Westinghouse Non-Proprietary Class 3 © 2017 Westinghouse Electric Company LLC. All Rights Reserved.

Westinghouse  Fausto Franceschini

Consulting Engineer

A C C I D E N T Global Technology Development
Westinghouse Electric Co.
International Workshop
F U E L on Advanced Reactor

Systems and Future

P R O G R A M Energy Market Needs

OECD Conference Centre
Paris - April 12, 2017

@ Westinghouse




Westinghouse Non-Proprietary Class 3 © 2017 Westinghouse Electric Company LLC. All Rights Reserved.

The Call for an Improved Fuel ...

e Fukushima Daiichi — March 11, 2011

— Magnitude 9.0 earthquake followed by 45-feet high tsunamis
resulted in loss of all power (“station blackout”)

— Loss of core cooling led to severe damage of three reactor
cores, hydrogen explosions damaging containment buildings

* The need to remain competitive

Enhanced Accident Tolerant Fuels
— Tolerate loss of active cooling for longer time periods

— Provide more time for operators to react (“grace time”) in a
severe accident

@ Westinghouse
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Westinghouse Accident Tolerant Fuel:

This Changes Everything
\\\

Game changing technology for the nuclear
Industry, with the capability of improving nuclear
plant safety and reliability, while providing financial
savings to the utilities that operate the plants
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ATF — Safety and Economic Performance Benefits

* Tolerate loss of active cooling for a longer period of time
— Cladding properties

« Reaction kinetics with steam (reduced oxidation and hydrogen
generation)

« Cladding higher melting temperature and geometric stability
— Higher thermal conductivity fuel (lower stored energy; lower
fission gas release)

* Enhanced performance under normal operating conditions
— Reduced Crud Induced Power Shift (CIPS) and Crud Induced
Localized Corrosion (CILC)

* Improved economics for operators
— Reduced requirements for accident management

ATF enhances performance under

@Westinghnuse severe accident conditions and
provides economic benefits
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Westinghouse Technologies for ATF

* Westinghouse ATF technologies increase safety margins
— Oxidation resistance with new cladding materials
— Thermal conductivity with new pellet materials

* Six cladding/pellet combinations considered
— Based on multi-year research (started in 2003)
— Two combinations currently being pursued

Cladding

100% SiC Zr;oateq

Zr i i
coated Composite + SiCyrapped

UN/U,Si,

U,Si, Currently Pursued

@ Westinghouse
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SIC Cladding Meets Key Characteristics for ATF

* No ballooning and bursting
— Retention of tensile strength up to 1700°C
— Slow degradation above 1700°C

* Eliminate oxidation driven temperature spikes
— Slow reaction with steam to >1700°C

* Maintain integrity under most severe beyond design
basis accident conditions
— Melting point >2500°C

* Good neutron economy
— Reasonably small cross section for thermal neutrons

* Good irradiation behavior
— Swelling is small (<2%) and predictable

@ Westinghouse o:o GENERAL ATOMICS
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Coated Cladding — Performance and Development

Uniform Corrosion

Cr Coated Non-coated

20 days in 360°C water

High Temperature Oxidation

Uncoated Cr Coated

W’/’ ////////// Ll \‘\\\‘\\
After 20 minutes air at i200 C?

@ Westinghouse

In-Reactor Performance

Pre-irradiation Post-irradiation

After 157 days in MITR

Negligible corrosion in coated areas and

integrity of coating maintained
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U,SI, Pellets

Increased uranium density and higher thermal conductivity
I o,

Uranium Density (g/cm?3) 9.68 11.3

Thermal Conductivity (W/m K) 5-2 (300-2000°C) 11-22 (300-1200°C)
Fabrication Testing

ATF-WO01

Corrosion testing in water at 300°C (50 hours)
No measurable weight change or evolution in appearance

@ Westinghouse NATIONAL NUC LEAR.... m
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Westinghouse ATF Lead Test Assembly Program

2016 2017

2018 2019 2020 2021

Timeline ORIl
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Offer

LTR Program

Chromium-coated
Optimized ZIRLO Cladding

Design Review
Manufacture
Ship

U,Si, High
Density Fuel

LTA Program

Design Review

100% SiC
Composite Cladding

U,Si, High
Density Fuel

Manufacture

Ship

@ Westinghouse

Westinghouse ATF programs for LTRs and LTAs

include both evolutionary and revolutionary
technologies....
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Physical Benefits of Accident Tolerant Fuel

Benefits predicted for SIC Clad designs

C OO0 O

Lower DNB impact on cladding v' Increases design basis margins

integrity v’ Increases time for mitigating operator
Runaway oxidation eliminated  actions to avert core damage

Minimizes potential H generatior( Reduces challenge to containment integrity
to non threatening levels and cleanup costs

Failure temperature of fuel v’ Increases allowable times to respond to and
increased to >2000 C mitigate consequences of severe accident

U,Si, fuel offers significant fuel cycle Coated clad option limits rapid oxidation
cost savings and improved thermal delaying exothermic reactions and
performance Increasing grace time

@ Westinghouse
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Summary

* Westinghouse is fully engaged and committed to develop
and commercialize ATF

* Key technical challenges were identified and tangible
strides with development and testing have been made

* Strong network of collaboration with US DOE Labs and
various European institutions

* Westinghouse ATF program aims to develop products that
provide significant economic and accident tolerance
benefits

@ Westinghouse
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Questions?
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Westinghouse Fuel

* Provide >20% worldwide
* Westinghouse is world leader in LWR Nuclear Fuel

Pressurized Water Reactors (PWRs) Boiling Water VVER Advanced Gas
W-PWR CE- KWU/Siemens  nei pwi Reactors (BWRs) (PWR) Reactors (AGRs)

PWR PWR W-BWR NFI BWR

* Provide >50% of all commercial nuclear fuel in US ‘ ;

14x14 Optima2 9x9 VVER-1000 AGR Fuel
15x15 Optima3 MOX VVER-440

17x17

MOX

13
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Nuclear Under Pressure

* Two plants shut down due to financial pressure
— Kewaunee (05/07/13)
— Vermont Yankee (12/29/15)

* Others could be shut down due to market conditions
— Palisades (Oct 2018)
— Oyster Creek (by 2019)
— Pilgrim (June 2019)
— Diablo Canyon (2025)
— TMI(?)

* Closure risk recently averted via legislative action
— Clinton and Quad Cities (IL)
— Ginna (NY)

Utilities view Accident Tolerant Fuel as a key enabler to

@Westinghouse improve safety and reduce operating costs
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Potential Benefits of Accident Tolerant Fuel

Design Basis Perspective

Core design/analysis perspective:

Benefits predicted to apply to both Coated and SiC ATF
designs, te but to different extents:
dIncreases in CHF/DNB limits/ boliling crisis duration for
design basis transients
= Potential for higher temperature tolerance of fuel
resulting in increased design margins
= Reduced crud accumulation
= Improvements to ASI (fuel operational flexibility)
= Improved fuel utilization (extended cycles)
Delays to “break-away” clad oxidation threshold (extend
PCT limit beyond 2200°F)
Increased clad temperature limits; potential reduction in
need for LPSI and/or SITs for LBLOCAs

@ Westinghouse

15



Westinghouse Non-Proprietary Class 3 © 2017 Westinghouse Electric Company LLC. All Rights Reserved.

Extended Heat-up Time to Critical Fuel Limits Provides
Response Time Benefits and Large Potential O&M Savings

* Increasing operator response time windows benefits span a
wide range of actions

— For station blackout improved operator action windows
provide additional time to:

* Recover Auxiliary Feedwater (AFW)
Implement bleed and feed Scenarios
Black Start Emergency Diesel generators (EDGS)

Utilize FLEX Equipment to support mitigation of extended Station
Blackouts (SBOs)

— For LOCA scenarios various operator windows are expanded
allowing:

 Increased time to depressurize to low pressure injection on loss
of high pressure injection

 Increased times to realign long term cooling

Benefits span a spectrum of operator

@Westinghouse actions and accident scenarios
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Irradiation test program

Irradiation Test Program for SiC

« MITR-1
— 2013-2014 (0.8 dpa)

« MITR-2
— 2015-2016 (0.8 dpa)

¢ MITR-3
— 2017 (0.8 dpa)

« Halden IFA-800
— 2018-2020 (4 dpa)

« ATF-2 irradiation in ATR
— 2018-2023 (30, 60 MWD/kgU)

« ATF-H irradiation in Halden
— 2018-2023 (45 MWD/kgU)

« 2021 LTA
— 2021-2026 (60 MWD/kgU)

@ Westinghouse
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Challenges

Key Technical Challenges for U.Si

* High temperature water and steam corrosion resistance
— Working with LANL, INL, ANL and RPI to understand the
corrosion mechanism and develop improvement plans

* Conversion from Uk, to U;Si,
— NNL has installed testing facility and will conclude preliminary
assessment by end of 2018

* Powder processing and handling
— Continue to work with INL and LANL

* Irradiation behavior at PWR conditions
— ATF-1 U;Si, rodlets PIE planned for June 2017 — swelling and
fission gas release data needed for fuel rod design for ATF-2,
Halden rodlet and commercial fuels — critical need

@ Westinghouse
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Challenges

Key Technical Challenges for SiC Cladding
Development

* Understand the corrosion drivers
— Working with SiC partners to improve corrosion resistance by
modifying the manufacturing process
— Will propose work with ORNL to test their corrosion resistant
coatings

* Understand irradiation induced differential swelling and
validate assumptions and models
— Working with SiC partners to optimize the design to maintain
hementicity in Condition | and I
— Working with ORNL on HIFR irradiation to obtain irradiation
data to validate the models and assumptions

@ Westinghouse
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