) resolve legal and regulatory issues regarding
Full-scale power plant demo #4 geological sequestration

Full-scale power plant demo #5 Help address issues of public acceptance

Full-scale power plant demo #6 Begin reducing future costs via learning-by-doing
Full-scale power plant demo #7
Full-scale power plant demo #8

Full-scale power plant demo #9 Financing large-scale projects has been a major hurdle

Full-scale power plant demo #10

- Cost per project = $1 billion (install/operate CCS, 400 MW, 5 yrs)

* Map shows
operating plus
proposed or
planned projects
in the U.S. and
Canada. They
encompass power
plants, industrial
sources and
research projects
spanning a large
range of scale.




The GreenGen Project
(Tianjin, China)

010-2012

Partners include: China Datang Corp..
China State Development and
Investment Corp., China Guodian
Corp., China Huadian Corp., China
Power Investment Corp., China
National Coal Group and Shenhua
Group, Peabody Energy

The cost of CCS

DOE Roadmap
Capee Techey LaboratoyBanch Pt Sl RAD

RS ——— EPRI Roadmap

Gapture Technology Full-Scale D
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2010 2012 2020

Commercialization expected by 2020

Choice of Power Plant and 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 (CO, only vs. all GHGs)
= Power plant only vs. partial or complete life cycle

Time Frame of Interest

= First-of-a-kind plant vs. n plant
= Current technology vs. future systems
= Consideration of technological “learning”
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Assume high power plant efficiency

Assume high-quality fuel properties

Assume low fuel cost

Assume EOR credits for CO, storage

Omit certain capital costs

Report $/ton CO, based on short tons

Assume long plant lifetime

Assume low interest rate (discount rate)
Assume high plant utilization (capacity factor)
Assume all of the above !

« Cost of Electricity (COE) ($/MWh)

_ (TCC)(FCF) +FOM
=~ (CF)(8760)(MW)

+ VOM + (HR)(FC)

* Cost of CO, Avoided ($/ton CO, avoided)
($/MWh)ccs - ($/M\Nh)reference
(CO,/MWh)__, — (CO,/MWh)

ref ccs

Also: - Cost of CO, Captured ($/ton CO, captured)
- Cost of CO, Reduced/Abated ($/ton CO, abated)

e R 2R R CoR ©

... and we have not yet considered the CCS technology!

IPCC, 2005: Special Report on CCS 120 5P

Natural New Current
Plants Gas Coal Coal
with Plants Plants Plants
CCS

Rubin, et.al, 2007: Energy Policy paper

EPRI, 2007: Report No. 1014223

DOE, 2007: Report DOE/NETL-2007/1281
EPRI, 2008: Report No. 1018329

DOE, 2009: Pgh Coal Conference Presentation
DOE, 2010: Low-Rank Coal Study (forthcoming)
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CO, Emission Rate (tonnes / MWh)




EPRI’s capital
costs ($/kW) are
higher that DOE’s

EPRI’s levelized

costs of electricity

($/MWh) are
lower than DOE’s

Power Plant System | New Superecritical Ner;sI:}:ggtrizfd

(telative to a SCPC Pulverized Coal ’
plant without CCS) Plant Combg}:gtCycle

~ $70 tCO, ~ $50 /tCO,

Deep aquifer storage
515/t +$10/t

Enhanced oil recovery ~
(EOR) storage Cost reduced by ~ $20-30 /tCO,

 Capture accounts for most (~80%) of the total cost

Integrated
Gasification
Combined
Cycle Plant

Incremental Cost of CCS relative | Supercritical
fo same plant type without CCS Pulverized
based on bituminous coals Coal Plant

Increases in capital cost ($/kW) — RO_800 20500,
and generation cost ($/kWh) 60-80% 80-50%

The added cost to consumers due to CCS will be
much smaller, reflecting the number and type of
CCS plants in the generation mix at any given time.

Avoided Cost of CO, Emissions
Includes Owners Costs

Lignite

Levelzed Avaided Cost, $on
¥

MATIONAL SWEROY TECHNOLOGY LASORATORT
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Power Plant Type

Added fuel input (%)
per net kWh output

Existing subcritical PC

~40%

New supercritical PC

25-30%

New coal gasification (IGCC)

15-20%

New natural gas (NGCC)

~15%

Changes in plant efficiency due to CCS energy requirements
also affect plant-level pollutant emission rates (per MWh).
A site-specific context is needed to evaluate the net impacts.

® A desktop/laptop computer model
developed for DOE/NETL,; free and
publicly available at:
www.iecm-online.com

Provides systematic estimates of
performance, emissions, costs and

Integrated
Environmental
Control

Model

Garbon Sequestration Edition

uncertainties for preliminary design of:

PC, IGCC and NGCC plants
All flue/fuel gas treatment systems

CO, capture and storage options
(pre- and post-combustion, oxy-
combustion; transport, storage)

Major updates in late 2009 & 2010

Component

Approx. % of
Total Reqm’t

Thermal Energy

~60%

CO, Compression

~30%

Pumps, Fans, etc.

~10%

The cost of CO,
transport and storage
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® Multi-variate regression models based on data from
236 on-shore natural gas pipelines constructed in the
U.S. from 1994 to 2003

= Capital cost model is linear in pipe diameter,
logarithmic in pipe length; reported in $2004.

® Separate models for 6 regions

S | Regional
| Wariation

® Cost breakdowns for:
= Materials
= Labor

= Eng’g, Overheads, AFUDC
= Right-of-way

Levelized Cost of Transport (2004 US 58 CO)

Pipeline Length {lam)

Wel Spacing
Paximum injocson P
D

Ene

Botiom Hole Pressure

CO; Supply Pressure }

WELLBORE FLowy MODEL |
Evasss Graant | |=
Performance Wethead Prassure s
Inputs ) I ) Sro'aracner_zalc; Cost

Injexction Well Cost
Compression Energy. S
Riscyiramant

Operating Expanses

Surfaos Maintenance

Subsurince Mainerance
® -

Cumulative Probability

Rasarvoir Dapth
Project Locat
Capital Charge Rate
Cost Copecity Fecr
LA 55 Model Energy Cast
WAV Cost
$050  $100  S150  S200  §250  $3.00 ! il
|an|tS 1 Clasune Cost
, ., 5 ? Site Characterzation Cost
Leovelized Cost of Transport (2004 US $1 005 1 ot G Evcatmion

Results




® Data from 4 sites, with k% values from 4,500 to 940,000 md.-ft
® (Capital recovery factor =15% for all cases

Parameter Northeast Joffre-Viking South Liberty Lake Wabamun
Purdy Unit Pool Area

Location Oklahoma Alberta Texas Alberta

Reservoir Purdy Viking Aquifer Frio Formation Mannville
Springer A Aquifer

Lithology Sandstone Sandstone Sandstone Sandstone
Depth (m) 2,499 1,500 1,850 1,514
Permeability, k (md) 44 507 944 23
Net Sand, h (m) 91 30 300 59

Levelized Cost of Starage (2004 US Shoane COz)

4 5 & T
Dresign Injection Rate (Mt COufy)

5/-”'

riling, Compietion & Equpment

Lake Wabamun Area Case Study

Probability distributions assigned to:

- 8 performance model parameters

- 9 cost model parameters
Bounds for performance parameter
distributions based on reported field
data (Alberta Geological Survey, 2006)

Thin, high-permeability
aquifer—requires large
characterization area
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Capital Cost (Million 2004 US Dollars;

$0.50 $1.00 $1.50 $2.00 5250
Levelzed Cost of COy Sterage (2004 USSAonne CO,

Purdy-Springer Jottra\iking Libarty-Frio Wabamun-Mannvile
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W Post-combustion (existing, new PC)
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ies Are Emerging

A Chemical
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3% CO, compression (all) AO_TM e
Bionic liqui M Biological
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@®Advanced M Solid frameworks BIOEESS,
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Cryogenic pression
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Present 5+ years 10+ years 15+ years 20+ years
Time to Commercialization

OFFICE OF FOSSIL ENERGY

What is the potential for lower-
cost capture technology?

e Method 1: Engineering-Economic Analysis

= A “bottom up” approach based on engineering
process models, informed by judgments regarding
potential improvement in key parameters

15



IGCC Technologies Pulverized Coal Technologies

I 29% above

Percent Increase in COE

7% below

$/MWh ($2009)

s

19% -28%
reductions in
COE w/ CCS

=
=

31% reduction 27% reduction

5 3

Percent Increase in COE
8

=

Cost trends modeled as a
log-linear relationship
between unit cost and
cumulative production
or capacity: y = ax

g,

Tags.

108

Windmills (USA)

US(1990)$/kW

1087

» Method 2: Use of Historical Experience Curves oo il

Cumulative MW installed

" " . Case studies used for power plant components:
= A top down approach based on appllcatlons of = Flue gas desulfurization systems (FGD)

mathematical “learning curves” or “experience = Selective catalytic reduction systems (SCR)
curves” that reflect historical trends for analogous - Gesturhine combined cycle system (GTCC)

A Pulverized coal-fired boilers (PC)
teChnO|OgIES or 5y5tem5 Liquefied natural gas plants (LNG)

Oxygen production plants (ASU)
Hydrogen production plants (SMR)
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Technology
Readiness Levels

System Test, Launch
& Operations

systemisubsystem | |

Development

Technology.
Demonsiration

Technology
Davelopmant

Ressarchto Prove
Feasibily

Basic Technology
Research

Post-Combustion Capture
= Mineralization & Bio

Membrane
™ Adsorplion

W Absorption

7

Technology Readiness Levels
Source: EPRI, 2009

Percent Reduction in COE

% REDUCTION

0
NGCC PC IGCC Oxyfuel

Development timelines for
three novel processes for

combined SO, -NO, capture

* Upper bound of
projected cost
reduction are similar
to estimates from
DOE'’s “bottom-up”
EQEWALES]

Copper Oxide Process

Electron Beam Process

T
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The Lin ar Model of Technologic~" Change

deoption
Vg

Closer coupling and interaction between R&D
performers and technology developers /users

Better methods to identify promising options,
evaluate new processes /concepts, and reduce
number and size of pilot and demonstration
projects (e.g., via improved simulation methods)

New models for organizing the research enterprise

Substantial and sustained support for R&D

(limited use of improvement &
early designs) widespread use)

Adoption . Diffusion
Invention

Learning Learning
By Doing By Using

® The_pace and direction of innovations in

carbon capture will be strongly influenced
by climate policy—which is critical for
establishing markets for CCS technologies

18



* Significant potential to reduce the cost of
carbon capture via:

= New or improved CO, capture technologies
= Improved plant efficiency and utilization

® But must also build and operate some full-
size plants with current technology....

® And enact policies that create and foster
markets for CCS technologies

Thank You

rubin@cmu.edu
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