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



CO, Reductions ... Technical Potential*

3500
a000 | U-S- Electric Sector Annual CO, Emissions
EIA 2007 Annual Energy Outlook Base Case
2 2500 -
he
Q2
g2
O
$ = 2000 -
Lo =
g é Technology EIA 2007 Reference
"'_J_ g 1500 - Efficiency Load Growth ~ +1.5%/yr Load Growth ~ +1.1%/yr
U) —
- 8 Renewables 30 GWe by 2030 70 GWe by 2030
|_|EJ Nuclear Generation 12.5 GWe by 2030 64 GWe by 2030
(LJ;\l 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
500 4 CCs None Widely Deployed After 2020
10% of New Vehicle Sales by 2017,
PHEV None +2%l/yr Thereafter
DER < 0.1% of Base Load in 2030 5% of Base Load in 2030
O T T T T T T T T T T T T T T T T T T T T T T T
1990 1995 2000 2005 2010 2015 2020 2025 2030
* Achieving all targets is very aggressive, but potentially feasible.
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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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Assumed U.S. Economy-Wide CO, Constraint

o
g Starting Point is - Analyzed three different
Current Intensity Target economy-wide CO, constraints
- {2010 Cap to 2020 - PRISM electric sector CO,
“56 E— =~ profile most closely modeled by
2 N\ economy-wide constraint
35 )\ which:
2, 3% decline N -Caps emissions at 2010 levels
2 XL until 2020
o
=’ RN -Requires 3% decline beginning
, in 2020
.
0

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) Avalilable Unavailable
End-Use Efficiency Accelerated Improvements

Improvements

ELECTRIC POWER
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Meeting Economy-wide Cap* with Limited Portfolio

B coal M Gas | Nell [0 Hydro  [] Solar — Demand with No Policy
8 [] weces [ wees [ Nuclear [ wind B Biomass X Demand Reduction
7 - Limited Portfolio

With a less de-carbonized supply,

(o)}
|

electricity load must decline

to meet the CO, emissions target

ol
|

Stelelele!
Sleletelels!
4@%%%@&
hiaaietetas

w

Gas (with half the CO, emissions
Gas

Trillion kWh per Year
D

intensity of coal)

N

pays a significant CO, cost

2000 2010 2020 2030 2040 2050
EPI2 | researcr msnrore

© 2007 Electric Power Research Institute, Inc. All rights reserved. 7



Meeting Economy-Wide Cap* with Full Portfolio

B coal M Gas | Nell ] Hydro  [] Solar — Demand with No Policy
[l weces [ wiees [ Nuclear [ wind B Biomass Demand Reduction

8

Full Portfolio

The vast majority of

electricity supply is CO,-free

Nuclear

Gas

Trillion KWh per Year

Coal with CCS Gas and non-captured coal are the

only supply options paying a CO, cost

2000 2010 2020 2030 2040 2050
EPI2 | researci msiore
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CO, Emission Cost : Economy-Wide

350

With a de-carbonized electricity supply, - 250
other parts of the economy pay a CO, cost...

not the electricity sector - 200

$/ton CO,*

- 100

Limited

Full

- 50

\ 0
2000 2010 2020 2030 2040 2050

Year
*Real (inflation-adjusted) 2000$ [ =] = [ A .
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Wholesale Electricity Price
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I Full Technology Portfolio Reduces Costs of a
CO, Emissions Reduction Policy by 60%
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How do we achieve the necessary
technology capabilities to reduce
electricity sector CO, emissions?

12



Key Technology Challenges

LL 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. 13

. Smart grids and communications infrastructures to enable end-use

efficiency and demand response, distributed generation, and PHEVSs.

. 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
=Pl
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Distribution Enabled Technology Pathway
Efficiency, Distributed Energy Resources, Plug-In Hybrid Electric Vehicles

Communications Standards for Interoperability:
A standards developed and deployed
]

Dﬁnamic energy manag ament pilot projects

Smart Resource Interface and Master Controller:

Interface standard deve.foged
.fnteiraﬁon of AMI with smart resolrces

Integration of EMS with Smart Resources:

Cing deue!oaed for EMSDMS/ /smart rasources Inteimﬁon
Mu.‘ﬁg.‘e smart ﬁrid Ei.fﬂts

Grid Operations and Planning Tools:

Gricf ogemﬁons and Hlanninﬁ tools oﬁﬁmized

Smart resolrces inteirated with oieraﬁans

AMI deployment based on PHEY management system Integrated energy
open standards enahling loads or generation/ management — EMS, DMS,
dynamic energy management storage resources and consumer systems
Advanced on-board Integration of AMI with smanrt

Plug and charge

chargers for 2 -way e

power flow

resources enabling consumers
to optimize energy use

Research Milestones

Deployment Targets

t

PHEY sales PHEY sales DER = 5% 9% reduction in
10% of new J0% of new eneration baseload [relative
light duty cars light duty cars 4 to EIA 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 flucteations

CAFS for Iaﬁe scale wind and ﬁrid sugﬁort
Flow/advanced batteries for ﬁrmina and shaginﬁ increasinﬁ scafe
Deve.fogi Emm@e nanﬂ-stﬂmae technﬂ."ﬂﬁies

Grid Operations and Planning:

Model and create tools to inteﬁrate renewable energy
Deve.fagi deg.foz tools to inteﬁrate matkets with renewables
ﬂgﬁ!ﬁ real-time vicnalization tools to control room

Transmission Enhancements:
Sﬁecia.f Hmtecﬁan schemes for intermittent generation
FACTS agg.‘ied to advanced wind intearaﬁon
Demonstrate .‘-NDCfsuEercanductivi“ for remote wind

Analysis tools to optimize requlation, First in-grid demo “supercable” to HYDC applied to large off-shore wind farms;
reserves and load following requirements deliver protons (H,), electrons, and advanced conductors used to increase wind
for high intermittent resource scenarios storage in remote wind applications farm transmission throughp ut

L
High wind penetration case Nano-super
integrated into system operator real capacitor-hased
time grid operations visualization storage
L
Research Milestones

Deployment Targets 1‘
50 GWe of new renewabhles 70 GWe of new
capacity, meeting or renewahles
exceeding sum of state RPS capacity

ELECTRIC POWER
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Nuclear Technology Pathway

Light Water Reactors:

Complete 20-year life extensions for all existing plants; all license renewal requiatory commitments met
60 to 80 year license renewal process and pilot demonstration
RE&D for extension of existing plant lifetimes from 60 to §0 years
“Full digital” retrofit pilot  Extended life SCUC aging evaluations  Implement high burnup nuclear fuel

Advanced Light Water Reactors:

Complete “first mover” early site permits, design certifications, and combined license applications; NRC approvals
NRC optimizes Construction Inspection Program  Advanced automated plant controls
Address U5, infrastructure readiness issues
Incorporate lessons learned from first wave of new plants: 40 modular construction, enhanced standardization, improved welding/NDE

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

FParticle fuel development and test program; requlatory approval
Graphite materials qualification; ASME codification
Hydrogen technology pilot testing and final selection Hydrogen and process heat plant demos/optimization

Without renewal, initial All existing plants have heen granted a 20- Initial license expirations of current fleet with
license expirations of current year life extension; initial decision points for 20year license renewal. Significant plant life
fleetwould begin here older plant life extensions to 80 years extensions to 80 years completed/in process.

HTGRs
commercially
available

Consensus strateqy
for integrated spent
fuel management

Prototype
HTGR built

Research Milestones

Deployment Targets t 1‘ 1‘
Initial deployment ~21 GWe ~64 GWe
of ALWRs in U.S. new ALWRs new ALWRs

I ELECTRIC POWER
A
EI IE RESEARCH INSTITUTE
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Advanced Coal With CCS Technology Pathway

Advanced Coal Plant Performance — Pulverized Coal:
USC boilerturbine advanced materials development 400°F + comaﬂnent demos T400°F + R.iant grﬁecm
N N NI JNLENNRDN,] H E B EEEENR [ H E
UltraGen I: .Des:ﬁni consfructmni and ﬂgemtmn of USC at > TT00°F w/capture module
UltraGen II: .Desiﬁni consfrucﬁoni and ogemﬁon of NE USC at 1200- 1100°F w/capture

Advanced Coal Plant Performance - IGCC:

Gasifiar Eerfﬂrmance and reﬁabiﬁ“ advancements Igﬁot and demo as ready)

MO, ~150 td test Pra-commercial demo #GCC and oxy-combustion)

SR [ B N BN RN

H,-firing GI development ‘F-c.iassl H -ﬁriw GT development (G/H-class)

premE A REI RS L L (g SR R S LN . .
FutureGen demo with T million t'y C0, capture and storage and/or F-class commercial projects
- ]

G/H-class IGCC with capture projects

IGFC demos

C0, Capture Technologies:
Development of new/improved processes and membrane contactors for post-comb. capture (pilot as ready and demo in UltraGen If)
Chilled ammonia and improved amine pilots {5 at ~5-50 MW.); demo and integration in UltraGen |
Oxy-combustion: multiple pilots ~T0 MW,  Pre-commercial demonstration
Development of improved/alternative processes and membrane separators for pre-comb. capture {pilot and demo as ready)

Carbon Storage:
3-5 large-volume demos {multiple geologies; inteqrated wicapture) and commaercial 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
L | | | | |

Research Milestones " ¥

Deployment Targets - 4 t )
Advanced PC and IGCC Commercial availahility of CO, Advanced PC and IGCC
efficiencies with capture storage; new coal plants efficiencies with capture

reach 33-35% HHY capture/store 90% of CO, reach 43-45% HHY

ELECTRIC POWER
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I Research, Development and Demonstration
IS a good investment

Avoided Cost to U.S.
Economy ———

(2000-2050, present value in 2000 $)

RD&D Investment

(2005-2030, present value in 2000 $)

=PI | wesehncy wsnrore
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EPRI and Electricité de France

 EPRI/Electricité o
Memorandum of

Background on E

e France (EdF)
Understanding

ectricité de France (EdF)

 EPRI/EdF Strategic Collaborations

eLessons Learned
e Conclusions

20
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EDF-EPRI Collaboration Framework

I
EPRI Contracts for
EDF R&D Expertise

\%

Loan-in
Exchange
One or more dimensions might Each dimension should have its own value
apply to each collaboration proposition and supporting agreement

Five unique and synergistic relationship dimensions I

ELECTRIC POWER
RESEARCH IMSTITUTE
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I Successful Collaboration Development
***A Checklist***

v'Specific collaboration description

v'Clear objectives of each organization
and value proposition

v'Key expectations or deliverables
v'Relevant collaboration dimensions
v'Accountabilities for each organizations
v'Alignment on priority and schedule
v'Executive sponsors, where appropriate

Cl:'al ELECTRIC POWER
A
RESEARCH IMSTITUTE
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Collaboration Principles

 Many collaboration ideas are a good thing
— It's OK that not all lead to actual collaborations

« Working with the business directions and operating
constraints of each organization is important

A proactive effort to openly, candidly, and quickly assess
collaboration ideas is best

« Reqularly tracking and communicating progress

© 2007 Electric Power Research Institute, Inc. All rights reserved. 23
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EPRI and Electricité de France

* MoU

 Background

* Collaborations

»Lessons
Learned

» Conclusions

 Signed 5/23/03 by Yves Bamberger, Director,
EdF Research & Development and Kurt
Yeager, President and CEO, EPRI.

 Create a strategic technical partnership with
the EdF R&D organization.

 Collaborate on strategic planning and projects.

» Substantially increase the value of R&D for
EPRI members, EdF Group.

e |dentify several collaboration areas, other
actions.

* Revis James assigned as on-site program
manager (Jan 2004 — Jun 2006)

24
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EPRI and Electricité de France

 Revenues: € 58 932 million
* MoU
e Customers: 37.8 million
» Background * Employees: 156 600
. Collaborations | * Capacity: 128.2 GWe
* Generation: 633 TWh

¢« Lessons — nuclear: 71%
Learned — fossil fired: 21%
— hydro: 8%
* Conclusions — other renewables: 0.2%

» Consolidated data (2006)

CI:EI ELECTRIC POWER
A
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EdF Group: facts and figures

st United Kingdom W Germany

EDF Eneroy ¢100%) EnBWY (4559

# 1 distributar # 3 German electricity utility
Capacity: 4.2 G/ Capacity: 144 &y
Customers: Gm Customers: 5.1m

3as: 3 bem 33z 2 bem

I l ltaly

Edizon (50 % - ongoing tranzaction]
U0 nuclear) # 2 [talian utility (electricity + gas)
Capacity: 9.7 &

23z 13 bem

EDF Trading

Wolumes handled : electricity (F<95 TR
gas (MG bom)

codl (237 hit)

ail (149 Wb

=as;volume handled

C':El ELECTRIC POWER
A
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I CO, emissions for European Utilities

RWE _ 761

Endesa |G 550
Enel NN 518
E.ON N 457

vVattenfall |GGG 410
Electrabel |[INEGTNEGEGEGEGEEEEEEE 327

EDF N 128 Year 2004, kg/MWh

EDF en France - 45

Source ;| Enerpresse - PricewaterhouseCoopers Changement climatique et énergie - novembre 2005

:':El ELECTRIC POWER
A
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EdF R&D at a glance

operational entities

 Preparing the future and new
growth drivers for EDF Group

 Improving operational performance
of EDF Group divisions

* Mobilising experts to support

* Approx 2 000 employees:
v' 30% women

v 300 PhDs and 200 doctoral
students

v 150 researchers who teach at
universities and engineering schools

v’ 20% foreigners among employees
recruited since 2003

v a « breeding ground » for EDF divisions

© 2007 Electric Power Research Institute, Inc. All rights reserved. 28

R&D budget :

* 373 M€ in 2006

* 76% in EDF Divisions, 24% from
corporate budget

» Partnerships with French, european
and international R&D labs

EI:EI ELECTRIC POWER
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EdF R&D Organization (matrix)

Yves Bamberger

Senior VP and Director,

EdF R&D

Alain Vicaud
Associate Director,

Laboratories

Pierre-Louis Viollet

VP, Laboratories

Alain Petit-Jean

Department Chief,

Sector

Jean-Pierre Hutin

VP, Production

Jacques Jouaire

VP, T&D and
Environment Sector

Francois Caréme

VP, Energy
Analysis Sector

Jacques Oddou

VP, Commercial
Development Sector

Valuation of
Innovations, Patents
(VINCI)

Nelly Recrosio

Department Chief,

Paul Penserini
Department Chief,
Electric Materials Laboratory
(LME)

End-Use Services,
Energy Utilization

(SEVE)

Pascal Terrien

Department Chief,

Olivier Marchand
Department Chief,
Thermal Hydraulics
(MFTT)

Industrial Ecology
(EPI)

Pascal Mialon

Department Chief,

Charles Teisson
Department Chief,

National Hydraulics and
Environmental
Laboratory (LNHE)

Equipment Materials
Science (MMC)

Etienne Briere
Department Chief,
Environmental Impacts
(SPE)

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

Jean-Georges Schlosser
Department Chief,
Performance and Process Optimization
(OPP)

Laurent Magne
Department Chief,
Industrial Risk Management (MRI)

Dominique Brenot
Department Chief,

Vibration Analysis

(AMA)

Philippe Chabault
Department Chief,
Commercial Innovation and Markets
(ICAME)

Risk and Simulation in Energy Markets

Patrick Pruvot

Department Chief,

(SEVE)

Monique Robin
Department Chief,
Numerical Analysis and Simulation
(SINETICS)

Distribution Network Measurement

Sylvie Anglade
Department Chief,

and Information Systems
(MIRE)

29

Bruno Meyer

Department Chief,

Electric System Technologies and Economics

(TESE)

===
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I 74% of EDF R&D budget under contract with EdF Divisions

2006 budget : 373 M€

EPI2 | resehech msirre
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R&D Challenges for EDF Group, 2007-2009

Ne¢
wo,
*15‘

+ Preparing for the distribution

imisati market of 2015
+ Water: anticipating climate constraints to Optlmlﬁatlﬂ n

preserve a shared resource
+ Towards a better assessment of the
environmental impact of our

doie + Anticipating the new energy landscape

facilities + Optimising generation in the market: upgrading methods and
tools

¢ Creating new flexibility between consumption,
generation and storage

+ Homes and buildings: developing tech-
nologies and services to promote energy
efficiency

¢ Industry: Improving efficiency and new
electricity usages

+ Making our nuclear plants last
60 years

+ Integrating new technologies to make
operation more efficient

+ Innovating in renewable energies and

storage

&
Sz
om

+ Simulate and decide
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EPRI and Electricité de France

* MoU

 Background

* Collaborations

»Lessons
Learned

» Conclusions

Nuclear

— Materials science
— Risk management
— Fuels

— Staff exchange

Combustion Turbines/NGCC

— Market simulations
— Risk management
— Staff exchange

Energy/Water Management Collaboration

— Extreme water hazards for power plants/connection to climate effects
— Watershed analyses for water availability/sustainability
— Staff exchange

Grid Management

— Program steering
— Distribution system simulation & modeling
— Staff exchange

Strategic planning
— Scenario development

— Limiting Challenges/Défis, Roadmapping
—  Strategic Options

 Emerging collaboration area - Energy Efficiency

===
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EPRI and Electricité de France

Similarities
« Many similar concerns — water scarcity, environmental impact of utility
* MoU operations, reliability/availability of assets, deregulated markets and
competition, RPS, aging workforce, life extension of assets, component
» Background reliability, etc.

« EdF R&D relationship with design/engineering, operational
organizations much like EPRI relationship with member organizations.

* Nuclear fuel reprocessing, unlike U.S. But — same issue with high level
waste storage.

* Lessons » Regulatory structure is significantly different, but many similar drivers
Learned — National level is strongest, EU is coming on
— Aot of government input to EdF Group strategy

» Conclusions — But - alot of monitoring of U.S. regulatory strategies by EU,
French authorities => a lot of EdF interest in U.S. experience

* A lot of technical depth, competencies — very strong in software
development, modeling across many disciplines

* Collaborations

ELECTRIC POWER
RESEARCH IMSTITUTE
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EPRI and Electricité de France

Differences

 Generating fleet composition is substantially different from U.S. and
* MoU from the asset mix of many U.S. utilities — primarily nuclear, followed
by hydro, very little gas, coal in France.

 Background
» More meshed T&D grid, separate Transco, possibility of Disco

* Collaborations . .
* Due to employment laws and concentration of resources in-house, a lot

of focus on staffing/competency management. Strength is tremendous
» Lessons ability to apply expert skills and sustain effort. Weakness is intertia,
| earned constraints associated with retraining, redeployment of staff.

+ Substantial differences in technical, research interests between needs

o - . . = .
Conclusions of French asset mix and those of overseas subsidiaries.

ELECTRIC POWER
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EPRI and Electricité de France

* MoU
 Background
+ Collaborations

* Lessons
Learned

» Conclusions

© 2007 Electric Power Research Institute, Inc. All rights reserved. 35

Personal Experience

* Personally and professionally, the French are a lot more like us than
not.

* At the engineering/professional level, very competent, very hard-
working.

« Know the language — make the effort.

* In collaborating, respect the cultural context, but be « American » in
terms of ideas, communications — our adaptability, creativity, and
willingness to experiment are admired.

 The European experience is a multi-cultural one; Europeans grow up
accustomed to many languages, many cultures, a more globalized
perspective due to proximity and smaller economies.
=rF,r2l
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EPRI and Electricité de France

* MoU * EdF is one of the most respected international
utilities amongst international utility executives.

*Background | « Several R&D synergies between EPRI and
EdF R&D.

* Need to find collaborations where EPRI and
+ Lessons EdF strengths are complementary.

Learned * Opportunity to evaluate/validate research
priorities/results with 2 independent R&D
» Conclusions organizations focused on electricity.

* Collaborations

Cl:'a] ELECTRIC POWER
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