The problem of climate change
Why the interest in CCS?

Edward S. Rubin The good news

ent of Engineering and Public Policy

ment of Mechanical Engineering The not-so-good news
Carnegie Mellon University

Pittsburgh, Pennsylvania Future outlook

Guest Lecture
19-656: CO, Capture and Sequestration
Carnegie Mellon University

February 6, 2014

Name Common Sources

- Fossil fuel combustion, forest clearing, cement
Carbon Dioxide :
e p ro em O production, etc.
Landfills, production and distribution of natural gas &
- Methane petroleum, fermentation from the digestive system of
g I 0 bal C I I m ate C h an g e livestock, rice cultivation, fossil fuel combustion, etc.
Nitrous Oxide Fossil fuel combustion, fertilizers, nylon production,
manure, etc.
Hydrofluoracarbons Refngeranqn gases, aluminum smelting, semiconductor
manufacturing, etc.
Perflourocarbons Aluminum production, semiconductor industry, etc.

Electrical transmissions and distribution systems, circuit

Sulfur Hexafluoride - "
breakers, magnesium production, etc.

Unlike “conventional” air pollutants, GHGs—once emitted—are not
easily removed. Most remain in the atmosphere for centuries.
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® Because of their long atmospheric lifetimes
(typically measured in centuries), stabilizing

" O current GHG emissions is not sufficient to
Change called for “stabilization of greenhouse stabilize atmospheric concentrations

gas concentrations in the atmosphere at a level
that would prevent dangerous anthropogenic
interference with the climate system”

® 1992 U.N. Framework Convention on Climate

® Global emissions must be reduced significantly,
no matter what stabilization target is selected!

Analogy: To stabilize the water

level in a slow-draining tub, the
open faucets must be tightened

to a trickle




U.S. Greenhouse Gas Emissions

The most recent IPCC assessment indicates a need for large weighted by 100-yr Global Warming Potential (GWP)

reductions by 2050 to avoid serious impacts (>2°C rise)

0,
Required change in global GHG emissions 7.4% 6:5% 2.2%

from 2000 to 2050

-50% to —85%

Source: IPCC, 2007

Total in 2005 = 7.26 Gt CO, equiv. 83.9%

0co2 mCi N20O H Others

This conclusion was affirmed in the recent (2010) report of
the U.S. National Academies: “America’s Climate Choices”

~85% of world energy is from fossil fuels

Why the interest in CCS ?

(carbon capture and storage,

Energy for electricity or Sequestration)
generation and

vehicles are the major
sources of CO,

Source: BP, 2011




Reduce the demand for energy used in buildings, .
transportation, and industrial activities Fuels

Improve the efficiency of energy conversion and
utilization, so less fuel is needed to meet demands : CO, co, CO, Storage

. . Capture & - . Secestrati
Produce and use alternative energy sources with Compress ranspor S E)

low or no GHG emissions

- Post-combustion - Pipeline - Depleted oil/gas fields

Capture and Seques_tratlon Coz at Iarge IndUStrIaI Useful - Pre-combustion - Tanker - Deep saline formations
sources to prevent its release to the atmosphere Products - Oxy-combustion - Unmineable coal seams

(Electricity, Fuels, - Ocean
Chemicals, Hydrogen) - Mineralization
- Reuse

Least-cost U.S. 80% GHG reduction by 2050

o ; ; energy mix in 2050
CCS is the ONLY way to get large CO, reductions for a GHG policy

from continued use of fossil fuels—a potential : :
sy . scenario according to
bridging strategy to a sustainable energy future elencigymodels

® CCS can also help decarbonize the transportation
sector (via low-carbon electricity and hydrogen All indicate that

from fossil fuels) major changes in the
energy system are

needed

MiniCAM
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(for coal, gas, ¥ Coal W/ICCS Gas wlo CCS Gas w/CCS
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MRN-NEEM




Models show increasing need for CCS
as stabilization goal tightens Without CCS the cost of
po— stabilization increases sharply

v \ R The Good News

e reducten b 480 e

adincnst mpuchon o 49543 prs
rrs

LRSS,

Trillions of 1990 US $ Discounted to 2005

40% 60% 80% 100%

Fraction of Maximum Potential Storage Capacity Available

Coal-fired power plant o -'H: production plant
-

-

Is real .
It works

It is effective

It is commercially available




CO, Pipelines in the Western U.S.

> 3000 miles of pipeline
~50 MtCO2/yr transported

Captured CO, Stored in a
Depleted Gas Formation

In Salah /Krechba (Algeria)

Captured CO, Stored in a
Deep Saline Formation

Sleipner Project
(Norway)

Utsira Forfnation .

¥ 11 %
Slepner | \| 7
Adcense i /)

Geological Formations in North America

Oil & Gas Fields Deep Saline Formations




Captured CO, with

° Regina
Weygburn

Saskatchew:
il

North Dakota

5 . " 20 MW pilot plant at AEP’s
Gismarcills == i Mountaineer Power Plant
i (West Virginia)

Is relatively expensive at present

The Not-So-Good News Not yet proven at full-scale power plants
Some remaining legal and regulatory issues
Uncertain public acceptance in some areas

Few if any incentives to deploy CCS




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

Measures of CCS Cost:

® Increased cost of electricity
® Cost of CO, avoided

Cost of CO, captured
Capital cost

Dispatch (variable) cost
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Legal & Reg. These interactions depend
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P strongly on local and
o : )
national settings

Incremental Cost of CCS relative fo | Supercritical ér;tseig:tt?:n
same plant fype without CCS Pulverized Combined
(based on bituminous coals) Coal Plant Cycle Plant

% Increases in capital cost ($/kW) ~ 60-80% ~ 30-50%
and generation cost ($/kwWh) ’ ’

e Capture accounts for most (~80%) of the total cost
* Retrofit of existing plants typically has a higher cost

» Added cost to consumers will be much smaller
(reflecting the CCS capacity in the generation mix at any given time)
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New NGCC
Cost Measure Cost Increase
with CCS

% Increase in generation cost ($/kWh) ~ 30-45%
(relative to NGCC w/o CCS)

B DNWRU O N 0O

Cost of CO, Avoided:
Relative to NGCC: ~$100 /tCO,
Relative to SCPC: ~$40 /tCO,

Assume high power plant efficiency

Assume high-quality fuel properties

Assume low fuel price

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 !

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

» Cost of CO, Avoided ($/ton CO, avoided)
($/MWh)ccs - ($/MWh)reference
=~ (CO,/MWh) (CO,/MWh)

ref — ccs

« Cost of Electricity Generation ($/MWh)

_ (TCC)(FCF) + FOM

CHETeoMWy — +VOM * (HR)(FC)

Many factors influence the cost of CCS

Future Outlook
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Major CCS Demonstration Projects

Project Locations & Cost Share

FutureGen 2.0
Large-scale Testin ombustion w/ CO; Capture
ane fon in Saline Formation
B~ Total; “$1.08- DOE
MM TPY 2017 start

&

Summit TX Clean Energy
ced

‘Commercial Demo of
16ecw/ Full Carbon Capture
~$1.78-Total

$450M - DOE
EOR-~2.2MM TPY 2017 start

HECA
Commeral Demo of Advanced
16CCw/ Full Carbon Capture
~$48—Total, $408M - DOE

EOR- ~2.55 MM TPy 2019 start_|*

NRG
W.A. Parish Generating Station

Pl
1CCs Area 1
FutureGen 2.0

AirProductsand Chemicals, Inc.

$775 M~ Total
167M- DOE
EOR- ~1.4MM TPY 2016 start

Methane Reformers
EORin Eastern TX Oifelds
$431M- Total, $284M - DOE
EOR- ~0.925 MM TPY 2012 start

Archer Daniels Midland

SALINE--0.9 MM TPY 2014 start

Southern Company
Kemper County IGCC Project
Transport Gasifier w/ Carbon Capture
~$2.018- Total, $270M - -DOE
EOR-~3.0MM TPY 2014 tart

Leucadia Energy
0y Capture from Methanol lant
OR in Eastern T Oiffc
$436M-Total, 52610 -DOE
EOR - 4.5 MM TPY 2017start

Technology
Readiness Levels

System Test, Launch
S 0parins

Spsta Sobsywem
Oeveloprresl -

AR o Prows
Frarsbiily

Basic
Ratan

Post-Combustion Capture
™ Mineralization & Bio

Membrane
m Adeorplion

® Absorption

7

Technology Readiness Levels

Source: EPRI, 2009

Capital Cost per Unit of Capacity

W Post-combustion (existing, new PC)
@ Pre-combustion (IGCC)
A Oxycombustion (new PC)
## CO, compression (all)
@PrBI M jonic liquids
membranes g \jetal organic
@®Advanced M Solid frameworks
physical @ sorbents B Enzymatic
solvents Membrane  membranes
MAdvanced ®systems
W Amine chemical
solvents solvents.
.Phlysictal MW Ammonia
solvents
 4%CO, com-
Acryogenic " pression
@oxygen

Cost Reduction Benefit

Present 5+ years 10+ years 15+ years

A Chemical
@ looping
A OTM boiler

M Biological
processes

A CAR process

20+ years

Time to Commercialization

Research Development Demonstration Deployment

Mature Technology

Time or Cumulative Capacity
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Costof CO, Avoided ($/mt CO,)

60

50

e Method 1: Engineering-Economic Analysis

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

e Method 2: Use of Historical Experience Curves

= A “top down” approach based on applications of
mathematical “learning curves” or “experience
curves” that reflect historical trends for analogous
technologies or systems

Sweep-based Membrane System
for Post-combustion Capture

Membrane CO, Permeance (gpu)

~ 4500 . ) )
1000 Chemical Looping Combustion System
for Pre-combustion Capture
N w0
0 “g:_‘ 4000
§f
E3
i
25 30 35 40 45 50 55 60 =L i
Membrane CO,/N, Selectivity E
900 1200

1000 1100
Alr reactor temperature (deg C)

A desktop/laptop computer simulation
model developed for DOE/NETL

Provides systematic estimates of

performance, emissions, costs and
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)

Free and publicly available at:
www.iecm-online.com

Substantial reductions
seen in the cost of
doing the same job at
different points in
time for the same
power plant and fuel
specifications

FGD
y =1.45x
R’=0.79

017

Normalized Capital Cos

Cost reductions of ~12% per
doubling of installed capacity
(~ 50% reduction in 20 years)

10% - T T
1 10 100 1000
Worldwide Installed Capacity at Coal-Fired
Utility Plant (GWe)
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Reduction in

Power Plant Cost of
System Electricity

($/MWh)

Reduction in
Mitigation Cost
($/tCO, avoided)

NGCC - CCS 12% — 40%

13% — 60%

IGCC -CCs 22% — 52%

19% — 58%

PC -CCSs 14% — 44%

® Very likely to soon
see several large-
scale demos of CCS,
with continued R&D
support; but ...

Widespread use will
require strong policy
drivers that create
markets for CCS

WATCH THIS SPACE
FOR UPDATES

19% - 62%

® There is significant technical potential to
reduce the cost of CCS for power plants
and other industrial applications

but ...

® Realization of that potential will require
significant commercial deployment of CCS
together with sustained R&D

Thank You

rubin@cmu.edu
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