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Abstract.

Thebackendof thenuclearfuel cycle is of large importancefor thenearfuture. TheGermanatomic
actnow allows both thedirectdisposalandthe reprocessingof thespentfuel from nuclearreactors.
Nowadaysmostof therunningnuclearreactorsin theworld arebasedonlight watertechnologywith a
preferencefor pressurizedwaterreactors(PWR).In thepresentstudysystematicinvestigationsrelated
to thebuildupof transuraniain PWRsaredescribed.

For a scenariowithout reprocessing,parametricvariationsof the discharge burnupandof theU235

enrichmenthave beenperformed. Generally, an increaseof the discharge burnup in PWRs,dueto
the in-situ burning of plutonium,leadsto a decreaseof the specificplutoniumproductionandto an
increaseof the neptuniumand especiallyof the americiumbuildup. Higher U235 enrichmentsact
againstthesetrends.Thefissilecontentof theplutoniumdecreaseswith increasingburnup.

Fromtheviewpoint of saving energy resources,it is advantageousto applyreprocessingof thespent
fuel. Plutoniumrecycling in PWRsis alreadya proven technology, e.g. in Franceandin Germany.
In theseapplicationsPWRcorespartly arefueledwith uranium/plutoniummixedoxide(MOX) fuel
assemblies.The equivalency of uraniumoxide (UOX) andMOX fuel assembliesin thesamePWR
corehave leadto someproblemsin the past. Basedon experiencesin FrenchandGermanPWRs,
a specificationfor thefissile fractionof theMOX fuel hasbeenderived. Theproblemof plutonium
multi-recycling in PWRshasbeenstudiedwith thehelpof wholecorecalculationsfor full MOX cores
with appropriatescenariosfor themassflows. Thesewholecorecalculationsneedfissileplutonium
fractionsin accordancewith the resultsof the investigationsfor the equivalency of UOX andMOX
fuel assemblies,mentionedbefore.Theanalysisof thecoolantdensityreactivity coefficient indicates
that the plutoniumfissile fractionshouldbe limited to � 6%, if safetyrelatedparametershave to be
maintained.Thelong terminvestigationsarebasedon a scenariowith poolsof PWRs,consistingof
only UOX coresat thebeginning. As soonasenoughplutoniumis producedin this pool,UOX cores
arereplacedby full MOX cores. For the ex-coreperiods,7 yearsof cooling andreprocessingtime
and3 yearsof fabricationtime arechosen.The plutoniumfor the next cycle is obtainedby mixing
all available plutoniumfrom the UOX and the MOX cores. The fissile fraction of the plutonium
is limited to � 6%; if necessary, enrichedU235 is usedto meetcriticality conditions. This scenario
for plutoniummulti-recycling leadsto a nearto equilibrium plutoniumcompositionwith constant
inventoryafter about60 to 80 years. At this time the amountof plutoniumis abouthalf the value,
comparedto a scenariowithout plutoniumrecycling. This meansthat large savings of plutonium
buildup may be obtainedby plutoniumrecycling in PWRs. The buildup of neptuniumamountsto
5..6%of theplutoniumin onecycleandis notsensitive to plutoniumrecycling. However, thebuildup
of americiumreachesthesameorderof magnitudeastheneptuniumif plutoniumrecycling is applied.
Otherwisetheamountsof americiumaresignificantlysmallerthanthoseof neptunium.

In a closedfuel cycle with plutonium recycling also large amountsof recycled uranium(RU) are
produced.Preliminarycalculationsindicatethatthis RU alsomaybeusedin PWRs.Theenrichment
of this RU mayberealizeddirectly in anenrichmentplantfor RU or by blendingwith smallamounts
of highly enrichedfreshuranium.



Untersuchungenzum Aufbau von Transuranenin Druckwasserreaktoren.
Kurzfassung.

Die Entsorgungder nuklearenAbfälle ist einesder wichtigenProblemefür die naheZukunft. Das
deutscheAtomgesetzin seineraktuellenFassungerlaubtsowohl die Wiederaufbereitungalsauchdie
direkte Endlagerungvon abgebranntenBrennelementen(BE). Die meistenin Betrieb befindlichen
Kernreaktorenauf der Welt beruhenauf der LeichtwasserTechnologie,mit einerBevorzugungvon
Druckwasserreaktoren(DWR). Die vorliegendeArbeit beschreibteineReihevonsystematischenUn-
tersuchungenzumAufbauvonTransuranenin DWR.

Für ein SzenarioohneWiederaufbereitungwurdederAufbauvon TransuranenalsFunktiondesEnt-
ladeabbrandsundderAnfangsanreicherungdesUransparametrischuntersucht.Im allgemeinengilt,
daß- wegender in-situ VerbrennungdesPlutoniumsim Urankern - eineErhöhungdesEntladeab-
brandszu einerVerringerungdesspezifischenPlutoniumaufbausund zu einererḧohtenErzeugung
von NeptuniumundinsbesondereAmericiumführt. EineErhöhungderUrananreicherungwirkt die-
senTrendsentgegen. Der Anteil anspaltbarenIsotopenim Plutoniumnimmt bei einerZunahmedes
Entladeabbrandsab.

Aus der Sicht der Schonungvon Energie Ressourcenist eineWiederaufbereitungder abgebrannten
Kernbrennstoffe vorteilhaft. Dabeiwird PlutoniumRezyklierungim DWR bereitsin Frankreichund
Deutschlanderfolgreichpraktiziert. Bei diesenAnwendungenwerden30 bis 50%der BE in einem
bestehendenUOX-Kern durch

�
UPu � O2 (MOX) BE ersetzt. Bei denUntersuchungenim FZK be-

standlängereZeit UnklarheitüberdieÄquivalenzkriterienfür UOX- undMOX-BE im gleichenDWR
Kern.In dervorliegendenArbeitwird einsolchesKriteriumvorgeschlagen.EsberuhtaufErfahrungen
mit demEinsatzvon MOX-BE in franz̈osischenund deutschenDWR und wurdeauchdurcheigene
Gesamtkernrechnungenfür Voll-MOX Kernebesẗatigt. Die Analysender KühlmitteldichteReakti-
vitätskoeffizientenzeigen,daßderAnteil anspaltbaremPlutoniumim MOX � 6%nicht überschreiten
soll, wenn die Sicherheitseigenschaften des Reaktorsbeibehaltenwerdensollen. Die Plutonium
Mehrfach-Rezyklierungwurde für ein Szenariummit einemPool gleicherDWR eingehendunter-
sucht. Bei diesemModell sind am Anfangnur UOX-Kernevorhanden.Sobaldim Pool gen̈ugend
Plutoniumerzeugtwordenist, werdenUOX-KernedurchMOX-Kerneersetzt.Bei denRechnungen
wird 10 JahreUmlaufzeitangenommen.Dasin MOX-KernenerzeugtePlutoniumwird mit demPlu-
toniumdernochim PoolvorhandenenUOX-Kernevermischt.Der Spaltstoff Anteil desPlutoniums
im MOX Brennstoff wird auf 6% begrenzt; falls erforderlichwird angereichertesU235 verwendet,
um die Kritikalit ätsanforderungen zu erfüllen. DiesesSzenariumführt nachetwa 60 bis 80 Jahrenzu
einemquasi-station̈arenPlutoniumInventaraufeinemNiveauvonetwaderHälftedesFallesohneRe-
zyklierungzu diesemZeitpunkt.Der Aufbauvon Neptuniumbetr̈agt5..6%desPlutoniumsin einem
Zyklus undwird praktischnicht durchdie Rezyklierungbeeinflußt.Die AmericiumMengedagegen
erreichtbei derRezyklierungdie gleicheGrößenordnungwie Neptunium,bleibt ohneRezyklierung
aberdeutlichgeringer.

Bei einem geschlossenenBrennstoffkreislauf mit Plutonium Rezyklierungwerden große Men-
gen an rezykliertemUran (RU) produziert. Vorläufige Untersuchungenzeigen,daß RU auch in
DWRs verwendetwerdenkann. Die erforderlicheAnreicherungdesRU kanndurchspezielleRU-
AnreicherungsanlagenoderdurchVermischungdesRU mit hochangereichertemfrischenUranerzielt
werden.
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1 Intr oduction.

During thepowergenerationin light waterreactorswith uraniumfuel theneutroncapturein
U238 principally leadsto theproductionof Np239 with a shortdecaytime to Pu239. Neutron
capturein secondaryheavy isotopesthencausethebuildupof furthertransurania.Theback-
endof thesetransuraniais oneof thekey problemsof nuclearpower generationnowadays.
On the onehandthe main part of it is fissionableat thermalenergiesandcanbe reusedin
light waterreactors.On theotherhandtherecovery of thetransuraniafrom spentfuel needs
amoreexpensiveclosedfuel cycle. At presentdirectdisposalandreprocessingof spentfuel
aretwo optionswhichmaybeenvisagedwith equalpriority in Germany (Amendmentof the
NuclearLaw 1994).

Anotherimportantquestionis thelongtermradiologicalimpactof thesetransuraniaisotopes,
having decayhalf-lifes of many thousandsof years.Many investigationsarein progressin
order to reacha reductionof the radiologicalconsequencesof nuclearenergy production.
Bothestablishedsystemslikelight waterandfastbreederreactorsandmorefuturisticsystems
likeacceleratordrivensubcriticalblanketsarebeingconsideredfor incinerationof transurania
andfissionproductisotopes.

The presentstudy describesinvestigationsrelatedto the reductionof transuraniaisotopes
during nuclearenergy productionwith PressurizedWater Reactors. Transuraniaisotopes
buildupmaybereducedby thefollowing means:

1. Reduction of the conversion ratio fr om fertile to fissile isotopesin the fuel. In
PWRsthis may be realizedby the applicationof betterthermalizedneutronspectra,
e.g. by the useof highermoderatorpartitionsin the reactorlattices(wideningof the
lattice). Anotherpossibility is the replacementof U238 by an alternative resonance
absorbermaterialin order to avoid the buildup of Pu239 but still keepa sufficiently
highDopplercoefficient.

2. Increasingthe burnup of UOX fuel assemblies, leadingto increasedplutoniumbur-
nup in the uraniumcore. Theconsequenceof this higherplutoniumburnupis an in-
creasedproductionof neptunium,americiumandcuriumisotopes.Moreover, thecon-
tent of the fissionableisotopesPu239 andPu241 in the unloadedplutoniumdecreases
with increasingfuel burnup.

3. Plutonium recyclingin PWRs. This optionrequiresa closednuclearfuel cycle with
sufficient recycling capabilities.

In this studyburnupincreaseandplutoniumrecycling will beinvestigated.Conversionratio
decreaseby latticemodificationsor substitutionof U238 in thefuelwill betreatedin aseparate
investigation.Thefollowing topicswill beconsideredin moredetail.

In chapter2 themaincharacteristicsof thetransuraniaisotopeswill bediscussed.

Chapter3 treatsthe fundamentaleffectswith the help of basiccell calculations. A short
descriptionof theappliedcalculationalmodelsandtools is given. Someparametricstudies
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for UOX andMOX latticesareperformed.Thespecificbuildupperunit of generatedenergy
in PWRswith UOX fuel is investigated.

Theproblemof equivalency of UOX andMOX fuel assembliesin thesamecoreis investi-
gatedin somedetail.

In chapter4 wholecorecalculationsarepresented.Thesecalculationsarebasedon reactor
latticesof modernPWRs. In a first approximationthe fuel assemblycrosssectionsaredi-
rectly takenfrom cell calculations.Thecounterbalancingeffectsof irregularwatergapsand
structuresin thefuel assemblyareneglected.

Thefull corecalculationsareperformedwith thecalculationalproceduresdevelopedfor an
advancedpressurizedwaterreactorwith tight latticesdescribedin reference[1]. Treedimen-
sionaldiffusioncalculationsfor full MOX coreswith hexagonalfuel assembliesareapplied.

The applicability of the proceduresis confirmedby exploratorycalculationsfor UOX fuel
latticesof actualrunningPWRs. Several scenariosfor plutoniummulti-recycling in PWRs
aredescribed.

In chapter5 the recycling of selfgeneratedplutoniumin a pool of identicalPWRsis inves-
tigatedin somedetail. As soonasenoughplutoniumis available,anUOX coreis replaced
by a full MOX core. After a relatively small numberof recyclings the availableplutonium
in sucha systemcontainsa considerableamountof thenon-fissileisotopesPu238, Pu240 and
Pu242. In thePWRspectrumthis requireshigh fractionsof plutoniumin thefuel to reachthe
targetfuel burnups,which mayleadto undesirablecoolantdensityreactivity coefficients.In
thepresentstudythisproblemis solvedby keepingthefissileplutoniumfractionPu f is below� 6%andusingenricheduraniumif requiredfor criticality reasons.

In chapter6 themassflows of thetransuranianeptunium,plutonium,americiumandcurium
arestudiedin dependenceof thetargetburnups.Both resultsof parametriccell calculations
andof long terminvestigationsfor poolsof PWRsarepresented.

Finally in chapter7 thepossibleuseof reprocesseduranium(RU) in PWRsis investigated.
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2 Characteristicsof transurania.

During the irradiationof uraniumneutroncaptureslead to transuraniaisotopeswith very
differentcharacteristics.In table1 a numberof propertiesof theseisotopesaresummarized.
Thefollowing aspectsareconsidered.

1. Lifetime. Thelifetime of thegeneratedisotopesvariesfrom very shortlived(seconds)
to very longlived (thousandsof years). The characteristicparameteris the half-life,
beingthetime neededto reducetheconcentrationby decayprocessesto half its initial
value.Thetabulateddataweretakenfrom reference[2].

2. Fissionability. The most effective way to incineratetransuraniais fission. Energy
productionandfissionproductsareverysimilar for fissionof all heavy isotopes.Table
1 containsonegroupfissioncrosssections,generatedby a standardcell calculationfor
aUOX latticeof amodernPWRwith 3.5%U235 enrichment.

3. Incinerability . Incinerationmay be realizedby otherneutroncaptureprocesseslike
σc � σ � n � γ �	� σ � n � α �
� σ � n � p � andσ � n � 2n � .
Table1 containsonegroupcrosssectionsfor theseprocessesfrom thesamecell calcu-
lationsasspecifiedfor thefissioncrosssections.

4. Sourceof the heavy isotopes.Thelastcolumnof table1 specifiesthemainoriginsof
thesingleheavy isotopes.They havebeendeterminedfrom thecalculationsmentioned
before.

No furtheranalysisconcerninghazardpotential(e.g.toxicity, mobility) is performedhere.

For isotopeswithoutonegroupcrosssectionsin table1 nodatawasavailablefor thereactivity
calculationswith standard69-grouplibraries. In thesecasesthe depletioncalculationsare
performedwith onegroupdatafrom specialdepletionlibraries,derivedfrom theKORIGEN
codesystem[3], seealsoreference[1].

The lacking datadoesnot play an importantrole for usualreactordepletioncalculations.
Specialinvestigations,e.g. for curium buildup, may needan extensionof the standard69-
grouplibrarieswith additionalisotopeslikeCm243 andCm245.

Thecolumns2 and3 of table1 show thatmostof the listed isotopesundergo α-decaywith
stronglydifferinghalf-lifes.

Short half-lifes, e.g. of Pu238, Cm243 and also Am241 meanhigh radiationintensity with
consequencesfor manufacturing. This may lead to the requirementfor expensive remote
fabricationtechniques.

The long decaytimescauselong termradiologicalhazardsourceswith difficult to estimate
risks.

Table1 alsoshows,thatonly theisotopesPu239 andPu241 havefavourablefissionproperties.
All otherisotopesmainly transferwithin table1.

Thismeans,thatonly a few isotopeshave to beconsideredfor long terminvestigations.
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1. For theelementneptunium theisotopeNp237 with T1
2
=2.14106 years.

2. For the elementplutonium the isotopesPu239 with T1
2
=2.411104 years,Pu240 with

T1
2
=6550yearsandPu242 with T1

2
=3.763105 years. The isotopePu238 causesprob-

lemsdueto its α-radiationandheatgenerationduringfuel fabricationanddecayswith
T1

2
=87.74yearstoU234. TheisotopePu241 decaysby β � -radiationwith T1

2
=14.4years

to Am241.

3. For the elementamericium the isotopeAm243 with T1
2
=7370 years. Am241 with

T1
2
=432.6yearsneedsspecialcaution.

4. For the elementcurium the isotopeCm245 with T1
2
=8500years.The isotopesCm242

with T1
2
=162.8days,Cm243 with T1

2
=28.5yearsandCm244 with T1

2
=18.11yearsdecay

by α-radiationto Pu238, Pu239, Pu240.

On thebasisof this analysismainly all plutoniumisotopesandNp237, Am241 andAm243 are
consideredin moredetail.
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Eα 1-gr. crosssection(barn) Most important
Isotope T1

2

‡ (MeV) � σ f 
 � σc 
 � σn � 2n 
 sourcesin aPWR

U234 2.47105 a 4.7 - - - naturalisotope,
Pu238 decay

U235 - - 47.5 10.7 4.310� 3 naturalisotope
U236 2.342107 a 4.5 0.19 8.5 4.210� 3 U235� n � γ ��� Pu240 decay
U237 6.75d - - - - U238 (n,2n),U236 � n � γ �
U238 - - 0.01 0.91 7.510� 3 naturalisotope
U239 23.5m - - - - U238� n � γ �
Np236 22.5h - - - - Np237 (n,2n)
Np237 2.14106 a 4.8 0.48 35.4 2.510� 3 Am241 andU237 decay
Np238 2.117d - - - - Am242m decay, Np237 � n � γ �
Np239 2.355d - 0.58 14.2 1.010� 3 U239 andAm243 decay
Pu236 2.851a 5.8 - - - Np236 decay, Pu238 (n,3n)
Pu238 87.74a 5.5 2.45 34.9 2.510� 3 Pu239 (n,2n)

Np238 andCm242 decay
Pu239 2.411104 a 5.2 119.9 67.7 4.310� 3 Np239 decay, Pu238 � n � γ �
Pu240 6550a 5.2 0.57 228.9 2.010� 3 Pu239� n � γ � , Pu241 (n,2n)

Cm244 decay
Pu241 14.4a - 122.2 46.8 9.410� 3 Pu240� n � γ � , Pu242 (n,2n)
Pu242 3.763105 a 4.9 0.40 30.0 3.510� 3 Pu241� n � γ � , Am242 decay
Pu243 4.956h - - - - Pu242� n � γ �
Pu244 8.26107 a 4.6 - - - Pu243� n � γ �
Am241 432.6a 5.5 1.35 127.8 2.510� 3 Pu241 decay, Am242� n � 2n �
Am242m 141a - 736.5 149.9 2.510� 3 Am241 � n � γ ���
Am242 16h - 736.5 149.9 2.510� 3 Am241 � n � γ � , Am243 (n,2n)
Am243 7370a 5.3 0.42 51.0 2.510� 3 Am242 � n � γ � , Pu243 decay
Cm242 162.8d 6.1 1.19 4.4 0.210� 3 Am242 decay, Cm243� n � 2n �
Cm243 28.5a 5.8 - - - Cm242� n � γ � , Cm244 (n,2n)
Cm244 18.11a 5.8 0.96 15.4 2.510� 3 Cm243� n � γ �
Cm245 8500a 5.4 - - - Cm244� n � γ �
Cm246 4730a 5.4 - - - Cm245� n � γ �
Cm247 1.56107 a 4.9 - - - Cm246� n � γ �

‡ a years, d days, h hours, m minutes

Table1: Characteristicsof transuraniaisotopes.
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3 Basicinvestigations.

In this sectionsomeprincipal investigationson the basisof lattice cell calculationswill be
presented.The appliedcalculationalprocedureshave beendevelopedfor the analysisof
advancedpressurizedwaterreactors(APWR)with tight lattices,seereference[1]. Parametric
calculationsfor UOX latticesandsomecomparisonswith actualMOX latticesarediscussed.

3.1 Calculational model

Figure1 shows the appliedthree-zoneWigner-Seitz lattice cell for the basiccalculations.
Thiscell wasproposedfor acommonbenchmarkonplutoniumrecycling in PWRsorganized
by Electricitede France(EDF) andForschungszentrumKarlsruhe(FZK) [4]. It is derived
from astandardFrench900MWePWR-designandis representative for modernPWRs.

Cladding

Fuel 

Moderator

radius  = 0.4750 cm

radius  = 0.4095 cm

radius  = 0.7410 cm

pitch    = 1.3133 cm

Figure1: Cell geometryfor PWRlatticecalculations,T=20oC

Themaincharacteristicsare

� Canmaterialzircalloy,

� Roddiameter9.5mm,canningthickness0.0655mm,

� Fuelweight � 4.75g � cm,

� Squarelatticewith p/d� 1.38,

� Coolantdensity0.71g � cm3.

Theselatticespecificationswill beusedin all subsequentcell calculations.
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3.2 Applied calculational procedures.

The appliedcalculationalprocedureshave beendevelopedfor the analysisandthe design
of advancedpressurizedwater reactorswith tight lattices. In reference[1] more detailed
informationmaybefound.Themainfeaturesare:

� The calculationalproceduresof the so-calledKA rlsruhe ReactorBUrnup System
KARBUS[1] areintegratedin themodularKA rlsrhePROgramSystemKAPROS[6],
primarily designedat FZK for fastreactorinvestigations.For thepresentwork recent
KAPROS versionshave beenused. Basedon the standardKAPROS3-kernel [7] for
the IBM-MVS operatingsystema KSSKUX-kernelfor UNIX workstationshasbeen
developed. Startingfrom this KSSKUX-kernela new systemfor usewith the IBM-
MVS-XA extendedarchitectureoption hasbeencreated:the KSSKXA-kernel. The
latterenablestheuseof corestoragelargerthanabout10MB aslimitation in theolder
system.

� TheKARBUS procedurescombineadvantagesof existingestablishedspecialpurpose
proceduresfor thermalandfastreactors.

� For thelatticecalculationsfirst collision probabilitymethodsareimplemented.These
arebasedon theformalismsof thewell-known EnglishWIMS code[8].

� Thegroupconstantlibrariesusetheflexible GRUBA format[9], developedatFZK. For
thetreatmentof temperaturedependentneutronupscatteringspecialextensionsto the
original fastreactororientedoptionshave beenimplemented.Contraryto theWIMS
code,the GRUBA library optionsenablethe treatmentof neutrontransferbetween
energy groupswith thestorageof distincttransfermatricesfor everyimportantneutron
reaction,e.g.elasticandinelasticscattering,� n � 2n � and � n � 3n � reactions.Theoriginal
WIMS codeonly enablesthestorageof onetransfermatrix for eachmaterial.

� Additional to the fast reactorlibrarieswith energy groupstructureswith 26 and208
groups,librarieswith 69and334energy groupstructureswith betterenergy resolution
in thelowerenergy regionbelow 4 eV havebeenestablished.For theenergy resolution
below 4 eV thegroupstructureof theWIMS codewasadopted.

� Several improvementsin the energy region with neutronresonanceshave beenintro-
duced[1]:

– The applicationof the f-factor formalismfor the treatmentof the selfshielding
effect in homogeneousmediahasbeenrefinedwith anumberof new options.

– Theselfshieldingeffectsin heterogeneousmediamaybetreatedwith thehelpof
equivalency considerationsfor homogeneousmedia.

– The so-calledBell-factor treatmenthasbeenimprovedby an originally derived
energy dependentformula,seethereferences[1] and[10].
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– Alternatively to the fast f-factor formalismsmoreaccurateandmorecomputer
timeconsumingfine-fluxmethodshavebeenmadeavailable,seereference[1].

� Extensive validationinvestigationshave beenperformedto qualify the applicationof
KARBUS for the descriptionof reactorswith thermal,epithermaland fast neutron
spectra.This validationwork wasbasedbothon experimentaldataandon theoretical
benchmarkexercises.

3.3 Parametric investigationsfor UOX lattices.

In orderto obtaina consistentdatabasefor further evaluations,a numberof parametricin-
vestigationsfor UOX latticeshave beenperformed.Standardcell latticecalculations,using
the 69-grouplibrary G69P1V03,seereference[1], have beenapplied. Additionally to the
validationwork in reference[1] thesecalculationalprocedureswererecentlycomparedwith
thestandardcalculationalproceduresat EDF in a commonbenchmarkinvestigationof EDF
andFZK for plutoniummulti-recycling in PWRs[4, 5]. Theresultsof thesecomparisonsare
verysatisfactory. For thelatticeof figure1 theenrichmentof U235 in theUOX fuel hasbeen
variedfrom 3.2%to 4.5%.Burnupcalculationshavebeencarriedout for burnupsup to � 70
gigawattdayspertonof heavy metal(GWD/THM). For theburnupcalculationsasafunction
of thefuel burnup,cycle time andpower ratingaredependentparameters.Mostcalculations
wereperformedwith a valueof 164watt percm (W/cm). Theinfluenceof thepower rating
on transuraniaburnupwasinvestigatedby a parametervariationfrom 120to 200W/cm for
thecaseof 4%U235 enrichment.Themainresultsof this analysisareshown in figure2. K∞
andthebuildupof neptunium,plutoniumandamericiumareplottedasa functionof burnup.
Wemayobserve,thattheinfluenceof thepowerratingis smallin mostcases.Only theAm241

buildupshowsasomewhatlargersensitivity.

Thefigures3 to 5 show themainresultsof theparametriccalculations.In figure3 K∞ and
thebuildupof plutonium,Np237 andAm243 areplottedasafunctionof thefuel burnup.As to
beexpected,K∞ dependsstronglyontheU235 enrichmentof thefuel. Theplutoniumbuildup
is not very sensitive to this parameter. The resultsfor Np237 andAm243 show a decrease
of thebuildup for increasingU235 enrichment.This canbeexplainedby an increaseof the
partitionof theplutoniumfissionto thetotal fissionsin thefuel for caseswith smallerU235

enrichmentfor thesametargetburnupof the fuel. Thefigures4 and5 show theendof life
(EOL) compositionof the plutoniumfor differentU235 enrichmentsandfor different fuel
burnups.Thedecreaseof thefissile isotopePu239 maybeobservedclearly. Thenon-fissile
isotopesPu238 andPu242 show a steadyincrease.For the non-fissileisotopePu240 andthe
fissileisotopePu241 asaturationbehaviour maybeobserved,causedby balancingproduction
anddestructioneffects.
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3.3.1 Influenceof the fuel cycleex-core times.

In a closedfuel cycle finite ex-coretimesareinevitable. Betweenthereactorshutdown and
thereuseof therecycledplutoniumin anext reactorcoretwo stagesmaybedistinguished:

1. Cooling time. Time betweentheendof irradiationandthechemicalseparationof the
plutoniumduring the fuel reprocessing.After reactorshutdown severalyearsof time
delayarerequiredto reducetheheatandradiationlevel of thespentfuel assembliesby
thedecayof theshort-livedfissionproducts.Themainfuel changesduringthisperiod
arethebuildup of Pu238 from theα-decayof Cm242 andof Pu239 from theβ-decayof
Np239. Furthertheα-decayof Pu238 andtheβ-decayof Pu241 have to beconsidered.

2. Fabrication time. Time betweenthe separationof the plutoniumandthe startupin
the reactor. During this time the decayof Pu238 into U234 andof Pu241 into Am241

have to betakeninto account.Especiallythebuildupof Am241 in theMOX fuel hasan
unfavourableinfluenceon its reactivity. For thatreasonthetime betweenreprocessing
andreactorstartupshouldbekeptasshortaspossible.

For a specifiedcooling time t1 and fabricationtime t2 the changesin the plutonium fuel
compositionmaybedeterminedwith sufficientaccuracy by thefollowing formulas:

NPu238 � N0
Pu238 � e �

�
t1 � t2 � ln � 2�

T1 � N0
Cm242 � � 1 � e �

t1ln
�
2�

T3 � � e �
t2ln

�
2�

T1 (1)

NPu239 � N0
Pu239 � N0

N p239 (2)

NPu240 � N0
Pu240 (3)

NPu241 � N0
Pu241 � e �

�
t1 � t2 � ln � 2�

T2 (4)

NPu242 � N0
Pu242 (5)

NAm241 � N0
Pu241 � e �

t1ln
�
2�

T2 � � 1 � e �
t2ln

�
2�

T2 � (6)

NN p239 � 0 � (7)

NCm242 � 0 � (8)

with

T1 � T Pu238

1
2

, T2 � T Pu241

1
2

, T3 � TCm243

1
2
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Thevalidity of theseformulascouldbeverifiedbycomparisonswith moreaccurateKARBUS
calculations.

In the references[4, 5] a cooling time of 3 yearsand a fabricationtime of 2 yearswere
chosenfor theEDF/FZKbenchmarkinvestigationson plutoniumrecycling in PWRs.These
areexpectedvaluesfor asettledclosedfuel cycle. For thepresentstudylessoptimisticdelay
timesareused.For a longertransitionphasevaluesof 7 yearscoolingand3 yearsfabrication
time areexpectedto be morereasonable.Figure6 shows the plutoniumfuel compositions
after 7 yearscooling and3 yearsfabricationtime asa function of U235 enrichmentof the
UOX fuel andof the fuel burnup. A direct comparisonwith theendof life fuel in figure4
shows a significantdecreaseof the Pu241 fraction,causedby its rathershorthalf-life of 14
years,andan additionalsmall fraction of Am241, alsocausedby the Pu241 decaysincethe
chemicalseparationof theplutoniumduringthefuel reprocessing.

3.3.2 Transurania buildup at constantenergy production.

In this sectionsomeestimatesfor the buildup of transuraniaper unit of energy production
with PWRswith UOX fuel anddifferentdischarge burnupsareperformed.For a constant
thermalpower Pth the fuel inventoryG is determinedby the linearpower ratingPL andthe
specificfuel weightpercmfuel rod ρL.

G � Pth � ρL

PL
(9)

Thefuel burnupBU for T equivalentfull power days(EFPD)andN burnupcyclesamounts
to:

BU � Pth � T � N
G

(10)

From(9) and(10) follows:

BU � PL � T � N
ρL

(11)

A further crucial boundarycondition is the reactorcriticality. The following condition is
requiredat theendof a reactorcycleafterT EFPD:

kReactor
e f f � EOC � 1 � (12)

The choiceof the linear power rating and of the burnupcycle time mainly determinethe
neededexcessreactivity at reactorstartupandin thisway therequiredfuel enrichment.

Theproductionof a certainamountof energy perunit time with differentdischargeburnup
mayberealizedin severalways:
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1. Changing the number of burnup stagesin a core. For a given enrichmentwith a
correspondingburnupcycletime,thefuel dischargeburnupwill increaseif thenumber
of fuel batchesin thecoreincreases.

2. Changing the enrichment of the fuel. At a givenpower rating level the cycle time
andmeancycleburnupwill increaseif thefuel enrichmentis increased.

Thenumberof burnupstagesN in a coredeterminesthe ratio betweenthemeandischarge
burnup BuEOL at end of life and the cycle burnup BuEOC in one burnup cycle. In a first
approximationthefollowing formulamaybeappliedfor theratiobetweenBuEOC andBuEOL:

BuEOC

BuEOL
� N � 1

2N
(13)

Figure7 showsagraphicalrepresentationof equation(13). Wemayobserve,thattheburnup
gaindecreasesrapidlywith increasingnumberof burnupstages.

The tables2 to 4 summarizeresultsfor transuraniabuildup at theendof thecorresponding
reactorcycles(EOC).Thedecayof Np239 to Pu239 with ahalf-life of 2.4daysshouldbekept
in mind. In practicalcasesNp239 canbeaddedto theplutonium,seeequation2.

Table2 givesthe buildup of neptunium,plutoniumandamericiumfor 4 U235 enrichments
(3.2, 3.5, 4 and4.5%)and2 dischargeburnups(33 and50 GWD/THM). For a threebatch
fuel management3.2%enrichmentis in accordancewith experienceswith modernPWRsto
reach33 GWD/THM discharge burnup. The plannedextensionof the discharge burnupto
50 GWD/THM is expectedto berealizablewith a threebatchfuel managementand � 4.5%
enrichment[4]. Thelastrow of table2 showstheamountof remainingU235 in thespentfuel.
For all casesthisvalueis slightly below 1%.

Table3 givestheplutoniumcompositionsfor thesameparameterasin table2.

In table 4 someestimatesfor the normalizedtransuraniabuildup in PWRsare presented.
For the normalizationthe resultsfor the transuraniabuildup at 33 GWD/THM discharge
burnuparemultiplied by a factorof 1.5 to obtainthesameenergy productionper time unit
as for the discharge burnup50 GWD/THM. The columns2 to 4 comparebuildup for the
sameenrichmentof 3.5%U235. The discharge burnupof 50 GWD/THM with 3.5%U235

is not realistic for full burnupchargesin a PWR. The comparisonis intendedto show the
possibleinfluencesof theU235 enrichmenton thebuildupof neptuniumandamericium.The
columns5 to7 comparebuildupfor differentenrichmentsof 3.2%U235at33GWD/THM and
4.5%U235 at 50GWD/THM. As mentionedbeforethesecasesarerealisticfor a threebatch
fuel managementin modernPWRs.We canobserve, that thespecificproductionof Np237,
Am241 andAm243 significantlyincreasesif thedischargeburnupis enhancedfrom 33 to 50
GWD/THM. As aconsequencemoreplutoniumwith betterfissilepropertiesis producedfor
thelowerdischargeburnupof 33GWD/THM. Thetotalamountof transuraniadecreaseswith
increasingdischargeburnup;thetransuraniaproducedarepartlydestroyedathigherburnups
with ashift to americiumbuildup.
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3.4 The calculation of MOX lattices.

PWRlatticeswith MOX fuel maybecalculatedwith thesameproceduresasin thecaseof
UOX fuel. However, somepronouncedresonancesin the plutoniumcrosssectionsneeda
carefultreatmentof resonanceabsorptioncalculationsin PWRlatticeswith MOX fuel with
highplutoniumfractions.In theearlystagesof calculationsfor light watermoderatedlattices
with MOX fuel, considerabledifficulties have beenencounteredwith the treatmentof the
largebroadresonanceof Pu240 at1 eV andwith thelargeresonanceof Pu242 at1.67eV, see
for examplereference[1] for moredetails.An importantdifferencebetweenUOX andMOX
fuel in PWRlatticesshows thereactivity lossperunit burnup.Thehigherplutoniumcontent
leadsto harderneutronspectraandto higherconversionratiosfrom fertile to fissileisotopes,
resultingin a lesssteepslopefor the reactivity asa function of burnup. Togetherwith the
differentcrosssectionsof themainfissilematerialsthis raisestheproblemof equivalency of
UOX andMOX fuel assembliesin thesamePWRcore.

3.5 Equivalencyof UOX and MOX lattices in a PWR core.

At thelevel of cell calculationnosimpleclearprescriptionexistsfor thedefinitionof equiva-
lency of UOX andMOX fuelassembliesin aPWRcore.In factonly thewholecorebehaviour
cangivedecisive answers.Reactivity andthermodynamicrelatedboundaryconditionsmust
befulfilled duringthewholeplannedreactorcycle.

Early investigationsusedthearbitrarycriterionto apply thesamevalueof K∞ at theendof
cycleconditionin UOX andMOX lattices[11]. For dischargeburnupsof 50GWD/THM this
procedureproducedhighervaluesfor therequiredPu f is contentof theMOX fuel, compared
to thebenchmarkresultsof reference[4]. A moredetailedanalysisof this problemshowed
that the criterion mentionedbeforeseemsto be too conservative for the determinationof a
realisticPu f is contentof MOX fuel assembliesto beloadedin UOX PWRcores:

1. Thefirst indicationcomesfrom thehistoryof theEDF/FZK benchmarkon plutonium
recycling in PWRs.Indeedin thefirst specificationtheabovementionedcriterionwas
proposed(equalK∞ at EOC). The final benchmarkspecifiesa value of K∞ at EOC
thatis basedonexperienceswith MOX fuel assemblieswith dischargeburnupsof � 33
GWD/THM in French900 MWe PWRs. For the benchmarkdischarge burnupof 50
GWD/THM theplutoniumfraction in theMOX fuel mustbechosenin a sucha way,
that the K∞ value is the sameas for the MOX fuel appliedin the 900 MWe French
PWRs.Thedifferenceat theendof cycle conditionfor theK∞ valuesfor theapplied
UOX andMOX fuel amountsto

∆K∞ � KUOX
∞ � KMOX

∞
� 0 � 03 (14)

2. Investigationsat FZK with the KARBUS code for the KKP2 1300 MWe PWR at
Philippsburg showed a similar behaviour as expressedin formula (14). Figure 8
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presentstheK∞ curvesasa functionof burnupfor theUOX andMOX latticesasbeen
usedin KKP2. Thelesssteepslopeof thereactivity curve asa functionof theburnup
for MOX latticescomparedto UOX latticesclearlymaybeobserved. Thedifference
in K∞ at 22 GWD/THM, being 2

3 of theendof cycle burnup33 GWD/THM from for-
mula (13) for 3 batchesandapproximatelytheaveragecoreburnupbeforereloading,
amountsto � 0.03.
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Burnup
Material 33GWD/THM 50GWD/THM
(kg/TIHM) U235 Enrichment U235 Enrichment

3.2% 3.5% 4.0% 4.5% 3.2% 3.5% 4.0% 4.5%
Pu 9.592 9.581 9.561 9.537 11.733 11.777 11.855 11.932
Np237 0.4254 0.4306 0.4368 0.4408 0.6453 0.6650 0.6916 0.7119
Np239 0.0883 0.0846 0.0791 0.0745 0.1002 0.0965 0.0907 0.0854
Am241 0.0370 0.0373 0.0374 0.0371 0.0540 0.0565 0.0604 0.0638
Am243 0.1002 0.0869 0.0694 0.0561 0.3220 0.2914 0.2467 0.2095

Transurania 10.243 10.220 10.184 10.146 12.855 12.886 12.944 13.003

U235 95.596 95.596 95.597 95.598 93.618 93.613 93.604 93.595

Table2: Transuraniabuildup,power rating164W/cm,EOCdata

Burnup
U235 33GWD/THM 50GWD/THM
(%) Puisotope(%) Fiss. Puisotope(%) Fiss.

238 239 240 241 242 (%) 238 239 240 241 242 (%)
3.2 1.50 56.27 22.35 14.15 5.72 70.42 2.89 47.25 24.72 14.85 10.30 62.10
3.5 1.46 57.79 21.61 14.00 5.14 71.79 2.86 48.44 24.23 14.96 9.51 63.40
4.0 1.38 60.15 20.45 13.67 4.34 73.82 2.79 50.45 23.37 15.06 8.33 65.51
4.5 1.31 62.31 19.39 13.29 3.69 75.60 2.71 52.43 22.49 15.07 7.30 67.50

Table3: Plutoniumcompositions,power rating164W/cm,EOCdata

U235 (%) U235 (%)
Material 3.5 3.5 3.2 4.5
(kg/TIHM) Burnup(GWD/THM) Diff. (%) Burnup(GWD/THM) Diff. (%)

33(x1.5) 50 33(x1.5) 50
Pu 14.372 11.777 +22.0 14.389 11.932 +20.6
Np237 0.6459 0.6650 -2.9 0.6381 0.7119 -10.4
Np239 0.1268 0.0965 +31.4 0.1325 0.0854 +55.1
Am241 0.0559 0.0565 -1.0 0.0555 0.0638 -13.0
Am243 0.1304 0.2914 -55.3 0.1503 0.2095 -28.3

Transurania 15.331 12.887 +15.9 15.366 13.003 +15.4

Table4: Transuraniabuildupnormalizedto thesamenetenergy production,EOCdata
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Figure6: Influenceof theU235 enrichmenton theplutoniumcompositionafter7 yearscool-
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4 Plutonium recyclingand wholecore investigations.

In orderto obtainreliableestimatesfor the requiredplutoniumcontentin theMOX fuel of
PWRs,wholecoreinvestigationsareneeded.Suchwholecorecalculations,including fuel
managementfor anumberof reactorcycles,areverycomplex andneedlargeeffortsif applied
to anoperatingreactor. At presenttheuseof MOX fuel assembliesin PWRsis stateof the
art in severalcountries,e.g.in FranceandGermany [12, 13]. In selectedPWRsupto 33%of
thefuel assemblieshavebeenreplacedby MOX loadingsuntil now. Thereplacementof 50%
MOX assembliesalreadyhasbeenlicensedin Germany. Theactualplutoniumrecycling has
beenrealizedwith prettygoodplutoniumwith high fissile fractions.This plutoniumcomes
mainly from PWR fuel with discharge burnupsslightly above 30 GWD/THM. The fissile
fractionis about70%.ThefissileplutoniumfractionPu f is in theMOX fuel assembliesvaries
in the rangeof 3 to 4% for target burnupsaround33 GWD/THM. Several contributionsin
reference[14] givemoredetailedinformationaboutMOX exploitationin PWRs.

For the presentstudynot too detailedcalculationscould be performed. The calculational
proceduresdevelopedfor theinvestigationof advancedpressurizedwaterreactorswith tight
lattices,describedin reference[1], enablemoreglobal investigations,basedon equilibrium
coresof full MOX PWRswith hexagonalfuel assemblies.Thesemethodshavebeenusedfor
anumberof wholecorestudiesfor PWRs.Thenext sectionsdescribetheappliedwholecore
calculations.

4.1 Calculational models.

Wholecorecalculationsfor PWRsusuallyaresubdividedinto anumberof subsequentsteps.
Thebasicgeometryof the fuel in a PWRconsistsof a regular fuel rod lattice,usuallyin a
squarefuel assemblyarrangement.ThePWRcorecontainsa193of suchfuel assemblies.In
theequilibriumstateof aPWRcorethecompositionof thefuel assembliesstronglydepends
on their irradiationhistory. Satisfactorypowerdistributionsanddischargeburnupsonly may
be achieved by careful fuel managementprocedures,e.g. choiceof the numberof burnup
stages(batches)in thecoreandof thefuel assemblyshuffling strategies.Theappliedmethods
from reference[1] havebeendevelopedfor PWRcoreswith somefuturisticcharacteristics:

1. Useof hexagonalfuel assembliesinsteadof squareones.As a consequencethe fuel
latticeshavea triangulararrangement.

2. Useof full MOX cores.

Themainfeaturesof thecalculationalproceduresarediscussedbelow.

4.1.1 Lattice calculations.

Thelatticecalculationsareperformedwith one-dimensionaltransportcalculationsin acylin-
derizedWigner-Seitzcell. Figure1 of section3.1 shows theprinciple for sucha modelfor
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a squarereactorlattice. The cell radiusis determinedfrom the cell pitch (distanceof the
fuel rods)by therequirementof equalareasof thecell crosssection.For triangularreactor
latticesthesamemethodologyis applied. The transportcalculationsusuallyareperformed
with collision probabilitymethods,basedon the formalismsof the WIMS code[8]. Alter-
native controlcalculationsarepossiblewith theone-dimensionaldiscreteordinatetransport
codeONETRA[15], aKAPROSversionof theprogramONETRAN[16]. Thedifferencebe-
tweensquareandtriangularlatticesis takenintoaccountfor thedeterminationof theeffective
resonancecrosssectionsin thefuel zoneof theWigner-Seitzcell. During thesecalculations
theso-calledDancoff factordefinestheprobabilitythata neutronbornin thesinglefuel cell
will have its next collision in a neighbourcell. TheKARBUS calculationsutilize geometry
dependentDancoff factors.More detailedinformationsabouttheappliedlatticecalculation
methodsmaybefoundin reference[1].

4.1.2 Fuel assemblycalculations.

Startingfrom theresultsof thelatticecalculations,thenext stepof thereactorcalculationsis
thedeterminationof themeanfuel assemblycrosssections.Thefuel assemblynotonly con-
sistsof theregularreactorlattice,but alsoof additionalmaterialzoneslike fuel rod spacers,
fuel assemblyboxesandadditionalwatergaps.In reference[1] severaltypesof fuelassembly
modelsareinvestigated.Theadditionalmaterialsin thefuel assemblyhavecounterbalancing
effectson the overall behaviour. The irregular watergapsleadto spectrumsofteningwith
reactivity increase,whereasthe additionalstructuralmaterialsgive an increaseof the par-
asitic absorptions,leadingto a decreaseof the fuel assemblyreactivity. Detailedanalyses
have shown, that thebasiclatticecalculationsgive a goodapproximationfor themeanfuel
assemblycrosssections.Thereforefor the following exploratorywholecoreinvestigations
nodetailedfuel assemblycalculationshavebeencarriedout. Themeanlatticecrosssections
havebeendirectlyusedfor thecorecalculations.

4.1.3 Corecalculations.

The whole corecalculationsof reference[1] arebasedon hexagonalfuel assemblieswith
triangularreactorlattices.Themainreasonfor this choicewerethetight latticesto beused.
In reference[17] thedifferencesbetweensquareandhexagonalfuel assembliesareanalyzed
in somedetail. Especiallyfor tight latticesthehexagonallayouthassomeadvantagesfrom
thethermodynamicalandneutronphysicspointof view. Moreoverhexagonalfuel assemblies
in PWRshave provento befeasiblein theRussianVVER reactors[18]. For theexploratory
wholecoreinvestigationsit maybeexpected,that the fuel assemblylayoutdoesnot play a
significantrole. Thereforethe availablecalculationprocedureswith hexagonalfuel assem-
blieshavebeenusedfor thesubsequentinvestigations.

4.1.3.1 Heterogeneousversus homogeneousMOX cores. Until now plutonium recy-
cling in PWRsonly hasbeenrealizedby mixing UOX andMOX fuel assembliesin existing
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PWRcoresandno definiteplansfor full MOX coresexist in Germany at present.However,
several proposalsfor future full MOX PWR coreshave beenmade,seefor examplesome
contributionsin reference[14].

In principle the methodsof reference[1] enablethe calculationof coreswith a mixing of
UOX andMOX fuel assemblies.

4.1.3.2 EquivalencybetweenUOX andMOX fuel assemblies. Aspointedoutin section
3.5nosimpleprescriptionsexist for thedeterminationof theenrichmentsof mixedUOX and
MOX fuel assembliesin a PWRcore.Soit would bequitelaboriousto definea satisfactory
fuel managementschemefor suchtheoreticalcores.

In orderto avoid furthercomplicationsfor thefuel managementandbecausefull MOX cores
areenvisagedfor the future, all subsequentwhole corecalculationswill be performedfor
full MOX cores.It maybeexpected,thatsuchcalculationsgive reliableinformationfor the
neededplutoniumenrichmentsin PWRs.

4.1.4 Fuel management.

For thefuel managementin PWRsanumberof relevantaspectsplaya role:

1. Length of the reactorcyclein equivalent full power days.Commonpraxisfor PWRs
arereloadingperiodsof 1 to 1.5yearswith loadfactorscloseto 90%.

2. Number of fuel batches,i.e. the numberof differentresidencetimesof the fuel as-
sembliesin thecoreat a certaintime. Valuesof 3 to 6 batchesmaybefoundin PWR
investigations.The consequencesarediscussedin somedetail in section3.3.2. See
formula(13)andfigure7.

3. Fuel assemblyshuffling. At every fuel assemblyreloading,a rearrangementof the
fuel assembliesin the coremay be necessaryor useful to obtainsatisfactoryoverall
nuclearandthermodynamiccorebehaviour. Especiallythe radial form factorof the
powerdistributionmustbekeptacceptableduringthewholereactorcycle. In theexist-
ing nuclearpower plantslargeefforts arespentto optimizethefuel managementwith
respectto overalleconomics.

Thepresentinvestigationstakecareof theseaspects.

A furthersignificantsimplificationis introducedby the limitation to studyonly equilibrium
cores.Theresultsof thesecalculationsmight beusedfor thedesignof transitionto equilib-
rium cores.
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4.1.4.1 Characteristics of the equilibrium core. Thesubsequentwholecoreinvestiga-
tionsarebasedon equilibriumcores.After a completedequilibriumreactorcyclea constant
numberof freshidenticalfuel assembliesreplacesuchoneswhichhavereachedtheforeseen
numberof residencecycles.Thenow availablefuel assembliesareplacedinto thecorewith
always the samepredefinedshuffling scheme.For the tight lattice PWR investigationsin
reference[1] the AdvancedReactorCOre SImulatorcodeARCOSIwasdevelopedfor the
iterative determinationof suchequilibriumcores.In themeantime ARCOSIcouldbesuc-
cessfullytestedfor fastreactorsandfor conventionalPWRs. The threedimensionalwhole
corecalculationsareperformedwith thenodalcodeHEXNOD [19], usuallywith diffusion
approximation.ARCOSI enablesan arbitrarynumberof succeedingreactorcycle simula-
tions.Eachreactorcycle maybesubdividedinto anarbitrarynumberof micro timesteps.At
everymicro timestepa criticality searchby adjustmentof thecoolantboronconcentrationis
done.

4.1.4.2 The fuel assemblyshuffling scheme. For the fuel assemblyshuffling the code
ARCOSIhasacoupleof options.Bothdirectandindirectaddressingwithin thereactorcore
modelmay be appliedfor the shuffling of the assemblies.For the subsequentequilibrium
coresimulationsthemethodof indirectaddressingis used:for every fuel assemblyposition
in thecoremodel,theorderof theburnupstagewithin theavailablefuel assembliesis fixed.

4.1.5 Sequencefor a wholecore calculation.

ThemostimportantstepsduringaPWRwholecorecalculationin thisstudyare:

1. Choiceof the fuel to beutilized.

2. Choiceof the required dischargeburnup.

3. Determination of the fissile enrichment of the fuel. For this taska similar proce-
dureasproposedfor the EDF/FZK benchmarkon plutoniumrecycling could be ap-
plied. With the help of trial anderrorestimatesfor the fissile fuel contentin burnup
calculations,a predefinedKEOC

∞ valueat the endof the reactorcycle mustbe found.
The appliedvaluesare for the UOX latticesKEOC

∞
� 1.06 and for the MOX lattices

KEOC
∞

� 1.03.Only relativelycrudedeterminationshavebeenperformedfor thepresent
exploratoryinvestigations.All importantresultsfrom thesecalculationsareautomati-
cally storedonstandardKAPROSarchivesfor usein succeedingsteps.

4. Creationof a specialpurposelibrary HXSLIB for usewith theARCOSIcode.Usu-
ally a HXSLIB library contains4 group macroscopiccrosssectionsof the fuel as-
sembliesto beusedin thewholecorecalculations,includingaxial andradialreflector
zones. Thesemacroscopiccrosssectionsdependon burnupstage,fuel temperature,
coolantdensityandB10 contentof the coolant. They arecalculatedwith KARBUS
restartoptionsfrom the KAPROS archives mentionedbefore. Figure 9 shows the
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K∞ curvesof a HXSLIB library for first generationMOX fuel assemblies.The plu-
tonium comesfrom PWR UOX fuel assemblieswith 4.5%U235 enrichmentand50
GWD/THM discharge burnup. The Pu f is enrichmentin the MOX fuel amountsto
5.5%.

5. Choiceof the number of fuel batchesand of the fuel managementschemefor the
coresimulationswith thecodeARCOSI.Thistaskmaybeverylaborious.Until now no
toolshavebeendevelopedtoautomatizethisoptimisation.Thetrial anderrorprocedure
works satisfactorily with the help of fastgraphicalevalutionsof the most important
results.Most of the full corecalculationsarebasedon 30o symmetryin thecore. In
the axial direction symmetryto the midplaneis assumedwith 16 axial zones. For
the appliedcore designfrom reference[1] with 349 hexagonalfuel assemblies,34
positionsdescribetheradialcorelayoutin the30o model.Figure10showsanexample
of theapplied30o crosssectionof thecalculationalmodelfor coreburnupsimulations.
In this casethe MOX fuel comesfrom PWR UOX fuel assemblieswith 3.2%U235

enrichmentand33GWD/THM dischargeburnup.Thetargetburnupof theMOX core
alsoamountsto 33 GWD/THM. With thesemodelsa searchfor an acceptablecore
layoutis performed:

� Thecalculationprocedurestartswith meanburnupvaluesfor all fuel assemblies
with thesamecoreresidencetime. Thesefuel assembliesmustbeplacedin the
corein away thattheoverallpowerdistribution is acceptable.Thefuel assembly
patternis changeduntil this requirementis fulfilled.

� Thenext stepis to find afuel managementscheme.Theappliedshuffling scheme
prescribesthepositionof everyfuel assemblyasafunctionof its reachedburnup.
Theseindividual burnupstagesshouldbe matchedto the burnuppatternof the
precedingfirst stepasgoodaspossible,taking into accountthat thecoremodel
containswholeandhalf fuel assemblies.For thecentralfuel assembly, occupying
1
12 hexagon,ameanburnupvalueis taken.Thefine tuningof theburnuporderof
thefuel assembliesin thecoreis doneby testcalculationsfor 1 macrotimestep.

6. Final coresimulation. If asatisfactorycoreloadingandshuffling schemeseemsto be
found,a final coresimulationwith severalmacrotimesteps(iterations)follows. In a
typical ARCOSIrun for a PWR10 micro timestepsof 30 to 55 equivalentfull power
daysareappliedto reachup to 50 GWD/THM meandischarge burnup. Usually one
additionalmacrotimestep(iteration)to thenumberof fuel batchesis sufficient to geta
stableequilibriumcore.Thesearchfor thecritical boronconcentrationin thecoolantat
every micro timestepneeds2 to 3 iterationsin mostcases.Fromtheseconsiderations
follows, thatabout100 threedimensionaldiffusioncalculationswith 4 energy groups
have to be performedfor anARCOSIcoresimulationrun. Every reactorcalculation
needsthe4 groupcrosssectionpreparationin dependenceof theburnupandtheboron
concentrationin thecoolantfor 608separatezonesof theappliedreactormodel.These
laborioscoresimulationscouldbeperformedonworkstationswith theUNIX versionof
thecalculationalprocedures.Therestartoptionsof theprogramARCOSIallow further
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investigationsfor theiteratedequilibriumcore,e.g.additionaliterationsor calculation
of safetyrelatedparameterslike Dopplercoefficientsandmoderatordensityreactivity
coefficients.Thecalculationof thesesafetyrelatedparametersneedadequateversions
of theHXSLIB libraries.

4.2 Resultsof exploratory wholecorecalculations.

As a first stepto moreelaboratelong termwholecorecalculations,a numberof exploratory
investigationswereperformed.Theprimaryaim wasto getsomereliableinformationabout
theplutoniumfractionneededin theMOX fuel duringplutoniummulti-recycling in PWRs.
In orderto validatethe appliedcalculationalproceduresfor theseinvestigationsalsoPWR
coreswith UOX fuel assemblieswereanalyzed.In the pasta lot of informationhasbeen
accumulatedaboutPWRswith uraniumfuel. Comparisonof calculationalresultswith expe-
riencefrom actualreactoroperationsleadto anacceptableconfidencelevel for thesubsequent
investigationswith plutoniumfuel.

The whole corecalculationshave beenstartedwith the analysisof a full MOX corewith
plutoniumfrom PWRswith 33 GWD/THM dischargeburnup,beingrepresentative for most
of the actuallyavailablePWR plutonium. The target burnupof the MOX core is also33
GWD/THM. For thereactorcontrolonly theborationchangeof thecoolantis appliedwith
controlrodscompletelyremovedfrom thecore.For thiscaseanumberof relevantintermedi-
ateresultsarepresentedin thefigures11to 16. Figures11to 14show theiterationbehaviour
andthedifferencesbetweenbegin andendof cycle valuesfor thepower ratingsandthefuel
burnupin thecoremidplaneof all fuel assemblies.Thelatterarerepresentedby their radial
distanceto thecorecenter. Thefigures11and13show afastconvergencefor thepowerrating
andtheburnupwith increasingnumberof simulations(iterations).Figure12showstheradial
flatteningin thecoremidplanefrom begin to endof cycle in theequilibriumcore.Thecorre-
spondingradialpowerfactordecreasesfrom � 1.55atBOCto � 1.23atEOC.Figures15and
16give thebegin andendof cycleaxialdistributionsof thepower ratingandtheburnupof a
selectedfuel assembly. Theaxialpowerratingalsoshowsapronouncedflatteningduringthe
reactorcycle,leadingto animprovedaxialpowerform factorfrom � 1.29atBOCto � 1.08at
EOC.For all performedwholecorecalculationssimularresultscouldbeobtained.Themain
resultsof theexploratorywholecorecalculationsaresummarizedin table5. Informationis
givenaboutthefuel andits origin, fissileenrichment,desiredtargetburnup,numberof fuel
batches,cycle lengthin equivalentfull power daysandthemostimportantARCOSIresults
KEOC

∞ andmeanandmaximumdischargeburnup.

Case1 is a calculationfor an UOX core with 4% U235 enrichment. The resultingmean
dischargeburnupof � 43GWD/THM seemsnottobein contradictionwith actualexperiences
with dischargeburnupsin PWRs.

In case2 plutoniumfrom existing PWRswith 3.2%U235 enrichmentand33 GWD/THM
meandischargeburnupis investigated.With about3.5%Pu f is enrichmentcomparabledis-
chargeburnupsof about33GWD/THM maybeobtained.
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Thecases3 and4 givecorrespondingresultsfor meantargetburnupsof 40GWD/THM with
plutoniumfrom two generations.The first generationplutoniumcomesfrom case1 (4%
U235 and40 GWD/THM meandischarge burnup). In case3 with this MOX1 enrichedat
4.5%Pu f is a meandischargeburnupof 40 GWD/THM canbereachedwith 3 fuel batches.
Themostunfavourableuseof thesecondgenerationplutoniumfrom case3 is thedirectuse
in a succeedingPWRcorewithout theadmixingof betterquality plutonium.Case4 shows,
thatwith this secondgenerationplutoniumalso40 GWD/THM meandischargeburnupare
obtainablewith 6%Pu f is enrichmentandtheapplicationof 6 fuel batches.

Thecases5 and6 arecalculationsfor targetburnupsof 50 GWD/THM. MOX1 comesfrom
PWRUOX fuel with 4.5%U235 and50 GWD/THM dischargeburnup.50 GWD/THM may
beobtainedwith � 6% Pu f is and3 fuel batchesor with � 5.5%Pu f is and6 fuel batches.

In table6 informationaboutplutoniumcompositionsis summarized.In additionto thecases
2, 3, 4 and5 from table5, datafrom MOX loadingsin thenuclearpowerplantPhilippsburg-
2 andfrom benchmarkresultsin the references[4, 5], areprovided. Comparingresultsof
thewholecoreinvestigationwith thebenchmarkresultsthedifferentcoolingandfabrication
timesmustbekeptin mind; thesmallerex-coretimesof thebenchmarkleadto lessdecayof
Pu241. Case5 from table5 andthefirst cycle plutoniumof thebenchmarkarecomparable;
dueto thesmallerex-coretime thePu241 contentof thebenchmarkplutoniumis somewhat
higher.

Thecomparisonof thetable5 case4 plutoniumwith thebenchmarkcycle4 plutoniumload-
ing givessomefurtherinterestinginformation:
� The plutoniumcompositionsin thesecasesarequite similar, so the plutoniumfrom first
generationMOX fuel assembliesfrom PWRscouldbeusedfor experimentsto validateplu-
toniumbehaviour of thefourthplutoniumrecycling in PWRs.
� The calculateddischarge burnup of the whole core calculationwith this plutonium, 40
GWD/THM with Pu f is=6%, is comparablewith thedataof thebenchmark,50 GWD/THM
with Pu f is

� 7%. Sowe have hereanindicationthattheplutoniumenrichmentresultsof the
benchmarkinvestigationsarereasonableandthattheequivalency criteriafor UOX andMOX
fuel assembliesin PWRscitedin reference[11] areconservativewith respectto therequired
fissileenrichmentsin MOX fuel assemblies.
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Pluton. Fission Target Nr. Full ARCOSI-Results
Case Fuel origin fraction burnup of power Ke f f burnup(GWD/THM)

Enr/BU (%) (GWD/THM) cycles days EOC mean max.
1 UOX 4.0 40 3 450 1.0071 42.9 49.6
2 MOX1 3.2/33 3.5 33 3 340 0.9995 32.5 38.4
3 MOX1 4.0/40 4.5 40 3 425 0.9986 41.7 49.2
4 MOX2 4.5/40 6.0 40 6 215 1.0006 42.7 49.3
5 MOX1 4.5/50 6.0 50 3 510 0.9995 49.9 58.7
6 MOX1 4.5/50 5.5 50 6 250 0.9981 50.3 56.7

MOX1: first generationplutoniumfrom PWRUOX fuel assemblies.
MOX2: secondgenerationplutoniumfrom PWRMOX1 BE withoutMOX1 mixing.

Table5: Summaryof resultsof exploratoryPWRwholecorecalculations.

Pluton. Contribution in weightpercent
Case Enr/BU Pu238 Pu239 Pu240 Pu241 Pu242 Am241 Pu f is

2 3.2/33 1.6 59.0 23.1 9.0 5.9 1.4 68.0
KKP2 3.25/33 1.8 59.0 23.0 12.2 4.0 - 71.2

3 4.0/40 2.0 58.5 22.8 9.2 6.1 1.4 67.7
3a 4.0/40 1.6 64.9 25.2 1.3 6.8 0.2 66.2
4 4.5/40 3.3 44.6 29.2 10.9 10.3 1.7 55.5

BM4 6.9/50 4.3 42.4 27.5 12.7 11.8 1.3 55.1
4a 4.5/40 2.8 50.6 33.2 1.6 11.6 0.2 52.2
5 4.5/50 2.8 55.1 23.3 9.7 7.6 1.5 64.8

BM1 5.8/50 2.8 54.0 23.0 12.0 7.0 1.2 66.0

Case2,3,4,5:from table5, 7 yearscooling, 3 yearsfabricationtime.
Case3a,4a:asabovewith 50yearscooling, 3 yearsfabricationtime.
CaseKKP2: MOX from theKKW Philippsburg-2
CaseBM1: MOX from theEDF/KFK Benchmarkfor cycle1
CaseBM4: MOX from theEDF/KFK Benchmarkfor cycle4

Remark:TheEDF/FZKbenchmarkdefines
- 3 yearscooling-and2 yearsfabricationtimeand
- 50GWD/THM targetburnup

Table6: Summaryof appliedplutoniumcompositions.
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Figure9: HXSLIB K∞ datafor first generationLWR-MOX.
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Figure10: Reactormodel for calculationswith the codeARCOSI,MOX from UOX fuel,
3.2%U235, 33GWD/THM dischargeburnup,targetburnup33GWD/THM.
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Figure11: BOCpower ratingin theaxialmidplanefor 4 succeedingcoresimulations.
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Figure15: BOCandEOCaxialdistributionof thepowerratingof theequilibriumcore.
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Figure16: BOCandEOCaxialdistributionof thefuel burnupof theequilibriumcore.
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5 Long term considerationsfor Pu-recyclingin PWRs.

Oneway to reducethe total amountof plutoniumproducedin PWRsis a decreaseof the
numberof plutoniumproducingUOX fuel assembliesin suchreactors,e.g. by the useof
the alternative thorium fuel cycle. Another technicallyfeasiblemethodis the reuseof the
producedplutonium in MOX fuel assembliesin PWRs: i.e. plutoniumrecycling. In the
MOX fuelassembliesin PWRsanetincinerationof plutoniumtakesplace.Thedestructionof
plutoniumbyfissionsdominatestheproductionbyneutroncapturesin theU238. Furthermore,
the neutroncapturein the plutoniumleadsto a shift of the isotopiccompositionto higher
isotopes.The increaseof Pu240 andPu242 leadsto a decreaseof the fraction of the fissile
isotopesPu239 andPu241. Moreover the fraction of Pu238 increasessignificantly in MOX
fuel assemblies.

5.1 Comparisonof plutonium recyclingin FBRsand PWRs.

Plutoniumrecycling is an inherentfeatureof fastbreederreactors(FBR). So it may be of
interestto comparesomerelevantaspectsof plutoniumrecycling with FBRsandPWRs:

1. Consequencesfor thefuel fabrication,

2. Consequencesfor reactorcharacteristics.

5.1.1 Consequencesfor the fuel fabrication.

Themostimportantfactorduringthefabricationof MOX fuel assembliesis thefuel fraction
of the isotopePu238 with its hard α-radiationand heatproduction. According to current
knowledgethis fractionshouldnot exceed� 10%. In themodernFrenchreprocessingplant
MELOX at presentthe Pu238 fraction is limited to � 5% [20]. For this problemno large
differencesmaybeexpectedfor MOX fuel of FBRsandPWRs.

Generallythefabricationof MOX fuel assembliesis considerablymoreexpensivecompared
to UOX fuel assembliesbecauseof the needfor remotetechniquesfor the fabricationand
handlingof MOX fuel.

5.1.2 Consequencesfor the reactorcharacteristics.

Theconsequencesof plutoniumrecycling for the reactorcharacterisctics,especiallythe in-
fluenceonthesafetyparameters,maybemoreseverefor PWRscomparedto FBRs.Whereas
FBRsusuallyhave problemswith positivecoolantdensityreactivity effects,standardPWRs
have sufficiently negative ones. The investigationsin reference[1] show, that larger pluto-
nium fractionsin PWR MOX fuel assembliesmay lead to problemswith coolantdensity
reactivity coefficients.
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To avoid safetyor licensingproblemsit mustbedemonstrated,thattheloadingof MOX fuel
assembliesin PWRsdoesnot worsenthesafetyrelatedreactorparameters,comparedto the
UOX loadings. Especiallythe coolantdensityreactivity coefficientshave to remainsuffi-
cientlynegative. Thedecreaseof thefissilefractionof theplutoniumduringmulti-recycling
leadsto theneedfor higherPu f is fractionsandto higherplutoniumcontentin thefuel. Ex-
ploratorycell burnupcalculationsshow, thatcoolantdensityreactivity effect problemsmay
arisefor fuel with Pu f is fractionslargerthan � 6..7%.A possibleway to achieve thedesired
targetfuel dischargeburnupswith plutoniummulti-recycling in PWRsis to restrictthePu f is

fractionto � 6%andto useU235 enricheduraniumin thosecaseswherethis is necessaryfor
criticality reasons,seesection4.2.

5.2 Managementof the plutonium inventoriesin the fuel cycle.

Generallyit is favourableto haveshortex-coretimesfor theplutoniumin aclosedfuel cycle.
The main reasonis the relatively short decaytime of 14 yearsof the isotopePu241 with
very goodfissionproperties,seefor examplereference[1]. Further, onehasto distinguish
betweencooling, reprocessingandfuel assemblyfabricationtimes,seesection3.3.1. The
succeedinginvestigationsareperformedwith 7 years(cooling + reprocessing)time and3
yearsfabricationtime.

Thelogisticdistributionof theavailableplutoniummassesis averycomplex problem.Early
investigationsin thisfield usuallytreatedthemanagementof theso-calledselfgeneratedplu-
tonium in PWRs. The EDF/FZK benchmarkinvestigationson plutonium multi-recycling
[4, 5], mentionedbefore,alsoarebasedon this model. In thebenchmarktheMOX content
in thePWRcoresvariesfrom � 14%for thefirst to � 20..22%for thefifth recycling.

Nowadaysthe practicalapplicationof plutoniumrecycling in PWRsis basedon available
plutonium;theselfgeneratingaspectis notsoimportant.

Strategic investigationsfor full MOX PWRcoresneednew, appropriatesolutionsfor thefuel
managementscenarios.In thenext sectionsaproposalfor sucha scenariois presented.

5.3 Useof plutonium in a pool of PWRs.

Weconsidera poolwith anumberof identicalPWRswith UOX fuel. Thereactorcycle time
mustfulfill the conditionthat N reactorcyclescover 10 years. These10 yearsarechosen
to matchtheex-coreconditionsof 7 years(cooling+ reprocessing)and3 yearsfabrication
time (seesection3.3.1).Thenumberof reactorsin thepool M is chosenin sucha way, that
reprocessingof all spentfuel from onecycle of thesereactorsgivesenoughplutoniumfor
the startupof onefull MOX core. The numberof UOX coresthenbecomes� M � 1� . At
any timeall availableplutoniumfrom UOX andMOX coresis mixedfor thenext generation
cores.This10yearsschemeis repeateduntil enoughplutoniumbecomesavailableto supply
anothercorewith MOX fuel. In figure17aschematicpictureof thisscenariois given.
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For thefuel inventorycalculationsa normalisationto 1 ton of initial heavy metal(TIHM) is
appliedin mostcases.The plutoniumbuildup in a PWR with UOX fuel assembliesvaries
from � 9.6kg/TIHM at33GWD/THM to 11.9kg/TIHM at50GWD/THM, seesection3.3.2
table2.

Roughestimatesfor thenumberof UOX coresto supplyoneMOX coreleadto thefollowing
results.For a targetburnupof 50GWD/THM in theUOX andMOX fuel a Pu f is enrichment
of � 6%is neededwith � 65%fissilefractionin theplutonium.Thismeansaplutoniumcon-
tentof � 90 kg/TIHM. Table4 gives11.9kg/TIHM for thetargetburnupof 50 GWD/THM,
so8 UOX fueledPWRswith this dischargeburnuparecapableto supply1 MOX core. For
thelow dischargeburnupof 33GWD/THM thesefiguresare: � 4%Pu f is,

� 70%fissilefrac-
tion in theplutoniumand � 9.6kg/TIHM plutoniumproductionin theUOX fuel. Thismeans� 57kg/THIM arerequiredfor aMOX core,equivalentto theproductionof � 6 UOX cores.

Thepool investigationshave startedfor a meanburnuplevel of 40 GWD/THM with a pool
of 7 PWRs. As a next stepthe consequencesof an increasefrom 40 to 50 GWD/THM
burnuplevel have beenstudied.Finally thesameinvestigationshave beenperformedfor 33
GWD/THM burnuplevel, beingrepresentative for actuallyoperatingPWRs.

5.3.1 Targetburnup 40GWD/THM.

In table7 a possiblescenariofor MOX coresin apool of 7 PWRswith a targetburnupof 40
GWD/THM is specified.The UOX coresareidentifiedby the letterU , the MOX coresby
Mi for i-th generationplutoniumcomposition.Fromthe3. recycling, 2 MOX coreswithin
thepool of 7 PWRsarepossible.At the7. recycling, alternatively 2 and3 MOX coresare
considered.

For thescenarioof table7 thefollowing assumptionsaremade:

1. 4%enrichmentof theUOX fuel.

2. 40GWD/THM targetburnup.

3. 7 years(cooling+ reprocessing)and3 yearsfabricationtime.

4. 7 reactorcyclescover 10 years.This meansa time betweenreloadingsof 10/7=1.43
years.

Thetables8 to 10 show resultsfor this scenario.Table8 showshow thedifferentplutonium
compositionsarebuild-up. In the first cyclesit is taken into account,that not all available
plutoniumis neededfor the MOX core. The remainingpart is storedstill another10 years
for usein thenext generationplutonium.If in thecaseswith 2 or 3 MOX cores,theavailable
plutoniumis not sufficient, it is assumedthat thesmallmissingpartcomesfrom outsidethe
pool of 7 PWRsandhasthe samecompositionof the last generationplutonium. Table9
summarizesplutoniummasses,bothfor 1 reactorandfor thepool of 7 PWRs.Themainre-
sultsarebasedonburnuppertonof heavy metal.In practice,plutoniumandothertransurania
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massesasafunctionof theenergy productionareof interest.In accordancewith theARCOSI
calculationsthenormalizeddataof table9 arebasedon thefollowing assumptions:

� Reactorcycle timeTc from table10.

� Densityof theheavy metalin thefuel rod ρ f =4.77g/cm.

� Linearfuel powerratingPl=170W/cm,beingequivalentto aspecificfuel powerrating
of 35.6 Watt/g. In reference[4] a valueof 38.3 Watt/g is specifiedfor a 900 MWe
FrenchPWR.

� NetelectricalpowerPE=1300MWe=1� 3109 We.

� Efficiency of thepowerplantη=0.345.

� Numberof fuel cyclesN=3.

For thefuel inventorythefollowing relationsarevalid:

G � PE � ρ f

η � Pl
(15)

G � 1 T 3109 U 4 T 77
0 T 345U 170 g � 105� 7106 g = 105.7tons.

Thedischargefuel perGWe.Yearamountsto:

GE V G W 365
PE W Tc W N (16)

Table9 showsthatplutoniummulti-recycling in PWRsmayleadto adrasticaldecreaseof the
plutoniumproductionandevento a netplutoniumincinerationin thecaseof 3 MOX cores
within apoolof 7 PWRs.

Table10summarizesresultsof wholecorecalculationsfor thefirst 7 plutoniumrecyclingsin
thepool of 7 PWRs.Column4 shows thatstartingwith case6, enrichedU235 is requiredto
obtainsufficientcriticality with thelimited fractionof 6%Pu f is in theMOX. Theenrichment
variesfrom 1.2to 2.2%U235 for thetargetburnupof 40GWD/THM.

5.3.2 Targetburnup 50GWD/THM.

In table11 a possiblescenariofor MOX coresin a pool of 8 PWRswith a targetburnupof
50GWD/THM is specified.Fromthe3. recycling, 2 MOX coreswithin thepool of 8 PWRs
arepossible.At the8. recycling, 3 MOX coresareconsidered.

For thescenarioof table11 thefollowing assumptionsaremade:

1. 4.5%enrichmentof theUOX fuel.
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2. 50GWD/THM targetburnup.

3. 7 years(cooling+ reprocessing)and3 yearsfabricationtime.

4. 6 reactorcyclescover 10 years.This meansa time betweenreloadingsof 10/6=1.67
years.

Thetables12to 14show resultsfor thisscenario.Table12showshow thedifferentplutonium
compositionsare build-up. Again, in the first cycles it is taken into account,that not all
availableplutoniumis neededfor theMOX core. Theremainingpart is storedstill another
10 yearsfor usein the next generationplutonium. If in the caseswith 2 or 3 MOX cores,
the availableplutonium is not sufficient, it is assumedthat the small missingpart comes
from outsidethepoolof 8 PWRsandhasthesamecompositionasthatof thelastgeneration
plutonium.Table13 summarizesplutoniummasses,bothfor 1 reactorandfor thepool of 8
PWRs.Thesameassumptionsof section5.3.1aremade.

Table 13 shows that plutonium multi-recycling in PWRs with a target burnup of 50
GWD/THM alsomay lead to a drasticdecreaseof the plutoniumproductionand even to
anetplutoniumincinerationin thecaseof 3 MOX coreswithin apoolof 8 PWRs.

Table14summarizesresultsof wholecorecalculationsfor thefirst 8 plutoniumrecyclingsin
thepool of 7 PWRs.Column4 shows thatstartingwith case3, enrichedU235 is requiredto
obtainsufficientcriticality with thelimited fractionof 6%Pu f is in theMOX. Theenrichment
variesfrom 1.5to 3.8%U235 for thetargetburnupof 50GWD/THM.

5.3.3 Targetburnup 33GWD/THM.

For thetargetburnupof 33 GWD/THM a similar scenarioaspresentedin thetables7 for 40
GWD/THM and11 for 50GWD/THM is applied.

For thescenariofor 33GWD/THM thefollowing assumptionsaremade:

1. 3.2%enrichmentof theUOX fuel.

2. 33GWD/THM targetburnup.

3. 7 years(cooling+ reprocessing)and3 yearsfabricationtime.

4. 8 reactorcyclescover 10 years.This meansa time betweenreloadingsof 10/8=1.25
years.

Becauseof thegoodexperienceswith 40and50GWD/THM only a few wholecorecalcula-
tionshave beenperformed.Basedon theresultsof case2 of table5 latticecalculationshave
beenperformed,usingtheboundaryconditionof equation(14).

Thetables15 and16 show resultsfor this scenario.Table15 shows how thedifferentpluto-
niumcompositionsarebuild-up. Again,in thefirst cyclesit is takeninto account,thatnotall
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availableplutoniumis neededfor theMOX core.Theremainingpartis storedstill another10
yearsfor usein thenext generationplutonium.If in thecasewith 2 MOX corestheavailable
plutoniumis not sufficient, it is assumedthat thesmallmissingpartcomesfrom outsidethe
pool of 6 PWRsandhasthe samecompositionof the last generationplutonium. Table16
summarizesplutoniummasses,both for 1 reactorandfor the pool of 6 PWRs. The same
assumptionsof section5.3.1aremade.

5.3.4 Concluding remarkson plutonium multi-r ecyclingin PWRs.

The precedinginvestigationsfor plutoniummulti-recycling in a pool of PWRsshow some
interestingresults.Theappliedconstraintof maximum6% Pu f is in theMOX fuel to avoid
problemswith coolantdensityreactivity coefficients leadsto the needfor a target burnup
dependentU235 enrichmentof theuraniumin theMOX fuel. Table17 givesa summaryof
the main resultsfor the nearequilibrium reactorcycleswith target burnups33, 40 and50
GWD/THM. We mayobserve, that theratio betweentheplutoniumproductionin theUOX
coresandtheplutoniumincinerationin theMOX coresis nearlyconstantX 0.6. This means
that if one hasa pool of equalPWRswith a ratio of MOX to UOX coresof 3 to 5, the
amountof plutoniumin thispool is nearlyconstantafterthenearequilibriumreactorcycle is
reached.Thispropertyis practicallyindependentof thetargetburnup.However, therequired
U235 enrichmentstronglydependson the target burnup,varying from small valuesfor 33
GWD/THM to 4%for 50GWD/THM.
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Time Reactors
year Cycle 1 2 3 4 5 6 7

0 1 U U U U U U U
2 U U U U U U U
. U U U U U U U

10 7 U U U U U U U

8 U U U U U U M1
. U U U U U U M1

20 14 U U U U U U M1

15 U U U U U U M2
. U U U U U U M2

30 21 U U U U U U M2

22 U U U U U M3 M3
. U U U U U M3 M3

40 28 U U U U U M3 M3

29 U U U U U M4 M4
. U U U U U M4 M4

50 35 U U U U U M4 M4

36 U U U U U M5 M5
. U U U U U M5 M5

60 42 U U U U U M5 M5

43 U U U U U/M6M M6/M6M M6/M6M
. U U U U U/M6M M6/M6M M6/M6M

70 49 U U U U U/M6M M6/M6M M6/M6M

50 U U U U M7 M7 M7
. U U U U M7 M7 M7

80 56 U U U U M7 M7 M7

U : UOX
Mi/MiM: MOX generationi

Assumptions:7 yearscooling+ 3 yearsfabricationtime,7 reactorcyclesin 10years.

Table7: Scenariofor the useof full MOX coresin a pool of 7 PWRs,target burnup 40
GWD/THM.
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Fractionin weight%
Case Origin Pu238 Pu239 Pu240 Pu241 Pu242 Am241 Pu f is

M1 UOX BE 2.0 58.5 22.8 9.2 6.1 1.4 67.7

6x10.6kg M1 2.0 58.5 22.8 9.2 6.1 1.4 67.7
M2 8.4kg M1Y 1.9 61.1 23.8 5.9 6.4 0.9 67.0

51.1kg M2 3.3 44.0 29.8 10.8 10.4 1.7 55.8
Mixture 123.1kg 2.5 52.7 25.8 9.6 7.9 1.5 62.3

6x10.6kg M1 2.0 58.5 22.8 9.2 6.1 1.4 67.7
M3 43.7kg M2Y 3.3 46.3 31.4 7.0 10.9 1.1 53.3

63.2kg M3 3.7 41.7 30.7 10.6 11.7 1.6 52.3
Mixture 170.5kg 3.0 49.1 27.9 9.2 9.4 1.4 58.3

5x10.6kg M1 2.0 58.5 22.8 9.2 6.1 1.4 67.7
M4 2x75.9kg M4 4.0 40.0 31.6 10.1 12.7 1.6 50.1

Mixture 204.8kg 3.5 44.8 29.3 9.9 11.0 1.5 54.7

5x10.6kg M1 2.0 58.5 22.8 9.2 6.1 1.4 67.7
M5 2x92.9kg M4 4.4 38.0 32.2 9.8 14.1 1.5 47.8

Mixture 238.5kg 3.9 42.5 30.1 9.7 12.3 1.5 52.2

5x10.6kg M1 2.0 58.5 22.8 9.2 6.1 1.4 67.7
M6 2x95.2kg M5 4.7 36.5 32.3 9.6 15.4 1.5 46.1

Mixture 243.4kg 4.1 41.3 30.2 9.5 13.3 1.5 50.8

4x10.6kg M1 2.0 58.5 22.8 9.2 6.1 1.4 67.7
M6M 3x95.2kg M5 4.7 36.5 32.3 9.6 15.4 1.5 46.1

Mixture 328.0kg 4.3 39.3 31.1 9.6 14.2 1.5 48.9

4x10.6kg M1 2.0 58.5 22.8 9.2 6.1 1.4 67.7
M7 3x94.4kg M6M 4.8 35.8 32.1 9.4 16.4 1.5 45.2

Mixture 325.6kg 4.4 38.8 30.9 9.4 15.0 1.5 48.2

M1,M2...M6M: 7 yearscoolingand3 yearsfabricationtime
M1Y ,M2Y : 17yearscoolingand3 yearsfabricationtime

Table8: Summaryof plutoniummixing for targetburnupsof 40GWD/THM.
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Plutoniumin kg/TIHM Plutoniumin
Case Reactor Reactor Balance kg/GWeYear

Input Output Reactor Pool Reactor Pool Mean
1 U - 10.6 +10.6 +74.2 +233.4 +1632.7 +233.4
2 M1 65.8 51.1 -14.7 +48.9 -342.5 +1139.3 +162.8
3 M2 79.4 63.2 -16.2 +47.4 -401.0 +1173.4 +167.6
4 M3 93.5 75.9 -17.6 +46.0 -435.7 +1138.7 +162.7
5 M4 112.3 92.9 -19.4 +14.2 -480.2 +351.5 +50.2
6 M5 113.9 95.2 -18.7 +15.6 -462.9 +386.2 +55.2
7 M6 117.0 98.5 -18.5 +16.0 -458.0 +396.1 +56.6
8 M6M1 121.6 103.2 -18.4 -12.8 -455.5 -316.9 -45.3
9 M6M2 111.4 94.4 -17.0 -8.6 -420.8 -212.9 -30.4
10 M7 123.4 104.9 -18.5 -13.1 -458.0 -324.3 -46.3

IdentificationsU,M1,M2..M7from table8.

Table9: Plutoniummassesin apoolof 7 PWRswith targetburnupsof 40GWD/THM.

Pluton. Fiss. Target- Nr. Cycl. ARCOSIresults
Case Fuel origin fr. (%) BU Cyc- time Ke f f Burnup(GWD/THM)

Enr/BU Pu/U (GWD/THM) les (fpd) EOC Mean Max.
1 UOX 0.0/4.0 40 3 450 1.0071 42.9 49.6
2 M1 4.0/40 4.5/0.7 40 3 425 0.9986 41.7 49.2
3 M2 4.5/40 5.0/0.7 40 3 400 1.0012 39.4 48.2
4 M3 5.0/40 5.5/0.7 40 3 400 0.9985 39.4 49.4
5 M4 5.5/40 6.2/0.7 40 3 400 0.9992 39.4 50.2
6 M5 6.2/40 6.0/1.2 40 3 400 0.9976 39.4 50.6
7 M6 6.0/40 6.0/1.5 40 3 400 0.9984 39.5 50.9
8 M6M1 6.0/40 6.0/1.9 40 3 400 0.9997 39.5 51.2
9 M6M2 6.0/40 5.5/2.2 40 3 400 0.9989 39.5 51.1
10 M7 6.0/40 6.0/2.0 40 3 400 0.9990 39.5 51.3

Table10: Wholecorecalculationsfor apoolof 7PWRswith targetburnupsof 40
GWD/THM.
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Time Reactors
year Cycle 1 2 3 4 5 6 7 8

0 1 U U U U U U U U
2 U U U U U U U U
. U U U U U U U U

10 6 U U U U U U U U

7 U U U U U U U M1
. U U U U U U U M1

20 12 U U U U U U U M1

13 U U U U U U U M2
. U U U U U U U M2

30 18 U U U U U U U M2

19 U U U U U U M3 M3
. U U U U U U M3 M3

40 24 U U U U U U M3 M3

25 U U U U U U M4 M4
. U U U U U U M4 M4

50 30 U U U U U U M4 M4

31 U U U U U U M5 M5
. U U U U U U M5 M5

60 36 U U U U U U M5 M5

37 U U U U U U M6 M6
. U U U U U U M6 M6

70 42 U U U U U U M6 M6

43 U U U U U U M7 M7
. U U U U U U M7 M7

80 48 U U U U U U M7 M7

49 U U U U U M8 M8 M8
. U U U U U M8 M8 M8

90 54 U U U U U M8 M8 M8

U : UOX
Mi: MOX generationi

Assumptions:7 yearscooling+ 4 yearsfabricationtime,6 cyclesin 10years.

Table11: Scenariofor the useof full MOX coresin a pool of 8 PWRs,target burnups50
GWD/THM.
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Fractionin weight%
Case Origin Pu238 Pu239 Pu240 Pu241 Pu242 Am241 Pu f is

M1 UOX BE 2.8 55.1 23.3 9.7 7.6 1.5 64.8

7x11.9kg M1 2.8 55.1 23.3 9.7 7.6 1.5 64.8
M2 3.6kg M1Y 2.7 57.7 24.4 6.3 7.9 1.0 64.0

69.8kg M2 4.3 42.2 29.7 10.5 11.7 1.6 52.7
Mixture 156.7kg 3.5 49.4 26.2 10.0 9.4 1.5 59.4

7x11.9kg M1 2.8 55.1 23.3 9.7 7.6 1.5 64.8
M3 56.0kg M2Y 4.2 44.4 31.2 6.8 12.3 1.1 51.2

78.6kg M3 4.7 39.8 30.4 10.3 13.2 1.6 50.1
Mixture 217.9kg 3.9 46.8 27.9 9.2 10.8 1.4 56.0

6x11.9kg M1 2.8 55.1 23.3 9.7 7.6 1.5 64.8
M4 5.4kg M3Y 4.7 41.8 31.9 6.7 13.9 1.0 48.5

2x89.0kg M4 4.9 38.3 31.0 10.0 14.2 1.6 48.3
Mixture 254.8kg 4.3 43.1 28.9 9.9 12.3 1.5 53.0

6x11.9kg M1 2.8 55.1 23.3 9.7 7.6 1.5 64.8
M5 30.4kg M4Y 4.8 40.2 32.6 6.5 14.9 1.0 46.7

2x91.0kg M5 5.3 36.4 31.1 9.9 15.8 1.5 46.3
Mixture 283.8kg 4.6 41.5 29.3 9.5 13.6 1.5 51.0

6x11.9kg M1 2.8 55.1 23.3 9.7 7.6 1.5 64.8
M6 50.6kg M5Y 5.1 38.3 32.7 6.4 16.5 1.0 44.7

2x95.7kg M6 5.4 35.5 31.1 9.6 16.9 1.5 45.1
Mixture 313.4kg 4.8 40.4 29.6 9.1 14.7 1.4 49.5

6x11.9kg M1 2.8 55.1 23.3 9.7 7.6 1.5 64.8
M7 66.6kg M6Y 5.3 37.2 32.6 6.2 17.7 1.0 43.4

2x100.6kg M6 5.5 34.8 31.1 9.3 17.8 1.5 44.1
Mixture 339.2kg 4.9 39.5 29.8 8.8 15.6 1.4 48.3

5x11.9kg M1 2.8 55.1 23.3 9.7 7.6 1.5 64.8
M8 3x102.3kg M7 5.5 34.1 31.1 9.2 18.7 1.4 43.3

Mixture 366.4kg 5.1 37.5 29.8 9.3 16.9 1.4 46.8

M1,M2...M8: 7 yearscoolingand3 yearsfabricationtime
M1Y ,M6Y : 17yearscoolingand3 yearsfabricationtime

Table12: Summaryof plutoniummixing for targetburnupsof 50GWD/THM.
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Plutoniumin kg/TIHM Plutoniumin
Case Reactor Proreactor Balance kg/GWeYear

Input Output Reactor Pool Reactor Pool Mean
1 U - 11.9 +11.9 +95.2 +218.2 +1745.6 +218.2
2 M1 91.6 69.8 -21.8 +61.5 -423.3 +1194.0 +149.3
3 M2 100.0 78.6 -21.4 +61.9 -415.5 +1201.8 +150.2
4 M3 106.2 85.0 -21.2 +62.1 -411.6 +1205.7 +150.7
5 M4 112.2 91.0 -21.2 +29.0 -411.6 +563.0 +70.4
6 M5 116.6 95.7 -20.9 +29.6 -405.8 +574.7 +71.8
7 M6 120.3 99.4 -20.9 +29.6 -405.8 +574.7 +71.8
8 M7 123.3 102.3 -21.0 +29.4 -407.7 +570.8 +71.4
9 M8 127.2 106.2 -21.0 -3.5 -407.7 -68.0 -8.5

IdentificationsU,M1,M2..M8from table13.

Table13: Plutoniummassesin apoolof 8 PWRswith targetburnupsof 50GWD/THM.

Pluton. Fiss. Target- Nr. Cycl. ARCOSIresults
Case Fuel origin fr. (%) BU Cyc- time Ke f f Burnup(GWD/THM)

Enr/BU Pu/U (GWD/THM) les (fpd) EOC Mean Max.
1 UOX 0.0/4.5 50 3 540 0.9997 50.5 58.8
2 M1 4.5/50 6.0/0.7 50 3 510 0.9995 49.9 58.7
3 M2 6.0/50 6.0/1.5 50 3 510 1.0013 50.0 59.5
4 M3 6.0/50 6.0/2.0 50 3 510 1.0010 50.1 60.9
5 M4 6.0/50 6.0/2.5 50 3 510 1.0017 50.1 61.1
6 M5 6.0/50 6.0/3.0 50 3 510 1.0040 50.1 61.5
7 M6 6.0/50 6.0/3.3 50 3 510 1.0044 50.1 61.8
8 M7 6.0/50 6.0/3.5 50 3 510 1.0039 50.1 62.0
9 M8 6.0/50 6.0/3.8 50 3 510 1.0047 50.1 62.0

Table14: Wholecorecalculationsfor apoolof 8PWRswith targetburnupsof 50
GWD/THM.
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Fractionin weight%
Case Origin Pu238 Pu239 Pu240 Pu241 Pu242 Am241 Pu f is

M1 UOX BE 1.6 59.0 23.1 9.0 5.9 1.4 68.0

5x9.6kg M1 1.6 59.0 23.1 9.0 5.9 1.4 68.0
M2 6.7kg M1Y 1.5 61.6 24.1 5.8 6.1 0.9 67.4

40.5kg M2 2.8 44.2 30.0 10.9 10.4 1.7 55.1
Mixture 95.2kg 2.1 52.9 26.1 9.6 7.8 1.5 62.5

5x9.6kg M1 1.6 59.0 23.1 9.0 5.9 1.4 68.0
M3 31.9kg M2Y 2.8 46.5 31.6 7.1 10.9 1.1 53.6

51.4kg M3 3.2 42.0 30.7 10.7 11.7 1.7 52.7
Mixture 131.3kg 2.5 49.3 28.1 9.2 9.4 1.5 58.5

5x9.6kg M1 1.6 59.0 23.1 9.0 5.9 1.4 68.0
M4 55.2kg M4 3.1 44.2 32.3 7.0 12.3 1.1 51.2

62.9kg M3 3.4 40.4 31.6 10.3 12.7 1.6 50.7
Mixture 166.1kg 2.8 47.0 29.4 8.8 10.6 1.4 55.8

4x9.6kg M1 1.6 59.0 23.1 9.0 5.9 1.4 68.0
M5 2x74.5kg M4 3.6 39.3 32.3 9.8 13.5 1.5 49.1

Mixture 187.4kg 3.2 43.3 30.4 9.6 11.9 1.5 52.9

4x9.6kg M1 1.6 59.0 23.1 9.0 5.9 1.4 68.0
M6 2x90.8kg M5 3.9 37.7 32.7 9.5 14.7 1.5 47.2

Mixture 220.0kg 3.5 41.4 31.0 9.4 13.2 1.5 50.8

4x9.6kg M1 1.6 59.0 23.1 9.0 5.9 1.4 68.0
M7 2x100.8kg M6 4.1 36.5 33.0 9.2 15.8 1.4 45.7

Mixture 240.0kg 3.7 40.1 31.4 9.2 14.2 1.4 49.3

M1,M2...M7: 7 yearscoolingand3 yearsfabricationtime
M1Y ,M2Y : 17yearscoolingand3 yearsfabricationtime

Table15: Summaryof plutoniummixing for targetburnupsof 33GWD/THM.
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Plutoniumin kg/TIHM Plutoniumin
Case Reactor Proreactor Balance kg/GWeYear

Input Output Reactor Pool Reactor Pool Mean
1 U - 9.6 +9.6 +57.6 +260.2 +1561.2 +260.2
2 M1 50.9 40.5 -10.4 +37.6 -281.9 +1019.1 +169.9
3 M2 63.3 51.4 -11.9 +36.1 -322.5 +978.4 +163.1
4 M3 88.8 74.5 -13.2 +33.7 -387.6 +913.4 +152.2
5 M4 106.5 90.8 -15.7 +22.7 -425.5 +615.2 +102.5
6 M5 117.0 100.8 -16.2 +22.2 -439.1 +601.7 +100.3
7 M6 120.8 104.4 -16.4 +22.0 -444.5 +596.3 +99.4

IdentificationsU,M1,M2..M6like table8.

Table16: Plutoniummassesin apoolof 6 PWRswith targetburnupsof 33GWD/THM.

Target- Pu-balance UOX U235

burnup (Kg/TIHM) / enr.
(GWD/THM) UOX MOX MOX (%)

33 +9.6 -16.2 0.6 0.7..1.0
40 +10.6 -18.5 0.6 2.0..2.5
50 +11.9 -21.0 0.6 3.5..4.0

Table17: Resultsfor nearequilibriumcyclesin poolsof PWRswith UOX andMOX fuel.
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6 Plutonium recyclingand safetyrelatedparameters.

Fromearlierinvestigations,e.g.in reference[1], it is well-known thattheplutoniumpartition
in theMOX fuel of PWRsis limited if safetymarginshaveto bepreserved.Themostimpor-
tantreasonfor this limitation is thebehaviour of thecoolantdensityreactivity coefficient,see
section5.1.2.Thesecondimportantsafetyparameter, thepromptfuel temperaturereactivity
coefficient(Dopplereffect), is lesssensitiveto theMOX contentandto thelayoutof thefuel,
seee.g.chapter6.1.3in reference[1]. In thenext sectionssomeinvestigationsrelatedto the
coolantdensityreactivity coefficientsarepresented.Both latticeandwholecorecalculations
areperformed.

6.1 Coolant density reactivity coefficientsof fuel lattices.

A first indication for the coolantdensityreactivity coefficients of a reactorsystemis the
reactivity changedue to the total removal of the coolantfrom the basicfuel lattice (void
effect).

Thevoid reactivity

∆K∞ ZVoid V K∞ ZVoid [ K∞ Z Normal (17)

mustbesufficiently negative.Otherwisemoreaccuratewholecorecalculationsarerequired.

Thefigures18 and19 show K∞ curvesasa functionof fuel burnupfor 2. and3. generation
plutoniumfrom dischargeburnupsof 50GWD/THM. Startingfrom UOX latticeswith 4.5%
U235 enrichmentand50GWD/THM dischargeburnupthe1. generationplutoniumis mixed
with naturaluraniumto MOX1. TheMOX1 is irradiatedup to 50GWD/THM burnup,using
5%Pu f is enrichment.Theproduced2. generationplutoniumis useddirectlyin thenext core,
without blendingit with betterquality plutonium. In this case5.8%Pu f is enrichmentwith
naturaluraniumgivesMOX2. Theirradiationof MOX2 upto 50GWD/THM leadsto thebad
quality 3. generationplutonium. For this 3. generationplutoniumburnupcalculationshave
beenperformedfor 2 fuel composotions:7.5% Pu f is with naturaluraniumand6% Pu f is
with 2%U235 enricheduranium.

In the figure 18 we may observe, that for the 2. generationplutoniumwith 6% Pu f is no
problemsarisewith respectto coolantdensityreactivity coefficients.

For the3. generationplutoniumfigure19showslargepositivevoideffectsfor thecasenatural
uranium/7.5%Pu f is. Theuseof 2%U235 enricheduraniumenablesa decreaseto 6% Pu f is,
leadingto nearzerovoid effects. For suchfuel, moreaccuratewholecorecalculationsare
requiredto get sufficient knowledgeaboutthe coolantdensityreactivity coefficientsof the
reactor.

For the cases8, 9 and10 from the tables9 and10 andfor case8 from the tables14 and
15 first void effect investigationswereperformed.In figure20 theK∞ curvesfor theM6M
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latticeswith 5.5/6.0%Pu f is and2.2/1.9%U235 areplotted. Figure21 shows K∞ curvesfor
highercyclesof plutoniummulti-recycling with dischargeburnupof 40and50GWD/THM.
Theseresultsarenot sufficient to ensurethat thecoolantdensityreactivity coefficientshave
no impacton safetyaspectsof thePWR.This questiononly maybeclarifiedby wholecore
investigations.

6.2 Whole corecoolantdensity reactivity coefficients.

Dueto theleakagefrom thecore,in mostcasesthecoolantdensityreactivity coefficientsin
a realcorearemorefavourableasin thebasiclattices. In a first approximationthe leakage
may be taken into accountin lattice calculationsby meansof so-calledbucklings,e.g. the
geometricalbuckling definedby thegeometryof thereactor. Theleakagein theharderneu-
tron spectrumof thevoidedlattice is larger thanin thenormallattice, leadingto a negative
additionalcomponentto thevoid reactivity. A furthereffectcomesfrom theveryheterogeous
burnupdistributionin thecorewith a tendency to higherburnupsin thecenter, seee.g.figure
16. Thesmallerburnupnearthecoreboundaryleadsto anincreaseof theleakage,compared
to ahomogeneouscore.

For thecasesof section6.1thereforewholecorecalculationshavebeenperformedwith mod-
ified coolantdensities.SpecialHXSLIB librarieswith 50%of the nominalcoolantdensity
have beenpreparedfor usewith the codeARCOSI. With the restartoptionsof ARCOSI,
wholecorecalculationsmaybeperformedfor selectedcasesof theequilibriumcores.Begin
of life with maximumamountof boronin thecoolantandtheboron-freeendof life situation
havebeenchosen.Figure22showstheresultsof thesecalculations.Thecurvesareidentified
by numbers,representingPu f is andU235enrichment,numberof theplutoniumrecycling, tar-
getburnupandB10 contentin ppmin thecoolant.All coolantdensitydecreasesleadto clearly
negative reactivity effects. Thebegin of cycle conditionsaremoreunfavourablebecauseof
thelossof borontogetherwith thecoolant.For highertargetburnupstheneededboroncon-
centrationincreaseswith unfavourableconsequencesfor the reactivity changes.However,
this disadvantagemight bereducedby useof banksof controlrodsinsertedfor thebegin of
life condition.

Theresultsof reference[1] indicate,thatcoolantdensityreactivity curvesasfoundin figure
22aresatisfactoryfor thereplacementof thecoreof modernPWRs.
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Figure18: K∞ void effect for 2. generationMOX, 50GWD/THM dischargeburnup.
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Figure22: Coolantdensityreactivity coefficientsfor MOX PWRs.
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7 Massflow of transurania.

In this sectionthemassflowsof thetransuraniaisotopesareconsideredin moredetail. First
somebasicpropertiesof UOX andMOX latticesaresummarizedfrom earliersectionsin
orderto remindthe dependencies.Subsequentlythe transuraniamassflows in PWR pools
with plutoniummulti-recycling accordingto theproposedscenariowill beanalyzed.

7.1 Transurania buildup in UOX and MOX lattices.

Thetransuraniabuildup in PWRlatticesdependson latticedesignanddischargeburnupof
the fuel. In reference[1] somesystematicparametervariationsfor tight lattice light water
reactors(APWR)arepresented.Therelevantparameterfor transuraniabuildup in this study
is the conversionratio from fertile to fissile fuel isotopes. The conversionratio generally
increasesfor tighterlattices.Thismeansthatawiderreactorlatticewith moremoderatorwill
leadto a reductionof thetransuraniabuildup. In thepresentstudyno variationof thelattice
pitch (distancebetweenthecentersof neighbouringfuel rods)hasbeenperformed.This is
intendedin laterinvestigations.

Thediscussionof the tables2 to 4 andof thefigures2 to 6 in section3.3 give information
aboutthebuildupof transuraniain UOX latticesof modernPWRs.

In theMOX latticescounterbalancingeffectstakeplace.Ontheonehandthefissileplutonium
isotopesin thefuel aredestroyedby fissions,on theotherhandneutroncapturesin U238 and
in theplutoniumisotopesleadto theproductionof new plutoniumisotopes.Thetables9, 13,
16 and17 show netdisappearanceof plutoniumfor severalfuel andburnupconditions.The
shift of theplutoniumisotopicdistribution to thehigherisotopesclearlymaybeobservedin
thetables8, 12and15andin thefigures4 to 6.

7.2 Transurania buildup in PWR pools.

In section5.3 investigationsfor poolsof PWRswith UOX andMOX coreshave beenper-
formed. The transuraniabuildup per UOX andMOX reactorin thesepoolsis summarized
in table18 for 3 target burnupsandfor up to 8 plutoniumrecyclings. Themostsignificant
effect is theconsiderablereductionof plutoniumandtheassociatedsignificantincreaseof the
Am243 buildup in theMOX coresby morethana factorof 10.

The influenceof plutonium multi-recycling on the buildup of transuraniais shown in the
figures23 to 28. For the comparisonsa normalizationto GWe installedreactorpower is
chosen.Thisproceduretakesinto accountthatthepoolshavedifferentnumberof reactorsfor
thedifferenttargetburnups.However, thedifferentloadfactorsfor thefixedperiodsbetween
reloadingsarenot consideredwhennormalizingto generatedelectricpower. In figure 23
theplutoniumbuildup is shown for a targetburnupof 40 GWD/THM. The influenceof the
MOX coresclearlymay beobserved. In the caseof 3 MOX corescontributing to the total
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Reac- Transuraniain kg/TIHM
tor 33GWD/THM 40GWD/THM 50GWD/THM

Pu Np237 Am243 Pu Np237 Am243 Pu Np237 Am243

U +9.6 0.425 0.100 +10.6 0.543 0.126 +11.9 0.712 0.210
M1 -10.4 0.248 1.086 -14.7 0.287 1.405 -21.8 0.344 2.119
M2 -11.9 0.247 1.413 -16.2 0.286 1.776 -21.4 0.414 2.437
M3 -13.2 0.246 1.704 -17.6 0.285 2.101 -21.2 0.450 2.666
M4 -14.3 0.243 1.949 -19.4 0.281 2.495 -21.2 0.481 2.921
M5 -15.7 0.240 2.258 -18.7 0.313 2.641 -20.9 0.508 3.100
M6 -16.2 0.247 2.471 -18.4 0.350 2.891 -20.9 0.522 3.253
M7 -16.4 0.252 2.599 -18.5 0.354 2.989 -21.0 0.532 3.388
M8 -21.0 0.543 3.579

IdentificationsU,M1,M2..M7from table8.

Table18: Transuraniamassesfor poolsof PWRswith differenttargetburnups.

numberof 7 PWRs,anetplutoniumincinerationtakesplace.After the8 cyclesastabilisation
of theplutoniuminventoryis foundat a level of abouthalf thevalueto bereachedwithout
recycling until thattime. Figure24showsthesamecurvesfor 3 targetburnups,33,40and50
GWD/THM. We canobserve, thatanincreaseof thetargetburnupleadsto a smalldecrease
of plutoniumbuildup if no recycling is applied(in-situ incinerationof plutonium). In the
recycling casesthetendenciesfor all targetburnupsarethesame.

The figures25 and26 show the isotopiccompositionsof the plutoniumdependingon the
numberof recyclings. Both the unloadedandthe loadedplutoniumshow a tendency to a
steadystatecomposition.Thechangesafterabout8 cyclesarefairly small.

Thefigures27 and28 show thebuildup of Np237 andAm243 for thesamecasesasin figure
24. TheNp237 buildup in figure27 increaseswith increaseof thetargetburnup,whereasthe
multi-recycling leadsto adecrease.Theinfluencesonly aremoderate.TheAm243 buildup in
figure28showsasignificantincreaseif without recycling thetargetburnupis increasedfrom
40 to 50 GWD/THM. Much morepronouncedis the increasedueto themulti-recycling. In
this casethebuildupsof Np237 andAm243 reachthesameorderof magnitudeafterabouta
century.

61



0.
0

10
.0\

20
.0\

30
.0\

40
.0\

50
.0\

60
.0\

70
.0\

80
.0\

T
im

e 
(y

ea
rs

)

0.
0

2.
0

4.
0

6.
0

8.
0

10
.0

12
.0

14
.0

16
.0

18
.0

20
.0

Pu content (Ton/GWe)

N
or

m
al

iz
ed

 p
lu

to
ni

um
 b

ui
ld

up
 in

 P
W

R
s

B
as

ed
 o

n 
40

 G
W

D
/T

H
M

, 3
 c

yc
le

s,
 1

05
 T

IH
M

 in
 1

30
0 

M
W

e 
re

ac
to

rs
 

f

N
o 

M
O

X

1 
M

O
X

2 
M

O
X

3 
M

O
X

Figure23: PlutoniumbuildupperGWeat40GWD/THM burnupin MOX PWRs.

62



0.
0

10
.0g

20
.0g

30
.0g

40
.0g

50
.0g

60
.0g

70
.0g

80
.0g

90
.0g

10
0.

0g

T
im

e 
(y

ea
rs

)

0.
0

2.
0

4.
0

6.
0

8.
0

10
.0

12
.0

14
.0

16
.0

18
.0

20
.0

Pu content (Ton/GWe)

P
u 

bu
ild

up
 in

 P
W

R
s,

 n
or

m
al

is
ed

 to
 in

st
al

le
d 

G
W

e
B

as
ed

 o
n 

3 
cy

cl
es

, 1
05

 T
H

M
 in

 1
30

0 
M

W
e 

re
ac

to
rs

 

h

33
 G

W
D

/T
H

M
, o

nl
y 

U
O

2

33
 G

W
D

/T
H

M
, w

ith
 M

O
X

40
 G

W
D

/T
H

M
, o

nl
y 

U
O

2

40
 G

W
D

/T
H

M
, w

ith
 M

O
X

50
 G

W
D

/T
H

M
, o

nl
y 

U
O

2

50
 G

W
D

/T
H

M
, w

ith
 M

O
X

Figure24: Plutoniumbuildup in PWRsfor 33,40and50GWD/THM.

63



1i

2`
3j

4a

5k

6b

7l

8c

nu
m

be
r 

of
 r

ec
yc

lin
gs

0.
0

10
.0

20
.0

30
.0

40
.0

50
.0

60
.0

Weight % m

P
lu

to
ni

um
 is

ot
op

ic
 c

om
po

si
tio

ns
 fo

r 
m

ul
ti 

re
cy

cl
in

g
B

as
ed

 o
n 

3 
cy

cl
es

 in
 1

30
0 

M
W

E
 r

ea
ct

or
s,

 lo
ad

ed
 fu

el
 

Lo
ad

ed
 p

lu
to

ni
um

P
u24

0

P
u24

2

P
u24

1

40
  5

0 
G

W
D

/T
H

M
 b

ur
nu

p

P
u23

9

Figure25: Changesof thecompositionof theloadedplutoniumfor multi-recycling in PWRs.
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Figure28: Am243 buildupperGWe in MOX PWRs.
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8 The useof recycleduranium.

The resultsof section7.2 indicate,that plutoniummulti-recycling in PWRsmay leadto a
drasticdecreaseof the long termplutoniumbuildup. Prerequisitefor sucha scenariois the
establishmentof aclosedfuel cyclewith sufficientreprocessingandassociatedMOX refrabi-
cationcapacity. However, duringthereprocessingof spentnuclearfuel not only transurania
but alsolargeamountsof reprocesseduranium(RU) becomeavailable.Theamountof RU in
thespentfuel from amodernUOX PWRcoreis about950kg RU/THIM. Until now this RU
usuallygoesinto intermediatestorage.Thecompositionof theRU stronglydependson the
startingconditionsandon the irradiationbehaviour. In mostcasesin UOX fuel assemblies
from PWRstheU235 is burnedout below about1%. The o n p γ q reactionsin U235 have lead
to a significantbuildup of U236. Furtherthe o n p 2n q and o n p 3n q reactionsin themainheavy
isotopeshave producedsmallamountsof U232, U233 andU234. Theratio betweenU236 and
U235 dependson the startingU235 enrichmentin the fuel andon the discharge burnupand
usuallylies betweenX 0.50and X 0.75. Similar phenomenaoccurduring the irradiationof
MOX fuel assemblies.

Themain problemfor the useof RU in PWRsis the buildup of the absorberisotopeU234.
Moreover, the small U232 partition may causeproblemsdue to the hard γ-radiationof its
successorisotopeTl208. Thereuseof reprocesseduraniumin PWRfuel assembliesmaybe
realizedby two alternativemethods:

1. Enrichmentof the RU to the requiredlevel for usein a PWR. In this procedurealso
U232 andU234 areenriched.Recentlysomeactivities areongoingto make available
enrichmentcapabilitiesfor RU [21].

2. Blendinghigh enricheduraniumwith the RU to obtainthe requiredfuel enrichment.
With thissolutionadditionalamountsof depleteduraniumareproduced.

Bothmethodshavecertainadvantagesanddisadvantages.Enrichmentof theRU needstrans-
port from thereprocessingunit to theenrichmentunit. This transportroutemaybekeptshort
if bothunitsarein thesamenuclearfuel cyclepark.Blendingof highenricheduraniumwith
theRU needshigherenricheduraniumwith high separationcostsandpossibleproblemsre-
gardingnon-proliferationaspects.In thenext sectionsestimatesfor therequiredenrichments
andfor theamountsof theuraniumto bemixedwith theRU arediscussed.Firstpreliminary
costsestimatesarealsogiven.

8.1 Estimatesfor the uranium to bemixed with RU.

The useof freshuraniumrequiresU235 enrichmentsvarying from X 3.2%for a target bur-
nup of 33 GWD/THM to X 4.5% for a target burnupof 50 GWD/THM. The reprocessed
uraniumRU may be convertedto useablefuel for a PWR by mixing it with a rathersmall
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fractionof fairly highenrichedfreshuranium.If we neglectthereprocessinglossesasa first
approximation,thefollowing expressionis valid:

F W fF V O W fO r B W fp (18)

with

F total loadquantity
O quantityof reprocesseduranium(RU) from theprecedingreactorcycle
B quantityof freshhigherenricheduranium
fF enrichmentin thereloadingfuel
fO enrichmentRU
fp enrichmentfreshuranium

Furtherwehave

F V O r B (19)

From(18)and(19) follows

fp V fF r O Wso fF [ fO q
B

(20)

In table19someresultsof inventorycalculationsfor UOX fuel assembliesin PWRsaresum-
marizedfor 3 burnupstages.TabulatedaretheBOC andEOCcompositionsof theuranium,
theEOCratioU236/U235 andthecharacteristicsof theneededfreshuranium.For thesecal-
culationstheassumptionis made,thattheenrichmentfor thereloadingcoresis constant.The
resultsfor thesucceedingMOX coresshow, that thebuildup of U234 leadsto theneedfor a
smallenrichmentincrease.

In table20resultsfor selectedcasesfrom theinvestigationsfor poolsof PWRsin section5.3
aresummarized.Theselectedreactorcycles7 and9 arenearto equilibriumcycles.For the
calculationsit is assumedthat thereprocesseduraniumfrom theseselectedcyclesis reused
for thefirst time, i.e. not from thebeginningof theplutoniumrecycling. In additionto the
parametersof table19, informationaboutthenumberof theplutoniumrecyclingsandabout
the reactivity impactof theU234 andU236 isotopesis given. ∆KRU givesthe differencesin
K∞ if insteadof fresh,reprocesseduraniumis used.The last row of table20 shows that for
the9. plutoniumrecycling for a targetburnupof 50GWD/THM, theU235 enrichmentof the
freshuraniummustbe increasedby about0.2%to obtainthe samereactivity at the endof
cycle if RU is used.
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8.2 Costestimatesfor useof reprocesseduranium.

Theuseof reprocesseduranium(RU) mayleadto theneedfor fairly high enricheduranium
to be mixed with the RU in order to get sufficient reactivity. The separationcostsfor the
uraniumenrichmentincreasesmore thanproportialwith the requiredenrichment. On the
basisof thefollowing data,costestimateshavebeenmadein reference[22].

Unat 0.71%U235

Utail 0.25%U235

Uraniumseparationwork (USW) 100$/kg
Naturaluranium+ conversion 30$/kg

From thesespecifications,in table21 crudeestimatesaremadefor the costsof fr eshen-
riched uranium andof RU blended by high enriched fr eshuranium . The numbersare
relatedto 1 tonof uranium.Theseestimatesonly concerntheuraniummaterialcostswithout
consideringpossibleconsequencesfor thefuel fabrication.Costestimatesfor theenrichment
of RU have not beenperformed.We mayobserve, that for theUOX fuel assembliesno sig-
nificantdifferencesoccur. In thecaseof MOX fuel assemblieswith enrichedU235 theuseof
reprocesseduraniumseemsto befavourable.

Importantadvantagesof thereuseof reprocesseduraniumarethesavingof uraniumresources
andthereductionof storagecapacityfor spentfuel.
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Burnup BOC EOC Ratio Fresht
(GWD/ U235 uraniumvector(%) U236/ U235 perTIHM
THM) (%) 234 235 236 238 U235 (kg) (%)

33 3.2 0.00 0.84 0.43 98.73 0.51 44.7 53.6
40 4.0 0.00 1.04 0.56 98.40 0.54 52.8 57.1
50 4.5 0.00 0.92 0.67 98.41 0.73 64.6 56.3

t Resultsfrom formula(20) for fF = constant.

Table19: Selectedresultsfor UOX loadingsin PWRs.

Burnup BOC EOC Ratio Fresht EOC‡

(GWD/ Cycl. U235 uraniumvector(%) U236/ U235 perTIHM ∆KRU

THM) (%) 234 235 236 238 U235 (kg) (%)
33 7 1.0 0.01 0.70 0.08 99.21 0.11 22.1 12.7 -0.0013
40 7 2.0 0.01 1.33 0.19 98.47 0.14 27.8 22.6 -0.0023
50 7 3.3 0.02 2.04 0.35 97.61 0.17 36.5 32.5 -0.0040
50 9 3.8 0.02 2.39 0.39 97.20 0.16 37.0 35.7 -0.0038
50 9 4.0† 0.03 2.54 0.76 96.66 0.30 37.6 36.6 -0.0007u

t Resultsfrom formula(20) for fF = constant.
‡ ∆KRU V K∞ Z noU6 [ K∞ ZwithU6
† RU loadingwith 0.69%U236 and0.02%U234

u Relatedto 3.8%U235 enrichmentwithoutU236

Table20: Selectedresultsfor MOX loadingsin PWRs.

FA- Burnup Freshuranium RU
type (GWD/THM) % U5 kg $/kg $ % U5 t kg t $/kg $
UOX 33 3.2 1000 610 610.000 53.6 44.7 15.490 690.000
UOX 40 4.0 1000 830 830.000 57.1 52.8 16.550 870.000
UOX 50 4.5 1000 960 960.000 56.3 64.6 16.310 1.054.000
MOX 33 1.0 1000 80 80.000 12.7 22.1 3.300 73.000
MOX 40 2.0 1000 305 305.000 22.6 27.8 6.200 172.000
MOX 40 3.3 1000 640 640.000 32.5 36.5 9.200 336.000
MOX 50 3.8 1000 770 770.000 35.7 37.0 10.100 374.000
MOX 50 4.0 1000 830 830.000 36.6 37.6 10.400 391.000

t Resultsfrom formula(20) for fF = constant.

Table21: Comparisonof thefuel costsfor freshandreprocesseduraniumfor PWRs.
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9 Summary.

Thebackendof thenuclearfuel cycle is of large importancefor thenearfuture. Thespent
fuel from nuclearpowerplantscontainslargeamountsof heavy isotopesandfissionproducts
with partiallyvery longdecaytimes.Theatomicactin Germany prescribedfor a longperiod
of timetherecycling of thespentreactorfuel for theusefor furtherenergy production.How-
ever, a recentamendmentalsoallows thedirectdisposalof thespentfuel. Theobjective of
thepresentinvestigationsis to gainknowledgefor thejudgementof possibleoptionsfor the
backendof thenuclearfuel cycle. Themainemphasisis directedto thethepressurizedlight
watercooledreactors(PWRs),beingcurrentlythemostutilizedreactortype.

In section2 the characteristicsof importantheavy isotopesare discussed.For long term
investigationsmainlymostof theplutoniumisotopesandNp237, Am241 andAm243 haveto be
consideredin moredetail.For verylongirradiatedfuel alsothecuriumisotopesCm245 246 247

maybecomeof interest.

In section3 basicinvestigationsfor fuel latticesof modernPWRsaredescribed.Theapplied
calculationalproceduresarediscussedin somedetail. Parametricinvestigationsarecarried
out to analyzethetransuraniabuildup in UOX latticesin dependenceof thefuel enrichment
andof thedischargeburnup. Generally, an increaseof thedischargeburnupin PWRs,due
to thein-situ burningof plutonium,leadsto a decreaseof thespecificplutoniumproduction
andto an increaseof the neptuniumandthe americiumbuildup. The fissile contentof the
plutoniumdecreaseswith increasingburnup.An importantquestionfor theuseof plutonium
in PWRsis theequivalency of fuel assemblieswith uraniumandmixeduranium/plutonium
oxide in the samePWR core,becausethis is the actualappliedmethodfor the utilization
of theplutoniumcomingfrom nuclearfuel reprocessingplants.On thebasisof experiences
with MOX fuel in GermanandFrenchPWRs,a relationfor theendof cyclevaluesof K∞ in
both fuel typescould be specified.The new relationleadsto lower valuesfor the required
plutoniumenrichmentof theMOX fuel, comparedto theresultsin earlierstudies.

In section4 exploratorywhole corecalculationsfor full MOX PWRsarepresented.The
calculationalproceduresfor theseinvestigationsarediscussedin somedetail.They havebeen
developedfor earlierstudiesfor advancedpressurizedwaterreactors[1]. Theprimaryaim
of thepresentwholecorecalculationsis to investigatethecapabilitiesfor plutoniummulti-
recycling in PWRs. The resultsshow, that plutoniummulti-recycling in PWRsis feasable
for a limited numberof recyclingsif depletedor naturaluraniumis to beusedfor theMOX
fuel andsafetyrelatedparametershave to bemaintained.Theallowednumberof recyclings
dependsmainly on the discharge burnupsof the fuel assemblies,on the mixing strategies
for therecycledplutoniumandon thequality of theuranium.Thedetoriationof thecoolant
densityreactivity coefficientslimits theplutoniumfissilefractionof theMOX fuel to X 6%.

In section5 long termconsiderationsfor plutoniumrecycling in PWRsarepresented.These
investigationsarebasedon a scenariowith poolsof PWRs,consistingof only UOX cores
at the beginning. As soonasenoughplutoniumis producedin this pool, UOX coresare
replacedby full MOX cores. For the ex-core times, 7 yearsof cooling and reprocessing
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time and3 yearsof fabricationtime arechosen. The investigationshave beenperformed
for discharge burnupsof 33, 40 and 50 GWD/THM. The plutoniumfor the next cycle is
obtainedby mixing all availableplutoniumfrom the UOX andthe MOX cores.Thefissile
fraction of the plutoniumis limited to X 6%; if neccessaryenrichedU235 is usedto meet
criticality conditions.Thisscenariofor plutoniummulti-recycling leadsto anearequilibrium
plutoniumcompositionwith constantinventoryafterabout100years.At thistimetheamount
of plutoniumis abouthalf thevalue,comparedto ascenariowithoutplutoniumrecycling.

In section6 first investigationsfor safetyrelatedparametersarediscussed.Themostrelevant
safetyparametersarethe fuel temperaturereactivity effect (Dopplereffect) andthecoolant
densityreactivity effect. In reference[1] it wasfound, that the Dopplereffect is not very
sensitive to the changefrom UOX to MOX fuel. Thereforeno specialinvestigationswere
performedfor this study. For the coolantdensityreactivity coefficients a first indication
may be obtainedby calculationsfor voided lattices. If suchcalculationsgive sufficiently
negative reactivity effects,ase.g. for UOX lattices,no further investigationsarerequired.
If the fissile plutoniumcontentof the MOX fuel exceedsX 6%, the lattice voiding effects
changefrom lessnegative to positive. In suchcasesmoreaccuratewholecorecalculations
arenecessary. For selectedcasesfrom the precedingwhole corecalculations,first coolant
densityreactivity effectshave beendetermined.With thehelpof specialdatalibrarieswith
reducedcoolantdensities,thereactivity changesat thebegin andtheendof thereactorcycle
havebeencalculatedfor half thenominalcoolantdensity. Theresultsof theseinvestigations
indicate,thatno problemswith coolantdensityreactivities occurfor thereactorsof thepool
scenario,describedbefore.

In section7 the massflows of the transuraniahave beenanalyzedin moredetail. For the
buildup of transuraniain a scenariowithout plutoniumrecycling the influenceof the dis-
chargeburnupandof theU235 enrichmenthave beenconsidered.Higherdischargeburnups
leadto morein-situ incinerationof plutoniumwith theconsequencesof lessspecificamounts
of plutoniumof worsequality with a smallerfissionfraction andof morebuildup of nep-
tunium andespeciallyamericium. HigherU235 enrichmentsact againstthesetrends. The
influenceof plutoniumrecycling on the massflows of the transuraniahasbeenstudiedfor
thepoolscenarios,mentionedbefore.As statedabove,afterabout80yearsanearlyconstant
plutoniuminventorymay be reachedat abouthalf the level without recycling at that time.
Thismeansthatlargesavingsof plutoniumbuildupmaybeobtainedby plutoniumrecycling
in PWRs. Thebuildup of neptuniumis not sensitive to plutoniumrecycling. However, the
buildup of americiumreachesthe sameorderof magnitudeasthe neptuniumif plutonium
recycling is applied.Otherwisetheamountsof americiumaresignificantlysmallerthanthe
amountsof neptunium.

In the last section8 someaspectsof the reuseof recycled uraniumfrom the spentfuel are
discussed.Thebuildupof theabsorberisotopeU234 is disadvantageousfor theusein PWRs.
First estimatesindicatetheneedof anincreaseof theU235 enrichmentof X 0.2%if uranium
after1 reprocessingis used.For theenrichmentof reprocesseduranium,2 alternativemeth-
odshavebeenanalyzed:treatingthereprocesseduraniumin anenrichmentfacility or mixing
thereprocesseduraniumwith highly enrichedfreshuranium.Preliminarycostsestimatesin-
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dicate,thatbothmethodsarecomparablefor thereprocessingof UOX fuel assemblies.In the
caseof MOX fuel assemblies,theblendingof thereprocesseduraniumwith highly enriched
freshuraniumseemsfavourable.
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