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What CO, emissions reductions
from the U.S. electricity sector are
technically feasible?

CI:E' ELECTRIC POWER
—
RESEARCH INSTITUTE



U.S. Electricity Sector CO, Emissions

:

:

:

» Base case from EIA “Annual Energy Outlook 2007”

U.S. Electric Sector
CO, Emisslons (milllon metric tons)

— includes some efficiency, new renewables, new nuclear
— assumes no CO, capture or storage due to high costs

:

- Using EPRI deployment assumptions, calculate change in
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Technology Deployment Targets

Technology

Efficiency

EIA 2007 Base Case

Load Growth ~ +1.5%l/yr

EPRI Analysis Target*

Load Growth ~ +1.1%l/yr

Renewables

30 GWe by 2030

70 GWe by 2030

Nuclear Generation

12.5 GWe by 2030

64 GWe by 2030

Advanced Coal Generation

No Existing Plant Upgrades

40% New Plant Efficiency
by 2020-2030

150 GWe Plant Upgrades

46% New Plant Efficiency
by 2020; 49% in 2030

Carbon Capture and Storage
(CCS)

None

Widely Available and Deployed
After 2020

Plug-in Hybrid Electric Vehicles
(PHEV)

None

10% of New Vehicle Sales by
2017; +2%lyr Thereafter

Distributed Energy Resources
(DER) (including distributed solar)

< 0.1% of Base Load in 2030

5% of Base Load in 2030

EPRI analysis targets do not reflect economic considerations, or potential regulatory and siting constraints.
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Benefit of Achieving Efficiency Target

9% reduction in base load by 2030

EIA Base Case 2007
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Benefit of Achieving Renewables Target

3500 -

3000 -

EIA Base Case 2007

50 GWe new renewables by 2020; +2 GWe/yr thereafter
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Benefit of Achieving Nuclear Generation Target

:

\g

Technology

:

EIA Base Case 2007

EIA 2007 Reference

24 GWe new nuclear by 2020; +4 GWelyr thereafter

U.8. Electric Sector

Nuclear Generation

12.5 GWe by 2030

64 GWe by 2030

CO, Emisslons (mllllon metric tons)
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Benefit of Achieving Advanced Coal Target

46% efficiency by 2020, 49% efficiency by 2030

EIA Base Case 2007
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Benefit of Achieving CCS Target

i
3500 -
After 2020, all new coal plants capture and
store 90% of their CO, emissions
3000 -

EIA Base Case 2007
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I Benefit of Achieving PHEV and DER Targets

5% shift to DER from base load in 2030
PHEV sales = 10% by 2017; 30% by 2027

EIA Base Case 2007

:

\g

Technology EIA 2007 Reference

:

U.8. Electric Sector
CO, Emisslons (mllllon metric tons)
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CO, Reductions... Technical Potential*

3500 -
* Achieving all targets is very aggressive, but potentially feasible.
3000 -
EIA Base Case 2007
2500 - \
2000

Technology

EIA 2007 Reference

U.8. Electric Sector

CO, Emisslons (mllllon metric tons)

1500 - Efficiency Load Growth ~ +1.5%lyr Load Growth ~ +1.1%lyr
Renewables 30 GWe by 2030 70 GWe by 2030
l Nuclear Generation 12.5 GWe by 2030 64 GWe by 2030
1000 - No Existing Plant Upgrades 150 GWe Plant Upgrades
Advanced Coal Generation 40% New Plant Efficiency 46% New Plant Efficiency
by 2020-2030 by 2020; 49% in 2030
CCSs None Widely Deployed After 2020
10% of New Vehicle Sales by 2017;
PHEV None +2%lyr Thereafter
DER < 0.1% of Base Load in 2030 5% of Base Load in 2030
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U.S. Electricity Generation: 2030

EIA Base Case* Advanced Technology Targets
5406 TWh 5401 TWh
. Non-Hydro Non-Hydro
Conventional peonewables Conventional Renewables
Hydropower 3.0% Hydropower 6.7%

5.6% 4.9%

Nuclear Power
Coal w/o CCS

16.6%
39.0%
Nuclear Power
25.5%
i
\ Coal wio CCS \
Natural Gas *. 59.6% \
135%
“ &
\\“
Other Fossil Natural Gas -
1.7% 8.7% _
’ . Coal with CCS
Other Fossil 14.6%
0.6%

* Base case from EIA “Annual Energy Outlook 2007”
=PI | fseincn msriore
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CO, Reductions ... Technical Potential*

U.S. Electric Sector Annual CO, Emissions

EIA 2007 Annual Energy Outlook Base Case

:

:

U.8. Electric Sector
CO, Emisslons (mllllon metric tons)

Technology EIA 2007 Reference
1500 - Efficiency Load Growth ~ +1.5%lyr Load Growth ~ +1.1%lyr
Renewables 30 GWe by 2030 70 GWe by 2030
Nuclear Generation 12.5 GWe by 2030 64 GWe by 2030
1000 - No Existing Plant Upgrades 150 GWe Plant Upgrades
Advanced Coal Generation 40% New Plant Efficiency 46% New Plant Efficiency
by 2020-2030 by 2020; 49% in 2030
CCSs None Widely Deployed After 2020
10% of New Vehicle Sales by 2017;
PHEV None +2%lyr Thereafter
DER <0.1% of Base Load in 2030 5% of Base Load in 2030
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1990 1995 2000 2005 2010 2015 2020 2025 2030

* Achieving all targets is very aggressive, but potentially feasible.
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Key Technology Challenges

Significant cost-effective CO, reductions from the U.S. electric
sector will require ALL of the following technology advances:

1. Smart grids and communications infrastructures to enable end-use
efficiency and demand response, distributed generation, and PHEVSs.

2. A grid infrastructure with the capacity and reliability to operate with
20-30% intermittent renewables in specific regions.

3. Significant expansion of nuclear energy enabled by continued safe
and economic operation of existing nuclear fleet; and a viable strategy
for managing spent fuel.

4. Commercial-scale coal-based generation units operating with 90+%
CO, capture and storage in a variety of geologies.

C POWER
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What are the economic impacts of

different technology strategies for

CO, emissions reductions from the
U.S. electricity sector?
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Economic Assessment

EPRI Economic Analysis Model (MERGE)

» Designed to examine economy-wide impacts of climate
policy

« Each country or group of countries maximizes its own
welfare

* Prices of each GHG determined internally within model
« Top down model of economic growth
* Technological detail in energy sector

One of three models used by U.S. Climate Change Science
Program and in many other international and domestic studies.
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Assumed U.S. Economy-Wide CO, Constraint

g . Starting Pqint is Current - Analyzed three different
Intensity Target economy-wide CO, constraints
C 2010 Cap to 2020 - PRISM electric sector CO,
5 el :
26 St \ profile most closely modeled by
Q N\ economy-wide constraint
§ 5 N\ which:
O \
£ 4 3% deciine / N N -Caps emissions at 2010 levels
= N until 2020
O
=" AR -Requires 3% decline beginning
in 2020

N
1

—
1

0 T T T T 1
2000 2010 2020 2030 2040 2050
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Electricity Technology Scenarios

Full Portfolio Limited Portfolio
Supply-Side
Carbon Capture and : :
Storage (CCS) Available Unavailable

Production Can Existing Production
New Nuclear

Expand Levels

Renewables Costs Decline Costs Decline Slower
New Coal and Gas Improvements Improvements
Demand-Side
Plug-in Hybrid Electric : :
Vehicles (PHEV) Available Unavailable
End-Use Efficiency Accelerated Improvements

Improvements
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Meeting Economy-wide Cap* with Limited Portfolio

B Coal [ Gas B oil
8 7 I wces [0 wces [ Nuclear

] Hydro [] Solar — Demand with No Policy
O wind B Biomass EX Demand Reduction

7 - Limited Portfolio

With a less de-carbonized supply,

(«}]
|

electricity load must decline

to meet the CO, emissions target

(3]
l

S
gL
B S
N
L raEs S

A

Nuclear

w

Gas (with half the CO, emissions

Trillion kWh per Year
H

Gas ) )
intensity of coal)

N

pays a significant CO, cost

0
2000 2010 2020 2030 2040 2050
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Meeting Economy-Wide Cap* with Full Portfolio

B cCoal [ Gas B oi [ Hydro  [] Solar — Demand with No Policy
[ wees [] wees [ Nuclear [ Wind B Biomass [Z] Demand Reduction

8

Full Portfolio 7

The vast majority of

electricity supply is CO,-free

Nuclear

Gas 3

H
Trillion kWh per Year

Coal with CCS = Gas and non-captured coal are the

only supply options paying a CO, cost

0
2000 2010 2020 2030 2040 2050
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CO, Emission Cost : Economy-Wide

350
- 300
With a de-carbonized electricity supply, - 250
other parts of the economy pay a CO, cost... *
not the electricity sector 20 8
C
o
- 150 X
A
Limited - 100
Full |
1 | | 0
2000 2010 2020 2030 2040 2050
_ _ _ Year
*Real (inflation-adjusted) 2000% =) | e rower
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Wholesale Electricity Price

180 40
160

In the Full Portfolio the price of .
S
140 electricity has a low CO, cost a0 S
. | -
120 component and increases less ©
-25 >
-k ] ] o
§ 100 - Limited P
F20 >
s =
& % L
—-._'h.__---— u 1_5 m
60 - Full e »
S
40 - B

20 - - 05

0 I I I I 0.0

2000 2010 2020 2030 2040 2050
Year

*Real (inflation-adjusted) 2000$ =PI | reseincr isrirure
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I Full Technology Portfolio Reduces Costs of a
CO, Emissions Reduction Policy by 60%

o O.ﬂ 3
g o = = = = = o
S s | 8| |8||8||8||&8]| ¢
'E: 'E - 0 - - 0 E Cost of

= 1} 7) ol o
g o L it = ) O o Policy
= - E ﬁ 2 © Q =
5 3 g o - + =
D - = £ 1T +
- = @
i -l o +
= O
0 = +
o=
m | -
A ; c Reduction in

e o i
o = Policy Cost
o -1.0- = | with
‘-g = Advanced
.; o Technology
)]
c
L4+
-1.5 -
Value of R&D Investment
{In Year 2000 $)
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How do we achieve the necessary
technology capabilities to reduce
electricity sector CO, emissions?
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Key Technology Challenges

ALL of the following technology advancements will be needed
in order to have a full portfolio of technologies available for
reducing CO, emissions over the coming decades:

© 2007 Electric Power Research Institute, Inc. All rights reserved. 25

. Smart grids and communications infrastructures to enable end-use

efficiency and demand response, distributed generation, and PHEVSs.

2. A grid infrastructure with the capacity and reliability to operate with

20-30% intermittent renewables in specific regions.

. Significant expansion of nuclear energy enabled by continued safe

and economic operation of existing nuclear fleet; and a viable strategy
for managing spent fuel.

. Commercial-scale coal-based generation units operating with 90+%

CO, capture and storage in a variety of geologies.

Provides the Basis for Four Technology Pathways
=il
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Distribution Enabled Technology Pathway
Efficiency, Distributed Energy Resources, Plug-In Hybrid Electric Vehicles

Communications Standards for Interoperabllity:
AWM standards devefoped and deployed
.

Dimm."c eneﬁr mﬂ-naaemeﬂt pilot profects

Smart Resource Interface and Master Controller:

Interface siandard deue,fﬂged
.'ntcﬁa-ﬁm of AN with simart rosources
Integration of EMS with Smart Resources:
[ ) del.m.l'ﬂiﬂd foor FIAS S smar racources J'nfﬂﬁﬁﬂn
Mu.‘ﬁﬂ.‘c Senart ﬁn’d Ei.'ots

Grid Operatlons and FPlanning Tools:

Gricf OEEHﬁDHS and H.fanninﬁ tools ﬂﬁﬁmized
Smart resouroes intciratcd with nﬁnmﬁans

AMI deployment based on MHEY management system Integrated energy
open standarids enabling loads or generation/ management — CMS, DMS,
dynamic eneigy mandagement slundge |esulCes dand cunsurmen sysems
Advanced on-board Integration of AMI with smart

Plug and chargye
amywhene

resources enahling consumers
to opfimize energy use

chargers for 2 way
power flow

Resparch Milestnnes l

Deployment Targets ‘r
PHEV =sales PHEV sales DEH = 5% 9% reduction in
10% of new 0% of new ener_miun baseload (relative
light duty cars light duty cars 4 to E1A 2007)

ELECTRIC POWER
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Grid Enabled Technology Pathway

Renewables Integration and T&D Efficiency Improvement

Energy Storage:
Shock absorber to moderate wind fluctuations

CAES for I&ﬁe seale wind ahd En’d :m'Eﬁrt

Flow/advanced batterias for firming and shaping increasing scale

Devefnﬁ HDTGW nanﬂ-sn:.-mﬁ bedmnfoﬁ'es

Grid Operations and Planning:
Model and create tools to imegrate renewable energy
ﬂeue.fuﬁ dﬂﬁui toofs Lo ir.-.!earaie rrarhels with renewables

Transmission Enhancements:

Sﬁec.far %cﬂan schemes for Intermitient generation

FACTS applied to advanced wind integration

Demonshate FﬁfDCfsugemanducﬁvi ﬁ for remote wind

Analysis tools to optimize regulafion, First in-grid demo “supercable” to HYDC applied to large off-shore wind farms;
reserves and load following requirements deliver protons {ll,), electrons, and advanced conductors used to incre ase winil
Twr high intermillent resuu 1ce Scendiivs sluraye in remule wind applicativns Faim bansmission thioughput

|
High wind penetration case Hano-super
integrated into system operator real capacitor-based
tirme grid operations visualization storage
| |

Resparch Milpstnnes

t

Deployment Targets

50 GWe of new renewahles 70 GiWe of new
capacity, meating or renewables
excoeding sum of state RPS capacity
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RESEARCH INSTITUTE

=izl

© 2007 Electric Power Research Institute, Inc. All rights reserved. 27



Nuclear Technology Pathway

Light Water Reactors:

Complete 20-year life extensions for all existing plants; all license renewal requiatory commitiments met -

60 to §0 year ficense renewal process and pifot demonstration

RED for axtancion of axisting plant lifetimas from 60 to 80 yaars
“Full digital” retrofit pifot  Extended fife SCC aging evaluations Implement high burnup nuclear fuefl

Advanced Light Water Reactors:
Complete “first mover” early site permits, design certifications, a nd combined license applications; NRC approvals

MNRC optimizes Construction Inspection Frogram  Advanced automated plant controls

Addrass U5, infrastructure raadiness issnas
Incorporate lessons learned from first wave of new plants: 4D modular construction, enhanced standardization, improved welding/NDE

High Temperature Gas-Cooled Reactors:
Freliminary plant design development; final design completion

Farticle fuel development and test program; reguiatory approval
Graphite materials gualification: ASME codification
Hydrogen technology pilot testing and final selection Hydrogen and process heat plant demosioptimization

Without renewal, initial All existing plants have been granted a 20- Initial license expirations of current fleet with
lirense pxpiratinng nf current year life pxtensinn; initial decisinn points for MNymar license renpwal. Significant plant life
fleet would begin here older plant life extensions to 80 years extensions to 80 years completed/in process.
f.nn.sp.nsus: strategy Prototype HTG Rf:
for integrated spent . commercially
_ HTGR built —
Muel rrramagement dvdilable

Research Milestones

1 t

Initial deployment ~24 G\We ~64 GWe
ol ALWRx in U.5. ey AL WRs new AL WHs

Depluyment Taigels

ELECTRIC POWER
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Advanced Coal With CCS Technology Pathway

Advanced Coal Plant Performance — Pulverized Coal:

ST boilerturbine advanced materials deue.fapment ‘Mﬂﬂ“F+ comganent demas ‘Mﬂﬂ"F+ E.iant grﬂects
e e

[ ] o -
UitraGen I Desrﬂni cansfrucﬂﬂni and OEEFE !mn ﬂf UsC at = 1T00°F wfcapm:‘e modu.fe
UltraGen il: Des“ﬁnl consfructmni anid opera tion of NZE USC at 1200- 1300°F w/capture

Advanced Coal Plant Performance - 1GCC:

Gacifior Eerfﬂrmnce and ml’hbﬂl’“ advancements mﬂm and dema as ready)

i Oi ~T50) ' tact ﬁrﬂ.-rn-mr-nﬁﬁriﬂl ﬁ#n-m GO and nxy-combustinn)
Hi-ﬁrini I fﬂHUﬂIﬂ%ﬂn?‘F-f‘jﬂQE‘ H. -le‘”‘H’,‘ GT dﬂupinpmpm {G/H-rlags)

n t'y CO, capture ahd storage andior F-class commercial projects
G/H-class IGUC with capture projecis
IGFC demos
C0, Capture Technologies:

Davalopmant of naw/improved procasses and mambrana contactors for post-comb. captura {pilot as ready and damo in UltkaGan 1)

Chilled ammonia and improved amine pilots {5 at ~5-50 MW, ); dema and integration in UltraGen |
Oxy-combusiion: muitiple pilats ~T0 MW,  Pre-commercial demonsiration

DNavalnopment of improvadialtarnative procesces and mambranae separators for pra-comb. captore (pilot and demo a5 ready)
Carbon Storage:

35 large-volume demos (multiple geologies; integrated wicap ture) and commercial infrastructure development

Completion of 1.7 MW, Completion of DOE Multiple fullscale Completion of DOE
chilled ammonia pilot Regional Partnerships demonstrations (adv. PC Regional Partnerships
(PC + CO, capture) validation phase and IGCC + CO, capture) deployment phase
E l | ]

Deployment Targets | 1‘ )
Advanced PC and IGCC Commercial availability of CO, Advanced PC and IGCC
efficiencies with capture storage; new coal plants efficiencies with capture

reach 33-35% HHVY capturefstore 50% of CO, reach 43-45% HHY

ELECTRIC POWER

=2l
© 2007 Electric Power Research Institute, Inc. All rights reserved. 29

RESEARCH INSTITUTE



I Research, Development and Demonstration
Is a good investment

Avoided Cost to U.S.
Economy ———,

(2000-2050, present value in 2000 $)

$30B
RD&D Investment

(2005-2030, present value in 2000 $)

=M1 | wesearch msrirure
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Analysis to Action Demonstration

Projects
1. Smart Distribution System
Technology
Challenges 2. Compressed Air Energy
1. Smart Grids and Storage
Communication
Infrastructure 3. CCS using Chilled

__ _ Ammonia
2. Transmission Grids and

Associated Energy . .
Storage Infrastructures 4. CCS using a Different

Technology
3. Advanced Light Water .
Reactors 5. Advanced Pulverized Coal

Plant — UltraGen |

4. Coal-Based Generation
Units with Carbon Capture

and Storage 6. IGCC with CCS

7. Low-cost O, Production

EPPI2I | researcr mstiore



Conclusions

* The technical potential exists for the U.S. electricity
sector to significantly reduce its CO, emissions over the
coming decades.

* No one technology will be a silver bullet — a portfolio of
technologies will be needed.

* Much of the needed technology isn’t available yet —
substantial R&D, demonstration is required.

A low-cost, low-carbon portfolio of electricity technologies
can significantly reduce the costs of climate policy.
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