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Introduction

TheU.S. Nuclear RegulatoryCommission(NRC)developedthisreportasdirectedbythe
explanatory statement accompanying theConsolidatedAppropriationsAct,2021(PublicLaw
116-260).The explanatory statementdirectedtheNRCtoreportontheNRC'spreparedness
forlicensingthe use ofaccidenttolerantfuel(ATF)withafocusonthosestepsthatarebeing
takenbythestaff to ensure thattheagencyispreparedtoreviewtheexpectedlicensing
requests,including those forhigherburnuplimits,andincreasedenrichmentlevels.

Applicantsaremovingforward withplanstoseekapprovaltobatchload'fuelassemblieswith
twoATFtechnologies(coated cladding anddopedpellets)thatmayhavehigherburnuplimits
andincreasedenrichmentby the mid-2020s. Theenrichment,fabrication,transportation,and
useoftheATFfuelassembliesrequires NRClicensingreviewandapproval.TheNRChas
alreadyreceivedsomelicensingaction requests fortheuseofATF,includinghigherburnup
limitsandincreasedenrichmentlevels. The currentlistofthesesubmittalsandtheirapprovals,
ifapplicable,canbefoundontheNRC's ATF publicWebpage(Ref.1).
TheNRCstaffassesseditsregulatoryframework andfoundtheexistingregulationsand
guidancearesuitableforreviewsoftheATFconcepts (i.e.,coatedcladdinganddopedpellets)
expectedtobesubmittedinthenear-term.TheNRC also considers theexistingregulatory
frameworktobegenerallyacceptableforlicensingfuel with increased enrichment(from5to
approximately10percenturanium-235byweight)andhigher fuelburnuplimits(from62to75
gigawatt-dayspermetrictonofuranium(GWd/MTU),rodaverage) inthenear-term.Whilethe
NRC'sexistingregulationsandguidancesupportthereviewof ATF licensing actions,requests
forenrichmentlimitshigherthan5percenturanium-235byweight will require license
amendmentsandexemptions.TheNRCwillcontinuetolookforways toenhance the
regulatoryframeworkthroughguidanceandpossiblerulemakingactivities.

TheNRCcompletedorisperformingtheactivitiesdetailedinthisreportto support theNRC's
effortstocompletethelicensingofATF,includinghigherburnuplimitsandincreased

enrichment,inparallelwiththeindustry'sresearchanddevelopmenteffortswhile maintaining

reasonableassuranceofadequateprotectionofpublichealthandsafety,promoting the

commondefenseandsecurity,andprotectingtheenvironment.

AccidentTolerantFuelProjectPlan

WhiletheNRCisreadytoreviewandlicenseATF,higherburnup,andincreasedenrichment
submittalsunderthecurrentregulatoryframework,theNRCisalsotakingstepstomakeagency
processesmoreefficientandeffective.TheNRChasdevelopedtheATFProjectPlan(Ref.2)
toprepareforreviewsofbothnear-termandlonger-termATFdesigns.TheProjectPlan,
revisedinOctober2019,addressesthecompletenuclearfuelcycle,includingfuelfabrication,
freshfueltransport,in-reactorrequirements,andspentfuelstorageandtransportation.The
NRCstaffengagedextensivelywithitsstakeholdersinthedevelopmentoftheplan,including
licensees,nuclearfuelvendors,industrygroups,nongovernmentalorganizations,and
internationalcounterparts,consistentwiththeNRC'sPrinciplesofGoodRegulationand
statutoryrequirements.

1Abatchloadisthereplacementofapproximatelyone-thirdofthefuelassemblesinthereactorcoreaftereach
operatingcycle.



The Project PlanoutlinesanewapproachtofuellicensinginwhichtheNRCengageswith
applicants earlierintheirresearchanddevelopmentphase,inparttoidentifyandresolve
potential safety issuespromptly.TheProjectPlanalsoconsidersoperationalflexibilitiesthat
licensees may seekbaseduponATFdesigns.Increasedcommunicationandengagement
occuronmany fronts, includingroutinevendorstatusmeetings,attendanceatindustry
conferences, and asignificant increaseinthenumberandfrequencyofpresubmittalmeetings.
Thesemeetings allow theNRCandstakeholderstoexchangeinformationandincreasethe
efficiencyofthereview process. Additionally,theNRCholdsmeetingsandissues
communicationstofurther support dialoguewithstakeholdersoverspecifictechnicalor
administrativeissues.One valuable setofmeetingsisheldmonthlywiththeU.S.Department
ofEnergy(DOE).Inthese meetings, DOEsharesinformationonATFstatusandresearch,
whichhelpstheNRCstafftoanticipate whatreviewsmaybeneeded.

InApril2021(Ref.3),theNRCissued afinalreportbaseduponinformationgatheringactivities
including,phenomenaidentificationand ranking tables(PIRT)andsevenfuelperformance
literaturereviewsconcerningnear-termATF concepts, includingspentfueltransportationand
storage,andreactoroperatingandaccident conditions. NRC-issuedATF-relateddocuments
canbefoundontheNRC'sATFpublicWebpage (Ref.4).
TheNRCisalsodevelopingorrevisingexistingcodes tobeusedforindependentconfirmatory
calculations.Theseconfirmatorycalculationsprovide insight intofuelandreactorsystems
behavioraswellaspotentialconsequencesoftransient and accident scenariosandthe
identificationofrisk-significantfactors.TheNRCwillupdate itscodes asdataandinformation
arereceived.

OtherGeneralPreparatoryActivities

TheNRCisactivelyinvolvedintwoElectricPowerResearchInstituteindustry research
frameworks/groupsthatarecoordinatingresearchonATF,higherburnup, and increased

enrichmentlimits.ThefirstistheCollaborativeResearchonAdvancedFuelTechnologies

(CRAFT)forLightWaterReactors.ThesecondistheExtendedStorageCollaboration

Program.Participationinbothoftheseresearchframeworks/groupsallowstheNRC tobe
betterpreparedtoreviewfuturelicensingsubmittalsduetoitsheightenedawareness of vendor

plansandresearchactivitiesandprovidestheNRCtheopportunitytoofferfeedbackto
stakeholdersasappropriate.

TheNRCfrequentlyinteractswithinternationalcounterpartsandsubjectmatterexpertsthrough
NuclearEnergyAgency(NEA)workinggroups-mostnotablytheWorkingGrouponFuel
Safety-andthroughinternationalcooperativeresearchprogramstoexpandourtechnical
databaseandmaintainawarenessofrelevantpolicyandtechnicalissueswithATF.Some
notableinternationalactivitiesinclude:

TheOrganisationforEconomicCo-operationandDevelopment(OECD)/NEA-supported
StudsvikCladdingIntegrityProjectledbyStudsvikinSwedenhasprovideddataonhigh
burnupfuelandcladdingperformanceduringasimulatedloss-of-coolantaccident.

* TheJapanAtomicEnergyAgencyhasprovideddataonchromiadopedfuel
performanceduringareactivity-initiatedaccidentconductedinitsNuclearSafety
ResearchReactor.

e TheNRCstaffparticipatesintheCabriInternationalProject,ledbytheInstitutefor
RadiologicalProtectionandNuclearSafetyinFrance,whichstudiesthebehaviorof
nuclearfuelandcladdingduringreactivity-initiatedaccidents.
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a TheNRCstaffisparticipatingintheOECD/NEA'sQUENCH-ATFprojectthroughwhich
itobtains dataoncoatedcladdingbehaviorindesign-basisandbeyond-design-basis
loss-of-coolant-accident conditions.TheNRCstaffisparticipatingintheOECD/NEA
Framework forIrradiationExperimentsthatwaslaunchedtocontinuethespiritof
international cooperation andhighly-leveragedaccesstonuclearsafety,fuels,and
materials research thathasbeenlostwiththe2018closureoftheHaldenreactorin
Norway.

Theseinternationalresearch programs enhancetheNRC'sunderstandingofsafetysignificant
fuelandthermal-hydraulic system behaviorandprovidevaluabledatatodevelopandvalidate
independentmodelsforthe NRC's confirmatory analysiscodes.

Coatedcladding,dopedpellets,higher burnup limits,andincreasedenrichmentslevelsare
expectedtobethefirstsetoftechnologies submitted toNRCforlicensingreview.Thenext
sectionsdescribetheNRC'spreparations foreachofthesetechnologies.

CoatedCladding

Nuclearfuelvendorsarecurrentlyresearchingand testing fuelthatusesazirconiumalloy
claddingwithathinoutercoatingofeitherchromium or a proprietary material.Thisthincoating
isintendedtoprovideresistancetocorrosionandwear and additional operationalflexibilityfor
powerreactors.TheNRChasnotyetreceivedanyin-reactor topical reportsorlicense
amendmentapplicationsforbatchloadsofcoatedcladding but hasactivelyengagedwith
stakeholders.

TheNRCispreparedtoreviewlicensingsubmittalsforcoatedfuel rod cladding. Togetready,
theNRCcontractedwithnuclearfuelsexpertsfromDOE'sPacificNorthwest National

Laboratory(PNNL)toperformaliteraturereview(Ref.5)ondegradation and failure phenomena
relatedtotheATFconceptofchromium-coatedfuelrodcladdingandtoconduct aPlRT
exerciseonthetopic.TheNRCthenpublishedaninterimstaffguidance(ISG) on thesubject
(Ref.6).ThisISGisavailableforvendorstoconsultinpreparingtheirtopicalreport submittals,

whichshouldhelptoreducethepotentialforscheduleuncertaintyanddelayscaused by
submittingincompletedocumentsforreview.

Withregardtolicensingthefront-end(i.e.,enrichment,fuelfabrication,andfreshfuel
transportation)andtheback-endfuelcycle(i.e.,spentfueltransportationandstorage)forcoated

cladding,theNRCstaffhasreviewedtheapplicableregulationsandguidanceandhasissued
twoliteraturereviews(Refs.7and8).Fromthesereports,theNRCdeterminedthatno
additionsormodificationstothefront-endandback-endregulatoryframeworkareneeded.
Therefore,theNRCispreparedtoreviewcoatedcladdingfront-endandback-endlicensing
actionsconsistentwiththeagency'ssafety-and-securitymissionandinparallelwiththe
industry'sefforts.TheNRChasalreadyreviewedandapprovedtwosubmittals(Refs.9and10)
thatallowfuelvendorstotransportfreshfuelwithcoatedcladding.

DopedPellets

Fuelvendorsareresearchingandtestingfuelpelletsthatmixothermaterials,knownas
dopants,intothepelletduringthemanufacturingprocess.Thesedopantschangethephysical
propertiesoftheresultingfuelpelletwiththegoalofprovidingbothoperationalandaccident
conditionbenefitsforpowerreactors.
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The NRC hasalreadyreviewedandapprovedtwodopedpellettopicalreportsforboilingwater
reactor fuels (Refs.11and12)andalicenseamendment(Ref.13),andtheindustryiscurrently
researching dopedpelletsforpressurizedwaterreactorfuels.Additionally,thestaffhas
reviewed NRC regulations andguidanceforthefront-endandback-endlicensingofdoped
pelletsand determined thatnoadditionsormodificationsareneeded.Therefore,theNRCstaff
ispreparedto review pressurized waterreactordopedpelletsubmittalsanticipatedfrom
vendorsTodate, the NRChasreviewedandapprovedarequest(Ref.9)thatallowsafuel
vendortotransport fresh fuelwithdopedpellets.

HigherBurnup

Thecurrentfuelburnuplimits differ slightly amongfuelvendorsandfuelproducts,butfuel
assembliesaregenerallylimited to a maximum rod-averageburnupof62GWd/MTU.Thereare
potentialapplicantsinterestedinraising thislimittoaround75GWd/MTUrodaverage.Burnup
limitsarenotspecifiedinanyregulations, butinsteadareincorporatedintopowerreactor
licensesonceapprovedintopicalreports. Therefore, rulemakingisnotneededinthisareaand
thestaffwillonlyneedtoreviewtopicalreports andlicenseamendmentrequestsinorderto
approveincreasedburnuplimits.

Thephenomenoncalledfuelfragmentation,relocation, anddispersal(FFRD)anditspossible
resolutionsareofsignificantinteresttotheNRC.FFRD isthefragmentation offuelpelletsdue
toexpandingfissiongasbubblesunderaccidentconditions. Thehighertheburnupofthefuel
duringaccidents,thesmallereachfuelfragmentbecomes. These smallerpiecesoffuelmay
axiallyrelocatewithinthefuelrodiftherodballoonsoutwardand may beejectedintothe
reactorcoolantflowiftherodbursts.Thefuelvendorsandlicensees mayaddressFFRDinthe
licensingprocesstoadopthigherburnuplevelsthroughmodeling. Other possible methodsfor
addressingFFRDarecurrentlyunderdevelopment.Tobeawareofthe progress inboth
technicalandlicensingareasofFFRD,theNRCstaffisencouragingfuel vendors tohave
preapplicationmeetingsontheirlicensingapproachestoFFRD,whichthree vendors havedone
todate.TheNRCstaffexpectsadditionalpreapplicationmeetingsoncevendors have further
refinedtheirapproaches.Additionally,theNRC'sparticipationinCRAFTwillallow theagency
tounderstandpotentialapplicants'approachestofillingdatagapsandthenewapproaches to
licensingrequeststhatarebeingdevelopedforFFRD.Finally,theNRCstaffisdeveloping a
researchinformationletterthatwillsummarizetheNRCstaff'sunderstandingofavailable

researchinformationrelatedtoFFRDandhowtheinformationcanbeusedtodefine
conservativelimitsfortheextentoffuelfragmentationduringareactoraccident,theamountof

fuelthatcouldpotentiallybereleasedfromtherod,andtheimpactoffragmentationonthe
releaseofgaseousradionuclides.TheNRCstaffcurrentlyplanstoissuetheresearch
informationletterbylate2021forusebystakeholders.

InadditiontotheProjectPlan,theNRChasproactivelyreachedouttopotentialapplicantson
higherburnuplimitsthroughtwoNRC-ledpublicworkshops.Thefirst,whichwasheldon
July30,2020,includedanoverviewofhigherburnuplimitsandincreasedenrichmentlevelsfor
thepublicandanexchangeofinformationfocusingonthecomponentsofaqualitysubmittal.
Duringthefollow-upworkshoponJune10,2021,theNRCdiscussedtheproposedresearch
informationletter,theenvironmentalaspectsofhigherburnuplimits,andhigherburnupspent
fuelstorageandtransportationissues.Thesetwoworkshopsprovidedavaluableexchangeof
informationwithavarietyofstakeholders.

TheNRCstaffhasreviewedtheregulationsandguidancefortheback-endlicensingofhigher
burnupfuelanddeterminedthatnoadditionsormodificationsareneeded.Therefore,NRCis
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prepared toreviewtheseexpectedsubmittals.TheNRCdidnotneedtoreviewtheregulations
and guidance forthefront-endlicensingofhigherburnupfuelbecause,fromthefront-end
perspective, higherburnupfuelisnodifferentfromotherfuel.

IncreasedEnrichment

Asstatedearlier in this report,theNRCconsiderstheexistingregulatoryframeworktobe
generallyacceptable for licensing fuelwithincreasedenrichmentlevels(from5toapproximately
10percenturanium-235 byweight) inthenear-termusinglicenseamendmentsandexemptions.
Amendmentswouldbeneeded tochangetheenrichmentlimitinindividuallicenses,and
exemptionswouldbeneeded byeachlicenseethatwishestoexceedtheenrichmentlimitsin
theregulations.

Toefficientlysupportexpectedrequests forincreased enrichmentlevels,theNRCisexploring
theregulatoryoptions,includingthepossibility ofinitiatingarulemaking.Specifically,theNRC
ispreliminarilyexploringwhethera rulemaking toamendTitle10oftheCodeofFederal
Regulations50.68,"Criticalityaccidentrequirements," whichplacesanenrichmentlimitof
5percentonfreshfuelorrequiresacriticality monitor tobeinuse,wouldbecostbeneficial.
TheNRCisstillintheearlystagesofthisprocess and willcontinuetoexplorepotential
regulatoryoptionsfocusingonenrichmentsupto10 percent, whichistherangeofinterest
currentlybeingexpressedbypotentialapplicants.Enrichments upto20percentmayalsobe
givensomeconsiderationasthestafflooksatpotentialregulatory changes.Dependingonthe
levelofpreapplicationactivitiesandothertangibleinterestexpressed bypotentialapplicants,a
rulemakingcouldpossiblybecompletedconsistentwiththeindustry's planstoseekapprovalto
batchloadfuelwithincreasedenrichmentinthemid-2020s,and licensees couldrequest
exemptionsuntilthecompletionoftherulemaking.TheNRCwillcontinue togaugeinterestin
pursuinghigherenrichmentlevelsandadjustitseffortsaswarranted.

Akeyelementforlicensingincreasedfuelenrichmentlevelswillbethefront-end ofthefuel
cycle.TheNRCstaffreviewedtheregulationsandguidanceforfront-endlicensing for
increasedenrichmentanddeterminedthatnoadditionsormodificationsareneeded. Therefore,

theNRCispreparedtoreviewfront-endlicensingactionsforincreasedenrichment levels and
hasreviewedandapprovedseverallicensingactionsthatserveaspreparatorysteps to allow a
fuelfacilitytoachieveenrichmentsabove5weightpercent(Refs.14and15).Inaddition, the

NRChasissuedoneapproval(Ref.9)thatallowsafuelvendortotransportfreshfuelrods with

enrichmentsabove5weightpercenturanium-235.

ToensurethatpotentialapplicantsunderstandtheNRC'stimelinesforreviewingfront-end
licensingactionsforincreasedenrichments,theNRCidentifiedenrichmentfacilitycriticalpath
itemsforapprovingbatchloadingsin2023anddiscussedtheminapubliclettertotheNuclear
EnergyInstitute(Ref.16).
Iron-Chromium-Aluminum(FeCrAI)CladdingandLonger-TermAccidentTolerantFuel
Concepts

TheNRCmonitorsprogressonthedevelopmentofFeCrAlcladdingandlonger-termATF
concepts.TheNRCstafffrequentlyengageswithDOEandfuelvendorstounderstandthe
currentstatusandfuturedirectionoftheseconcepts.

TheNRChasnotyetbeenprovidedwithrelevantdetailedschedules,specificphysical
characteristics,ortechnicaldatafromvendorsforFeCrAlorotherlonger-termATFconcepts.
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The NRC staffhas,however,begunpreliminaryresearchtoprepareforthesereviewsandto
determine whether, andtowhatextent,changestotheexistingregulatoryframeworkmaybe
needed to license theseATFtechnologies.Withuncertainsubmittaltimelinesforthese
technologies, itwouldbeprematurefortheNRCtoundertakemoreintensivepreparatory
activitiesat this time.

Conclusion

TheNRCcontinuesto maximize itspreparednesstolicensenear-termATFtechnologies
(i.e.,coatedcladdingand doped pellets),higherburnuplimits,andincreasedenrichmentlevels,
andispreparedtoreviewrequested licensingactionsforbatchloads.TheNRCwillcontinueto
engagewithpotentialapplicants, licensees, andotherexternalstakeholderstoensurethatthe
appropriatestepsaretakensothat ATF, higherburnup,andincreasedenrichmentlicensing
reviewsarebothtimelyandcomplete, consistent withmaintainingreasonableassuranceof
adequateprotectionofpublichealthand safety, promotingthecommondefenseandsecurity,
andprotectingtheenvironment.
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