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Abstract.

Thebaclendof the nuclearfuel cycle is of large importancefor the nearfuture. The Germanatomic
actnow allows boththe directdisposalandthe reprocessingf the spentfuel from nuclearreactors.
Nowadaysmostof therunningnucleareactorsn theworld arebasednlight watertechnologywith a
preferencdor pressurizedvaterreactor{PWR).In thepresenstudysystematiénvestigationselated
to the buildup of transuranian PWRsaredescribed.

For a scenariowithout reprocessingparametricvariationsof the dischage burnup and of the U23°
enrichmenthave beenperformed. Generally an increaseof the dischage burnupin PWRs,dueto
the in-situ burning of plutonium,leadsto a decreas®f the specificplutoniumproductionandto an
increaseof the neptuniumand especiallyof the americiumbuildup. Higher U23® enrichmentsact
againstheserends.Thefissile contentof the plutoniumdecreasewith increasingournup.

Fromthe viewpoint of sarzing enegy resourcesit is advantageouso applyreprocessin@f the spent
fuel. Plutoniumregycling in PWRsis alreadya proventechnologye.g. in Franceandin Germay.

In theseapplicationdPWR corespartly arefueledwith uranium/plutoniunmixed oxide (MOX) fuel

assembliesThe equivaleny of uraniumoxide (UOX) andMOX fuel assembliesn the samePWR
core have leadto someproblemsin the past. Basedon experiencesn Frenchand GermanPWRs,
a specificatiorfor thefissile fraction of the MOX fuel hasbeenderived. The problemof plutonium
multi-regscling in PWRshasbeenstudiedwith the helpof wholecorecalculationgor full MOX cores
with appropriatescenariogor the massflows. Thesewhole corecalculationsneedfissile plutonium
fractionsin accordancevith the resultsof the investigationdor the equvaleny of UOX andMOX

fuel assembliesnentionedbefore. The analysisof the coolantdensityreactvity coeficientindicates
thatthe plutoniumfissile fraction shouldbe limited to ~6%, if safetyrelatedparametersave to be
maintained.Thelong terminvestigationsarebasedon a scenariowith poolsof PWRs,consistingof

only UOX coresatthe bgginning. As soonasenoughplutoniumis producedn this pool, UOX cores
arereplacedby full MOX cores. For the ex-core periods,7 yearsof cooling andreprocessingime

and3 yearsof fabricationtime are chosen.The plutoniumfor the next cycle is obtainedby mixing

all available plutoniumfrom the UOX andthe MOX cores. The fissile fraction of the plutonium
is limited to ~6%; if necessaryenrichedJ?3® is usedto meetcriticality conditions. This scenario
for plutonium multi-regycling leadsto a nearto equilibrium plutonium compositionwith constant
inventory after about60 to 80 years. At this time the amountof plutoniumis abouthalf the value,
comparedo a scenariowithout plutoniumregycling. This meansthat large savzings of plutonium
buildup may be obtainedby plutoniumregycling in PWRs. The buildup of neptuniumamountsto

5..6%o0f theplutoniumin onecycle andis not sensitve to plutoniumregycling. However, the buildup

of americiumreacheshe sameorderof magnitudeastheneptuniunif plutoniumregycling is applied.
Otherwisethe amountsof americiumaresignificantlysmallerthanthoseof neptunium.

In a closedfuel cycle with plutoniumregycling also large amountsof regycled uranium(RU) are
produced Preliminarycalculationsndicatethatthis RU alsomaybe usedin PWRs.The enrichment
of this RU mayberealizeddirectly in anenrichmenplantfor RU or by blendingwith smallamounts
of highly enrichedfreshuranium.



Untersuchungenzum Aufbau von Transuranenin Druckwasserreaktoren.
Kurzfassung

Die Entsogungder nuklearenAbfalle ist einesder wichtigen Problemefiir die naheZukunft. Das
deutscheAtomgesetin seineraktuellenFassungerlaubtsonvohl die Wiederaufbereitunglsauchdie
direkte Endlagerungvon abgebrannte®rennelementeBE). Die meistenin Betrieb befindlichen
Kernreaktorerauf der Welt beruhenauf der LeichtwasserTechnologie mit einer Bevorzugungvon
DruckwasserreaktorefDWR). Die vorliegendeArbeit beschreibeineReihevon systematischetdn-
tersuchungeaum Aufbauvon Transuranein DWR.

Fir ein SzenariomhneWiederaufbereitungvurdeder Aufbauvon Transuraneils FunktiondesEnt-
ladeabbrandand der AnfangsanreicherungesUransparametriscluntersuchtim allgemeineryilt,
daf3- wegender in-situ VerbrennunglesPlutoniumsim Urankern - eine ErhbhungdesEntladeab-
brandszu einer VerringerungdesspezifischerPlutoniumaufbausind zu einererhbhtenErzeugung
von Neptuniumundinsbesonderdmericiumfihrt. Eine ErhdhungderUrananreicherungirkt die-
senTrendsentggen. Der Anteil anspaltbarersotopenim Plutoniumnimmtbei einerZunahmedes
Entladeabbrandsh

Aus der Sichtder Schonungvon Enegie Ressourcetist eine Wiederaufbereitungler abgebrannten
Kernbrennstdé vorteilhaft. Dabeiwird PlutoniumRezyklierungim DWR bereitsin Frankreichund
Deutschlancerfolgreichpraktiziert. Bei diesenAnwendungerwerden30 bis 50% der BE in einem
bestehendetdOX-Kern durch (UPu)O, (MOX) BE ersetzt. Bei den Untersuchungeim FZK be-
standangereZeit Unklarheitiiberdie Aquivalenzkriterierfiir UOX- undMOX-BE im gleichenDWR
Kern.In dervorliegenderArbeitwird einsolcheKriterium vorgeschlagenEsberuhtaufErfahrungen
mit dem Einsatzvon MOX-BE in franZsischerund deutschedWR und wurdeauchdurcheigene
Gesamtkrnrechnungefiir Voll-MOX Kernebesttigt. Die Analysender KihimitteldichteReakti-
vitatsloefizientenzeigendalR3der Anteil anspaltbarenlutoniumim MOX ~6% nichtiberschreiten
soll, wenn die Sicherheitseigenschaft des Reaktorsbeibehalterwerdensollen. Die Plutonium
Mehrfach-Rezyklierungvurde fur ein Szenariummit einemPool gleicherDWR eingehendunter
sucht. Bei diesemModell sind am Anfang nur UOX-Kernevorhanden. Sobaldim Pool gerugend
Plutoniumerzeugtwordenist, werdenUOX-K ernedurchMOX-K erneersetzt.Bei denRechnungen
wird 10 JahreUmlaufzeitangenommenDasin MOX-K ernenerzeugtePlutoniumwird mit demPlu-
toniumdernochim PoolvorhandenetJOX-K ernevermischt. Der Spaltstof Anteil desPlutoniums
im MOX Brennstoff wird auf 6% begrenzt; falls erforderlichwird angereichertes) 23> verwendet,
um die Kritikalit atsanforderugen zu erfullen. DiesesSzenariunfiuhrt nachetwa 60 bis 80 Jahrerzu
einemquasi-statioarenPlutoniuminventaraufeinemNiveauvon etwa derHalfte desFallesohneRe-
zyklierungzu diesemZeitpunkt. Der Aufbau von Neptuniumbetiagt5..6%desPlutoniumsin einem
Zyklus undwird praktischnicht durchdie Rezyklierungbeeinflu3t.Die AmericiumMengedag@en
erreichtbei der Rezyklierungdie gleicheGrof3enordnungvie Neptunium,bleibt ohneRezyklierung
aberdeutlichgeringer

Bei einem geschlossenemrennstafkreislauf mit Plutonium Rezyklierungwerden grof3e Men-
gen an rezykliertemUran (RU) produziert. Vorlaufige Untersuchungerzeigen,dafR RU auchin
DWRs verwendetwerdenkann. Die erforderlicheAnreicherungdesRU kanndurch spezielleRU-
AnreicherungsanlagesderdurchVermischunglesRU mit hochangereicherterfrischenUranerzielt
werden.
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1 Intr oduction.

During the power generationn light waterreactorswith uraniumfuel the neutroncapturein
U238 principally leadsto the productionof Np?3° with a shortdecaytime to Pu?3%, Neutron
capturen secondanheavry isotopeghencausethe buildup of furthertransuraniaThe back-
endof thesetransuranias oneof the key problemsof nuclearpower generatiomowadays.
On the onehandthe main partof it is fissionableat thermalenegiesand canbe reusedn
light waterreactors.Onthe otherhandthe recovery of thetransuranidrom spentfuel needs
amoreexpensve closedfuel cycle. At presendirectdisposabndreprocessingf spentfuel
aretwo optionswhich maybe envisagedwith equalpriority in Germary (Amendmenbf the
NuclearLaw 1994).

Anotherimportantquestions thelongtermradiologicalimpactof theseransuraniasotopes,
having decayhalf-lifes of mary thousand®f years. Many investigationsarein progressn
orderto reacha reductionof the radiologicalconsequencesf nuclearenegy production.
Bothestablishegdystemdik e light waterandfastbreedereactorandmorefuturisticsystems
likeacceleratodrivensubcriticalblanketsarebeingconsideredor incineratiornof transurania
andfissionproductisotopes.

The presentstudy describesnvestigationsrelatedto the reductionof transuraniasotopes
during nuclearenegy productionwith PressurizedNater Reactors. Transuraniasotopes
buildup maybereducedy thefollowing means:

1. Reduction of the conversion ratio from fertile to fissile isotopesin the fuel. In
PWRsthis may be realizedby the applicationof betterthermalizedneutronspectra,
e.g. by the useof highermoderatompartitionsin the reactorlattices(wideningof the
lattice). Another possibility is the replacemenbf U238 by an alternatve resonance
absorbematerialin orderto avoid the buildup of Pu?3? but still keepa sufficiently
high Dopplercoeficient.

2. Increasingthe burnup of UOX fuel assembliesleadingto increaseglutoniumbur-
nupin the uraniumcore. The consequencef this higherplutoniumburnupis anin-
creasegroductionof neptuniumamericiumandcuriumisotopesMoreover, the con-
tent of the fissionabldsotopesPu?3® and Pu?4! in the unloadedplutoniumdecreases
with increasinguel burnup.

3. Plutonium recyclingin PWRs. This optionrequiresa closednuclearfuel cycle with
sufficientregycling capabilities.

In this studyburnupincreaseandplutoniumregycling will beinvestigated Corversionratio
decreasby latticemodificationsor substitutiorof U238in thefuel will betreatedn aseparate
investigation.Thefollowing topicswill be consideredn moredetail.

In chapter2 themaincharacteristicef thetransuraniasotopeswill bediscussed.

Chapter3 treatsthe fundamentakffects with the help of basiccell calculations. A short
descriptionof the appliedcalculationalmodelsandtoolsis given. Someparametricstudies

1



for UOX andMOX latticesareperformed.The specificbuildup perunit of generate@&negy
in PWRswith UOX fuel is investigated.

The problemof equivaleny of UOX andMOX fuel assembliesn the samecoreis investi-
gatedin somedetail.

In chapter4 whole core calculationsare presentedThesecalculationsarebasedon reactor
latticesof modernPWRs. In a first approximatiorthe fuel assemblycrosssectionsare di-

rectly takenfrom cell calculations.The counterbalancingffectsof irregularwategapsand
structuresn thefuel assemblhareneglected.

Thefull corecalculationsareperformedwith the calculationalprocedureslevelopedfor an
advancedpressurizeavaterreactorwith tight latticesdescribedn referencd1]. Treedimen-
sionaldiffusioncalculationdor full MOX coreswith hexagonalfuel assemblieareapplied.

The applicability of the proceduress confirmedby exploratory calculationsfor UOX fuel
latticesof actualrunningPWRs. Several scenariogor plutoniummulti-regycling in PWRs
aredescribed.

In chapters the regycling of selfgenerateglutoniumin a pool of identical PWRsis inves-
tigatedin somedetail. As soonasenoughplutoniumis available,an UOX coreis replaced
by a full MOX core. After a relatively small numberof regyclings the available plutonium
in sucha systemcontainsa considerabl@mountof the non-fissileisotopesPu?38, Pu?4% and
Pu?42, In the PWR spectrumthis requireshigh fractionsof plutoniumin thefuel to reachthe
targetfuel burnups which mayleadto undesirableoolantdensityreactvity coeficients.In

the presenstudythis problemis solvedby keepingthefissile plutoniumfractionPusis belov

~6% andusingenricheduraniumif requiredfor criticality reasons.

In chapter6 the massflovs of the transuranianeptunium plutonium,americiumandcurium
arestudiedin dependencef thetargetburnups.Both resultsof parametriaccell calculations
andof long terminvestigationgor poolsof PWRsarepresented.

Finally in chapter7 the possibleuseof reprocessedranium(RU) in PWRsis investigated.



2 Characteristics of transurania.

During the irradiation of uraniumneutroncapturedeadto transuraniasotopeswith very
differentcharacteristicsln table1 a numberof propertiesof theseisotopesaresummarized.
Thefollowing aspectsreconsidered.

1. Lifetime. Thelifetime of the generatedsotopesvariesfrom very shortlved (seconds)
to very longlived (thousandof years). The characteristiparameteis the half-life,
beingthetime neededo reducethe concentratiorby decayprocesseto half its initial
value.Thetalulateddataweretakenfrom referencq?2].

2. Fissionability. The mosteffective way to incineratetransuranias fission. Enegy
productionandfissionproductsarevery similar for fissionof all heary isotopes-Table
1 containsonggroupfissioncrosssectionsgeneratedby a standarctell calculationfor
aUOX lattice of amodernPWRwith 3.5%U %3° enrichment.

3. Incinerability . Incinerationmay be realizedby otherneutroncaptureprocessegke
Oc = O(ny) + O(na) +O(n,p) ANA0(n2n)-
Tablel containsoneggroupcrosssectiondor theseprocessefrom the samecell calcu-
lationsasspecifiedfor thefissioncrosssections.

4. Sourceof the heavy isotopes.Thelastcolumnof tablel specifiesthe mainorigins of
thesingleheavy isotopesThey have beendeterminedrom the calculationsmentioned
before.

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

Forisotopeswithoutonegroupcrosssectionsn table1 no datawasavailablefor thereactvity
calculationswith standard69-grouplibraries. In thesecaseshe depletioncalculationsare
performedwith onegroupdatafrom specialdepletionlibraries,derved from the KORIGEN
codesysten3], seealsoreferencdl].

The lacking datadoesnot play an importantrole for usualreactordepletioncalculations.
Specialinvestigationsg.g. for curium buildup, may needan extensionof the standards9-
grouplibrarieswith additionalisotopedik e Cr?43 andCr?®.

The columns2 and3 of table1 shav thatmostof the listedisotopesundego a-decaywith
stronglydiffering half-lifes.

Short half-lifes, e.g. of Pu?38, Cn?*3 and also Am?*! meanhigh radiationintensity with
consequencef®r manufcturing. This may leadto the requirementor expensve remote
fabricationtechniques.

Thelong decaytimescausdong termradiologicalhazardsourceswith difficult to estimate
risks.

Tablel alsoshaws, thatonly theisotopesPu?3? andPu?*! have favourablefissionproperties.
All otherisotopegmainly transferwithin tablel.

This meansthatonly afew isotopeshave to be consideredor long terminvestigations.
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1. For theelemenmneptunium theisotopeN p3” with T%:2.14106 years.

2. For the elementplutonium the isotopesPu?3® with Ty=2.411 10* years,Pu?4? with

T;=6550yearsand Pu242 with Ty=3. 76310° years. The isotopePu?38 causegprob-

Iemsdueto its a- radlatlonandheatgeneratlordurlngfuel fabricationanddecayswith
Ty= =87.74yearsto U234, TheisotopePu?*! decaysy B~-radiationwith Ty=14.4years

to Am?41,

3. For the elementamericium the isotope An?*3 with Ty=7370years. Am?AL with
T%=432.6yearsneed$pecialcaution.

4. For the elementcurium the isotopeCm?4° with T;=8500years. The isotopesCn?4?
with T3 =162.8days, CP*3 with T1=28. 5yearsandCrn244 with T1=18.11yearsdecay
by a- _radiationto Pu238, pu23°, P40

Onthe basisof this analysismainly all plutoniumisotopesandNp?3’, A4t and Am?42 are
consideredn moredetail.



Ea 1-gr. crosssection(barn) Mostimportant
Isotope T% ¥ (MeV) | <0f > | <0c> | <Op2n> | sourcesn aPWR
yz34 24710a | 4.7 - - - naturalisotope,
Pu238 decay
VESE - - 475 10.7 | 4.310 3 | naturalisotope
U%%® | 2.34210°a| 4.5 0.19 8.5 | 421073 [UZ(n,y),Pu**®decay
Uz 6.75d - - - - U238 (n,2n),U%(n,y)
uz3s - - 0.01 | 0.91 | 7.510°3 | naturalisotope
VS 23.5m - - - - U=3¥(n,y)
Np?3® 22.5h - - - - Np?37 (n,2n)
Np?’ | 2.141Pa | 4.8 0.48 | 354 | 25103 | Anr*landu?®’ decay
Np®38 2.117d - - - - Am?42M decayNp?3'(n,y)
Np?39 2.355d - 058 | 14.2 | 1.010°3 | UZ%andAn¥*3decay
Py23° 2.851a 5.8 - - - Np=°® decay Pu*® (n,3n)
Py-38 87.74a 5.5 2.45 34.9 | 251073 | Pu**°(n,2n)
Np?38 andCn?#2 decay
Pu”® |241110%0a| 5.2 | 1199 | 67.7 | 4.310°° | Np=“decayPu?¥(n,y)
Pu40 6550a 5.2 0.57 | 228.9 | 2.010° | Pu*¥(n,y), Pu?*!(n,2n)
Cn?* decay
Pu?*L 14.4a - 122.2 | 46.8 | 9.410°3 u240( y), Pu?#?(n,2n)
Pu’4? [ 3.76310°a| 4.9 0.40 30.0 | 351073 241(n,y), An?*2 decay
Pu?43 4.956h - - - - 242( Y)
Pu?* | 8.2610"a | 4.6 - - - Pu?*3(n,y)
Am?at 432.6a 5.5 1.35 | 127.8 | 25103 | Pu?* decayAmZ“Z(n, 2n)
Am@4am 141a - 736.5 | 149.9 | 251073 | Am?*(n,y#)
An¥*2 16h - 736.5 | 149.9 | 251073 | An¥*(n,y), An*3(n,2n)
Anr 43 7370a 5.3 0.42 51.0 | 2.510 3 | Am?*’(n,y), Pu**3decay
Cn??? 162.8d 6.1 1.19 4.4 | 0.210°° | An¥*2decayCn?*3(n,2n)
Cn43 28.5a 5.8 - - - Cn?*2(n,y), Cm?44 (n,2n)
Cm?44 18.11a 5.8 096 | 15.4 | 25103 | Cn**3(n,y)
Cnmé®® 8500a 5.4 - - - Cn¥*4(n,y)
Cnr46 4730a 5.4 - - - Cn¥*3(n,y)
Cm??’ | 1.5610°a | 4.9 - - - Cn¥*%(n,y)

*a vyears, d days, h hours, m minutes

Tablel: Characteristicsf transuraniasotopes.




3 Basicinvestigations.

In this sectionsomeprincipal investigationon the basisof lattice cell calculationswill be
presented. The applied calculationalprocedurehave beendevelopedfor the analysisof
advancedressurizeavaterreactorf APWR)with tight lattices seereferencgl]. Parametric
calculationdor UOX latticesandsomecomparisonsvith actualMOX latticesarediscussed.

3.1 Calculational model

Figure 1 shows the appliedthree-zonéVNignerSeitz lattice cell for the basiccalculations.
This cell wasproposedor acommonbenchmarion plutoniumregycling in PWRsorganized
by Electricite de France(EDF) and Forschungszentruridarisruhe(FZK) [4]. It is derived
from a standard-rench900MWe PWR-desigrandis representatie for modernPWRs.

Moderator radius = 0.7410 cm

Cladding  radius =0.4750 cm

Fuel radius = 0.4095 cm

pitch =1.3133 cm

Figurel: Cell geometrnyfor PWRattice calculationsT=20°C

Themaincharacteristicare

e Canmaterialzircalloy,

Roddiameter9.5 mm, canningthicknes€).0655mm,

Fuelweighta4.75g/cm,

Squardatticewith p/d~1.38,

Coolantdensity0.71g/cm®.

Thesdatticespecificationsvill beusedin all subsequentell calculations.
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3.2 Applied calculational procedures.

The appliedcalculationalprocedureshave beendevelopedfor the analysisandthe design
of adwancedpressurizedvater reactorswith tight lattices. In referencg1l] more detailed
informationmay befound. Themainfeaturesare:

e The calculationalproceduresof the so-calledKA risruhe Reactor BUrnup System
KARBUS[1] areintegratedin themodularKA rlsrhePROgramSystemKAPROS|[6],
primarily designedat FZK for fastreactorinvestigationsFor the presentwork recent
KAPROS versionshave beenused. Basedon the standarcKAPROS3-lernel [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
latterenableghe useof corestoragdargerthanaboutlOMB aslimitation in the older
system.

e TheKARBUS proceduresombineadvantage®f existing establishedpecialpurpose
proceduregor thermalandfastreactors.

e For thelattice calculationdirst collision probability methodsareimplemented.These
arebasedn the formalismsof the well-known EnglishWIMS code[8].

e Thegroupconstantibrariesusetheflexible GRUBA format[9], developedat FZK. For
thetreatmenbf temperaturelependenheutronupscatteringpecialextensiongo the
original fastreactororientedoptionshave beenimplemented.Contraryto the WIMS
code,the GRUBA library optionsenablethe treatmentof neutrontransferbetween
enegy groupswith the storageof distincttransfemmatricesor everyimportantneutron
reaction e.g.elasticandinelasticscattering(n, 2n) and(n, 3n) reactionsTheoriginal
WIMS codeonly enablegshe storageof onetransfermatrix for eachmaterial.

e Additional to the fastreactorlibrarieswith enegy group structureswith 26 and 208
groups Jibrarieswith 69 and334 enegy groupstructuresvith betterenegy resolution
in thelowerenegy regionbelow 4 eV have beenestablishedFor theenegy resolution
below 4 eV thegroupstructureof the WIMS codewasadopted.

e Severalimprovementsn the enegy region with neutronresonancebave beenintro-
duced[1]:

— The applicationof the f-factor formalismfor the treatmentof the selfshielding
effectin homogeneousediahasbeenrefinedwith anumberof new options.

— Theselfshieldingeffectsin heterogeneoumediamay be treatedwith the help of
equvaleng considerationfor homogeneousiedia.

— The so-calledBell-factortreatmenthasbeenimproved by an originally derved
enegy dependentormula,seethereference$l] and[10].
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— Alternatively to the fastf-factor formalismsmore accurateand more computer
time consumindine-flux methodshave beenmadeavailable,seereferencd1].

e Extensve validationinvestigationshave beenperformedto qualify the applicationof
KARBUS for the descriptionof reactorswith thermal, epithermaland fast neutron
spectra.This validationwork wasbasedooth on experimentaldataandon theoretical
benchmarlexercises.

3.3 Parametric investigationsfor UOX lattices.

In orderto obtaina consistentatabasdor further evaluations,a numberof parametrian-
vestigationdor UOX latticeshave beenperformed.Standardcell lattice calculationsusing
the 69-grouplibrary G69P1V03,seereferencdl], have beenapplied. Additionally to the
validationwork in referencd1] thesecalculationaroceduresvererecentlycomparedvith
the standarctalculationaproceduresit EDF in acommonbenchmarknvestigationof EDF
andFZK for plutoniummulti-regyclingin PWRSs[4, 5]. Theresultsof thesecomparisonsire
very satisfictory For thelattice of figure 1 theenrichmenbf U23°in the UOX fuel hasbeen
variedfrom 3.2%to 4.5%. Burnupcalculationshave beencarriedout for burnupsupto ~70
gigawattdaysperton of heary metal(GWD/THM). For theburnupcalculationsasafunction
of thefuel burnup,cycle time andpower ratingaredependenparametersMost calculations
wereperformedwith a valueof 164 watt percm (W/cm). Theinfluenceof the power rating
on transuranidburnupwasinvestigatedy a parameterariationfrom 120to 200 W/cm for
the caseof 4% U 23° enrichment The mainresultsof this analysisareshavn in figure 2. Ke,
andthe buildup of neptuniumplutoniumandamericiumareplottedasa functionof burnup.
We mayobsere, thattheinfluenceof thepowerratingis smallin mostcasesOnly the Am?4!
buildup shaovs a someavhatlargersensitvity.

Thefigures3 to 5 shav the mainresultsof the parametriccalculations.In figure 3 K., and
thebuildup of plutonium,N p?3’ andAn?*3 areplottedasa functionof thefuel burnup.As to
beexpectedK. dependstronglyontheU23® enrichmenbf thefuel. Theplutoniumbuildup
is not very sensitve to this parameter The resultsfor Np?3’ and Am?*3 shov a decrease
of the buildup for increasingJ 23% enrichment.This canbe explainedby anincreaseof the
partition of the plutoniumfissionto thetotal fissionsin the fuel for caseswith smallerU23°
enrichmenfor the sametarget burnupof thefuel. Thefigures4 and5 shov theendof life
(EOL) compositionof the plutoniumfor differentU23° enrichmentsandfor differentfuel
burnups. The decreasef the fissileisotopePu?3® may be obsened clearly The non-fissile
isotopesPu?38 and Pu?42 shav a steadyincrease.For the non-fissileisotopePu?4? andthe
fissileisotopePu?4! a saturatiorbehaiour maybeobsened,causedy balancingproduction
anddestructioreffects.



3.3.1 Influence of the fuel cycleex-coretimes.

In a closedfuel cycle finite ex-coretimesareinevitable. Betweenthe reactorshutdavn and
thereuseof theregycled plutoniumin anext reactorcoretwo stagesnaybedistinguished:

1. Cooling time. Time betweerthe endof irradiationandthe chemicalseparatiorof the
plutoniumduring the fuel reprocessingAfter reactorshutdavn several yearsof time
delayarerequiredto reducethe heatandradiationlevel of the spentfuel assemblieby
thedecayof theshort-lvedfissionproducts.The mainfuel changesluringthis period
arethe buildup of Pu?38 from the a-decayof Cm?4? andof Pu?3? from the B-decayof
Np?3°. Furtherthe a-decayof Pu?38 andthe B-decayof Pu?*! have to be considered.

2. Fabrication time. Time betweenthe separatiorof the plutoniumandthe startupin
the reactor During this time the decayof Pu?3 into U%34 and of Pu?*! into Am?4!
have to betakeninto account Especiallythe buildup of Am?*1in the MOX fuel hasan
unfavourableinfluenceonits reactvity. For thatreasorthetime betweernreprocessing
andreactorstartupshouldbekeptasshortaspossible.

For a specifiedcooling time t; and fabricationtime t, the changesn the plutonium fuel
compositiormay be determinedvith suficientaccurag by thefollowing formulas:

—(t3+)In(2) —t4In(2) —t,In(2)

Npueas=Npeso € % +Ngper (1-€7 5 )-e ™ (1)

Npzas = N oo+ Ny poso (@)

Npyzio = N ©
0 ~(t3+1)In(2)

Npgar = No e € T2 (4)

Npyzi2 = N ®
0 ~tyIn(2) ~tIn(2)

Narpar=Npoar-€ 2 -(1—e 2 ) (6)

Ny pz2o = O. (7)

Ngp42 = O. (8)

with
T]_ _ T%pu238 ’ T2 _ T%PUZM ’ T3 _ T%CmZ43
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Thevalidity of theséformulascouldbeverifiedby comparisonsvith moreaccurat& ARBUS
calculations.

In the referenced4, 5] a cooling time of 3 yearsand a fabricationtime of 2 yearswere
choserfor the EDF/FZK benchmarknvestigationn plutoniumregycling in PWRs. These
areexpectedvaluesfor a settledclosedfuel cycle. For the presenstudylessoptimisticdelay
timesareused.For alongertransitionphasevaluesof 7 yearscoolingand3 yearsfabrication
time are expectedto be morereasonableFigure 6 shavs the plutoniumfuel compositions
after 7 yearscooling and 3 yearsfabricationtime as a function of U23° enrichmentof the
UOX fuel andof thefuel burnup. A directcomparisorwith the endof life fuel in figure 4
shaws a significantdecreasef the Pu?*! fraction, causedy its rathershorthalf-life of 14
years,andan additionalsmall fraction of Am?4%, alsocausedby the Pu?*! decaysincethe
chemicalseparatiorof the plutoniumduringthefuel reprocessing.

3.3.2 Transurania buildup at constantenemy production.

In this sectionsomeestimatedor the buildup of transuranigper unit of enegy production
with PWRswith UOX fuel and differentdischage burnupsare performed. For a constant
thermalpower Ry, the fuel inventory G is determinedoy the linear power rating B andthe

specificfuel weightpercmfuel rod p, .

:Pth'pL

G B (9)

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

_ Bn-T-N
BU = — G (10)
From(9) and(10)follows:
pu— TN (11)
PL

A further crucial boundaryconditionis the reactorcriticality. The following conditionis
requiredattheendof areactorcycle afterT EFPD:

keffeoc = 1. (12)

The choiceof the linear power rating and of the burnup cycle time mainly determinethe
neededxcesseactvity atreactorstartupandin this way therequiredfuel enrichment.

The productionof a certainamountof enegy per unit time with differentdischage burnup
mayberealizedin severalways:
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1. Changing the number of burnup stagesin a core. For a given enrichmentwith a
correspondindpurnupcycletime, thefuel dischageburnupwill increasef thenumber
of fuel batchesn thecoreincreases.

2. Changing the enrichment of the fuel. At a given power rating level the cycle time
andmeancycle burnupwill increasef thefuel enrichments increased.

The numberof burnupstagesN in a coredetermineghe ratio betweernthe meandischage
burnup BugoL at end of life andthe cycle burnup Bugoc in oneburnup cycle. In a first
approximatiorthefollowing formulamaybeappliedfor theratio betweerBugoc andBugoy :

Bueoc N+1
Bugo. 2N

(13)

Figure7 shavs a graphicalrepresentationf equation(13). We mayobsere, thattheburnup
gaindecreasegpidly with increasinghumberof burnupstages.

Thetables2 to 4 summarizeresultsfor transuraniabuildup at the endof the corresponding
reactorcycles(EOC). Thedecayof Np?3° to Pu?39with a half-life of 2.4daysshouldbekept
in mind. In practicalcases\ p?®° canbe addedo the plutonium,seeequatior?.

Table 2 givesthe buildup of neptunium plutoniumandamericiumfor 4 U23° enrichments
(3.2,3.5,4 and4.5%)and2 dischage burnups(33 and50 GWD/THM). For a threebatch
fuel managemer®.2%enrichments in accordancevith experiencesvith modernPWRsto
reach33 GWD/THM dischage burnup. The plannedextensionof the dischage burnupto
50 GWD/THM is expectedto berealizablewith a threebatchfuel managemerand~4.5%
enrichmenf4]. Thelastrow of table2 shovstheamountof remainingJ 23°in thespentfuel.
For all caseghis valueis slightly belov 1%.

Table3 givesthe plutoniumcompositiongor the sameparameteasin table2.

In table 4 someestimatedor the normalizedtransuranigbuildup in PWRsare presented.
For the normalizationthe resultsfor the transuraniabuildup at 33 GWD/THM dischage
burnuparemultiplied by a factorof 1.5to obtainthe sameenegy productionpertime unit
asfor the dischage burnup 50 GWD/THM. The columns2 to 4 comparebuildup for the
sameenrichmentof 3.5%U2%°, The dischage burnupof 50 GWD/THM with 3.5%U 23>
Is not realisticfor full burnupchagesin a PWR. The comparisons intendedto shawv the
possiblenfluencesf theU 23° enrichmenbn the buildup of neptuniumandamericium.The
columns5 to 7 comparebuildupfor differentenrichmentsf 3.2%U 23% at 33 GWD/THM and
4.5%U 235 at 50 GWD/THM. As mentionedbeforethesecasesarerealisticfor a threebatch
fuel managemerih modernPWRs. We canobsene, thatthe specificproductionof Np?3’,
Am?*! and An?*3 significantlyincreasesf the dischage burnupis enhancedrom 33 to 50
GWD/THM. As aconsequencmoreplutoniumwith betterfissile propertieds producedor
thelowerdischageburnupof 33 GWD/THM. Thetotalamountof transuraniaecreasewith
increasinglischageburnup;thetransuranigroducedarepartly destreyedat higherburnups
with a shift to americiumbuildup.
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3.4 The calculation of MOX lattices.

PWR latticeswith MOX fuel may be calculatedwith the sameproceduressin the caseof
UOX fuel. However, somepronouncedesonances the plutoniumcrosssectionsneeda
carefultreatmenbf resonancabsorptioncalculationan PWR latticeswith MOX fuel with
high plutoniumfractions.In theearlystagef calculationdor light watermoderatedattices
with MOX fuel, considerabldifficulties have beenencounteredvith the treatmentof the
large broadresonancef Pu?4? at 1 eV andwith thelargeresonancef Pu?*2at1.67eV, see
for examplereferencql] for moredetails.An importantdifferencebetweerlJOX andMOX
fuelin PWR latticesshowvs thereactvity lossperunit burnup. The higherplutoniumcontent
leadsto hardemeutronspectraandto highercorversionratiosfrom fertile to fissileisotopes,
resultingin a lesssteepslopefor the reactvity asa function of burnup. Togethermwith the
differentcrosssectionof the mainfissile materialghis raiseshe problemof equivaleng of
UOX andMOX fuel assembliegh thesamePWR core.

3.5 Equivalencyof UOX and MOX latticesin a PWR core.

At thelevel of cell calculationno simpleclearprescriptionexistsfor the definitionof equiva-
lengy of UOX andMOX fuel assembliegr aPWRcore.In factonly thewholecorebehaiour
cangive decisve answersReactvity andthermodynamicelatedboundaryconditionsmust
befulfilled duringthewholeplannedeactorcycle.

Early investigationsusedthe arbitrarycriterionto apply the samevalueof K, atthe endof
cycle conditionin UOX andMOX lattices[11]. For dischageburnupsof 50 GWD/THM this
procedurgproducechighervaluesfor therequiredPus;s contentof the MOX fuel, compared
to the benchmarkesultsof referencd4]. A moredetailedanalysisof this problemshaved
thatthe criterion mentionedbeforeseemdo be too conserative for the determinatiorof a
realisticPusijs contentof MOX fuel assemblieso beloadedin UOX PWRcores:

1. Thefirst indicationcomesfrom the history of the EDF/FZK benchmarlon plutonium
regycling in PWRs.Indeedin thefirst specificatiorthe abose mentioneccriterionwas
proposedequalK, at EOC). The final benchmarkspecifiesa value of K., at EOC
thatis basedn experiencesvith MOX fuel assembliesvith dischage burnupsof 33
GWD/THM in French900 MWe PWRs. For the benchmarldischage burnup of 50
GWD/THM the plutoniumfractionin the MOX fuel mustbe chosenin a suchaway,
thatthe K., valueis the sameasfor the MOX fuel appliedin the 900 MWe French
PWRs. The differenceat the endof cycle conditionfor the K., valuesfor the applied
UOX andMOX fuel amountgo

AKeo = KYOX — KMOX '~ 0.03 (14)

2. Investigationsat FZK with the KARBUS code for the KKP2 1300 MWe PWR at
Philippshurg shoved a similar behaiour as expressedin formula (14). Figure 8
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presentshe K., curvesasa functionof burnupfor the UOX andMOX latticesasbeen
usedin KKP2. Thelesssteepslopeof thereactvity curve asafunctionof the burnup
for MOX latticescomparedo UOX latticesclearly may be obsered. The difference
in Ko at22 GWD/THM, being% of theendof cycle burnup33 GWD/THM from for-

mula (13) for 3 batchesandapproximatelythe averagecore burnupbeforereloading,
amountgo ~0.03.
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Burnup

Material 33GWD/THM 50 GWD/THM
(kg/TIHM) UZ3> Enrichment U243 Enrichment

3.2% | 3.5% | 4.0% | 45% | 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
Np=3’ 0.4254| 0.4306| 0.4368| 0.4408| 0.6453| 0.6650( 0.6916| 0.7119
Np?39 0.0883| 0.0846] 0.0791| 0.0745| 0.1002| 0.0965| 0.0907| 0.0854
Am?3t 0.0370| 0.0373| 0.0374| 0.0371| 0.0540| 0.0565| 0.0604| 0.0638
Ay 0.1002| 0.0869| 0.0694| 0.0561| 0.3220| 0.2914| 0.2467| 0.2095

[ Transuranid 10.243] 10.220] 10.184] 10.146] 12.855] 12.886] 12.944] 13.003]

Table4: Transuraniduildup normalizedo the samenetenegy production EOCdata

14

NS | 95.596[ 95.596| 95.597] 95.598] 93.618] 93.613[ 93.604] 93.595]
Table2: Transuraniduildup, power rating164W/cm, EOCdata
Burnup

u23% 33GWD/THM 50 GWD/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
45 | 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: Plutoniumcompositionspower rating 164 W/cm, EOCdata
u2s3s (%) 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

Np=3’ 0.6459 | 0.6650 2.9 0.6381 | 0.7119 -10.4

Np=3° 0.1268 | 0.0965 +31.4 0.1325 | 0.0854 +55.1

AL 0.0559 | 0.0565 -1.0 0.0555 | 0.0638 -13.0

Ay 0.1304 | 0.2914 -55.3 0.1503 | 0.2095 -28.3

| Transuranid 15.331 | 12.887 | +15.9 | 15.366 | 13.003 | +15.4 |
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Figure2: Influenceof power ratingson the buildup of transurania.
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KARBUS Cell Burnup Results for PWR
Standard Method, Library G69P1V03
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Figure3: Influenceof theU %2> enrichmenbn the buildup of transurania.
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Pu-Composition versus Burnup
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Figure4: Influenceof theU 23° enrichmenbn the EOL plutoniumcomposition.
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Pu-Fraction
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Pu-Composition versus Burnup
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EOC to EOL ratio of burnup vs no of batches
BU.../BU_., = (N+1)/2N
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Figure7: Ratioburnupat EOCto EOL vsthe numberof coreburnupstages.
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K—infinity vs burnup for KKP2 lattices

Standard KARBUS calculation, library G69P1v03
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Figure8: Comparisorof K., valuesfor UOX undMOX fuel latticesin KKP2
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4 Plutonium recyclingand whole core investigations.

In orderto obtainreliable estimategor the requiredplutoniumcontentin the MOX fuel of

PWRs,whole coreinvestigationsare needed.Suchwhole core calculationsjncluding fuel

managemerfor anumberof reactorcycles,areverycomplex andneedargeeffortsif applied
to anoperatingreactor At presenthe useof MOX fuel assemblien PWRsis stateof the
artin severalcountriesg.g.in FranceandGermaiy [12, 13]. In selectedWRsup to 33%of

thefuel assembliebave beenreplacedy MOX loadingsuntil now. Thereplacemenof 50%
MOX assembliealreadyhasbeenlicensedn Germary. Theactualplutoniumregycling has
beenrealizedwith pretty goodplutoniumwith high fissile fractions. This plutoniumcomes
mainly from PWR fuel with dischage burnupsslightly abovze 30 GWD/THM. The fissile
fractionis about70%. ThefissileplutoniumfractionPusis in theMOX fuel assembliesaries
in the rangeof 3 to 4% for target burnupsaround33 GWD/THM. Several contritutionsin

referencd14] give moredetailedinformationaboutMOX exploitationin PWRs.

For the presentstudy not too detailedcalculationscould be performed. The calculational
procedureslevelopedfor theinvestigationof advancedpressurizedvaterreactorswith tight

lattices,describedn referencgl], enablemoreglobalinvestigationspasedon equilibrium
coresof full MOX PWRswith hexagonafuel assembliesThesemethodshave beenusedfor

anumberof wholecorestudiesfor PWRs.Thenext sectionglescribehe appliedwholecore
calculations.

4.1 Calculational models.

Wholecorecalculationdor PWRsusuallyaresubdvidedinto anumberof subsequerdteps.
The basicgeometryof the fuel in a PWR consistsof a regular fuel rod lattice, usuallyin a
squarduel assemblyarrangementThe PWR corecontainsa 193of suchfuel assembliesin
theequilibriumstateof a PWR corethe compositiorof thefuel assembliestronglydepends
ontheirirradiationhistory. Satisactorypower distributionsanddischage burnupsonly may
be achieved by carefulfuel managemenprocedurese.g. choiceof the numberof burnup
stagegbatches)n thecoreandof thefuel assemblghufling stratgjies. Theappliedmethods
from referencql] have beendevelopedfor PWR coreswith somefuturistic characteristics:

1. Useof hexagonalfuel assembliesnsteadof squareones.As a consequencthe fuel
latticeshave a triangulararrangement.

2. Useof full MOX cores.

Themainfeaturef thecalculationaproceduresirediscussedelon.

4.1.1 Lattice calculations.

Thelattice calculationsareperformedwith one-dimensionaransportcalculationsn acylin-
derizedWignerSeitzcell. Figurel of section3.1 shaws the principle for sucha modelfor
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a squarereactorlattice. The cell radiusis determinedrom the cell pitch (distanceof the
fuel rods)by therequiremenbf equalareasof the cell crosssection. For triangularreactor
latticesthe samemethodologyis applied. The transportcalculationsusuallyare performed
with collision probability methods basedon the formalismsof the WIMS code[8]. Alter-
native control calculationsare possiblewith the one-dimensionadiscreteordinatetransport
codeONETRA[15], aKAPROSversionof theprogramONETRAN|[16]. Thedifferencebe-
tweensquareandtriangularatticesis takeninto accounfor thedeterminatiorof theeffective
resonancerosssectiondn the fuel zoneof the WignerSeitzcell. During thesecalculations
theso-calledDancof factordefinesthe probabilitythata neutronbornin the singlefuel cell
will have its next collision in a neighbourcell. The KARBUS calculationautilize geometry
dependenbancof factors.More detailedinformationsaboutthe appliedlattice calculation
methodganaybefoundin referencdl].

4.1.2 Fuel assemblycalculations.

Startingfrom theresultsof the lattice calculationsthe next stepof thereactorcalculationss
thedeterminatiorof themeanfuel assemblycrosssections Thefuel assemblynotonly con-
sistsof the regularreactorlattice, but alsoof additionalmaterialzonedik e fuel rod spacers,
fuelassemblypoxesandadditionalwatergaps.In referencgl] severaltypesof fuel assembly
modelsareinvestigatedTheadditionalmaterialdn thefuel assemblyhave counterbalancing
effectson the overall behaiour. Theirregular watergapsleadto spectrumsofteningwith
reactvity increasewhereashe additionalstructuralmaterialsgive an increaseof the par
asitic absorptionsjeadingto a decreas®f the fuel assemblyreactvity. Detailedanalyses
have shawvn, thatthe basiclattice calculationggive a good approximatiorfor the meanfuel
assemblycrosssections. Thereforefor the following exploratorywhole coreinvestigations
no detailedfuel assemblycalculationshave beencarriedout. The meanlattice crosssections
have beendirectly usedfor the corecalculations.

4.1.3 Corecalculations.

The whole core calculationsof referencdl] are basedon hexagonalfuel assembliesvith
triangularreactoriattices. The mainreasorfor this choicewerethetight latticesto be used.
In referencd17] thedifferencedbetweersquareandhexagonalfuel assemblieareanalyzed
in somedetail. Especiallyfor tight latticesthe hexagonallayouthassomeadwantagegrom
thethermodynamicandneutronphysicspointof view. Moreoverhexagonafuel assemblies
in PWRshave provento befeasiblein the RussianvVVER reactorqd18]. For the exploratory
whole coreinvestigationst may be expected thatthe fuel assemblyjlayoutdoesnot play a
significantrole. Thereforethe available calculationproceduresvith hexagonalfuel assem-
blieshave beenusedfor the subsequentvestigations.

4.1.3.1 Heterogeneousversus homogeneousMOX cores. Until now plutonium recy-
cling in PWRsonly hasbeenrealizedby mixing UOX andMOX fuel assemblieg existing
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PWR coresandno definiteplansfor full MOX coresexistin Germary at present.However,
several proposaldor future full MOX PWR coreshave beenmade,seefor examplesome
contritutionsin referencd14].

In principle the methodsof referencdl] enablethe calculationof coreswith a mixing of
UOX andMOX fuel assembilies.

4.1.3.2 EquivalencybetweenUOX and MO X fuel assemblies. As pointedoutin section
3.5nosimpleprescriptiongxist for the determinatiorof theenrichment®f mixedUOX and
MOX fuel assembliesn aPWR core. Soit would be quitelaboriousto definea satisactory
fuel managemergéchemdor suchtheoreticakores.

In orderto avoid furthercomplicationdor thefuel managemerdandbecauséull MOX cores
are ervisagedfor the future, all subsequenivhole core calculationswill be performedfor
full MOX cores.It may be expectedthatsuchcalculationgyive reliableinformationfor the
neededlutoniumenrichmentsn PWRs.

4.1.4 Fuelmanagement.

For thefuel managemenh PWRsanumberof relevantaspectplay arole:

1. Length of thereactorcyclein equivalentfull power days. Commonpraxisfor PWRs
arereloadingperiodsof 1 to 1.5yearswith loadfactorscloseto 90%.

2. Number of fuel batches,i.e. the numberof differentresidencdimesof the fuel as-
sembliedn the coreat a certaintime. Valuesof 3 to 6 batchesnay be foundin PWR
investigations.The consequenceare discussedn somedetail in section3.3.2. See
formula(13) andfigure?.

3. Fuel assemblyshuffling. At every fuel assemblyreloading,a rearrangemenf the
fuel assembliesn the core may be necessaryr usefulto obtain satishctory overall
nuclearandthermodynamiaore behaiour. Especiallythe radial form factorof the
power distribution mustbekeptacceptableluringthewholereactorcycle. In theexist-
ing nuclearpower plantslarge efforts are spentto optimizethe fuel managemenuith
respecto overalleconomics.

The presentnvestigationgake careof theseaspects.

A further significantsimplificationis introducedby the limitation to studyonly equilibrium
cores.Theresultsof thesecalculationanight be usedfor the designof transitionto equilib-
rium cores.

24



4.1.4.1 Characteristics of the equilibrium core. The subsequenivhole coreinvestiga-
tionsarebasedon equilibriumcores.After a completedequilibriumreactorcycle a constant
numberof freshidenticalfuel assemblieseplacesuchoneswhich have reachedheforeseen
numberof residenceycles. The now availablefuel assembliesreplacedinto the corewith
alwaysthe samepredefinedshufling scheme. For the tight lattice PWR investigationan
referencdl] the AdvancedReactorCOre Simulatorcode ARCOSIwasdevelopedfor the
iterative determinatiorof suchequilibriumcores.In the meantime ARCOSI couldbe suc-
cessfullytestedfor fastreactorsandfor corventionalPWRs. The threedimensionalvhole
corecalculationsareperformedwith the nodalcodeHEXNOD [19], usuallywith diffusion
approximation. ARCOSI enablesan arbitrary numberof succeedingeactorcycle simula-
tions. Eachreactorcycle maybesubdvidedinto anarbitrarynumberof micro timestepsAt
every micro timestepa criticality searchby adjustmenbf the coolantboronconcentratioris
done.

4.1.4.2 The fuel assemblyshuffling scheme. For the fuel assemblyshufling the code
ARCOSIlhasa coupleof options.Both directandindirectaddressingvithin thereactorcore
model may be appliedfor the shufling of the assemblies.For the subsequengquilibrium
coresimulationsthe methodof indirectaddressings used:for every fuel assemblyposition
in thecoremodel,the orderof the burnupstagewithin the availablefuel assembliess fixed.

4.1.5 Sequencdor awhole core calculation.

Themostimportantstepsduringa PWRwhole corecalculationin this studyare:

1. Choiceof the fuel to be utilized.
2. Choiceof the required discharge burnup.

3. Determination of the fissile enrichment of the fuel. For this taska similar proce-
dure asproposedor the EDF/FZK benchmarkon plutoniumregycling could be ap-
plied. With the help of trial and error estimatedor the fissile fuel contentin burnup
calculations a predefinedkECC value at the end of the reactorcycle mustbe found.
The appliedvaluesare for the UOX latticesKEO“ ~1.06 and for the MOX lattices
KEOC ~1.03.Only relatively crudedeterminationsiave beenperformedor thepresent
exploratoryinvestigations All importantresultsfrom thesecalculationsareautomati-
cally storedon standardKAPROS archivesfor usein succeedingteps.

4. Creationof a specialpurposelibrary HXSLIB for usewith the ARCOSIcode.Usu-
ally a HXSLIB library contains4 group macroscopicarosssectionsof the fuel as-
sembliedo be usedin thewhole corecalculationsjncluding axial andradial reflector
zones. Thesemacroscopiarosssectionsdependon burnup stage fuel temperature,
coolantdensityand B9 contentof the coolant. They are calculatedwith KARBUS
restartoptionsfrom the KAPROS archves 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 assembliesvith 4.5% U235 enrichmentand 50
GWD/THM dischage burnup. The Pu¢js enrichmentin the MOX fuel amountsto
5.5%.

. Choice of the number of fuel batchesand of the fuel managementschemefor the
coresimulationswith thecodeARCOSI. Thistaskmaybeverylaborious.Until now no
toolshave beendevelopedo automatizehis optimisation.Thetrial anderrorprocedure
works satisactorily with the help of fastgraphicalevalutionsof the mostimportant
results. Most of the full corecalculationsarebasedon 30° symmetryin the core. In
the axial direction symmetryto the midplaneis assumedvith 16 axial zones. For
the applied core designfrom reference1] with 349 hexagonalfuel assemblies34
positionsdescribeheradialcorelayoutin the30° model. Figure10 shavs anexample
of theapplied3(° crosssectionof the calculationaimodelfor coreburnupsimulations.
In this casethe MOX fuel comesfrom PWR UOX fuel assembliesvith 3.2%U23°
enrichmentind33 GWD/THM dischage burnup. Thetargetburnupof the MOX core
alsoamountsto 33 GWD/THM. With thesemodelsa searchfor an acceptablecore
layoutis performed:

e Thecalculationprocedurestartswith meanburnupvaluesfor all fuel assemblies
with the samecoreresidencdime. Thesefuel assembliesnustbe placedin the
corein away thattheoverall power distributionis acceptableThefuel assembly
patternis changedintil thisrequirements fulfilled.

e Thenext stepis to find afuel managemergchemeTheappliedshufling scheme
prescribeshe positionof every fuel assemblhyasafunctionof its reachedurnup.
Theseindividual burnup stagesshouldbe matchedto the burnup patternof the
precedindfirst stepasgoodaspossible takinginto accountthatthe coremodel
containsvholeandhalf fuel assembliesi-or the centralfuel assemblyoccuyying
liz hexagon,a meanburnupvalueis taken. Thefine tuningof theburnuporderof
thefuel assemblies thecoreis doneby testcalculationdor 1 macrotimestep.

. Final core simulation. If asatishctorycoreloadingandshufling schemeseemso be
found, a final core simulationwith several macrotimestepg(iterations)follows. In a
typical ARCOSIrun for a PWR 10 micro timestepof 30 to 55 equivalentfull power
daysareappliedto reachup to 50 GWD/THM meandischage burnup. Usually one
additionalmacrotimestep(iteration)to the numberof fuel batchess sufficientto geta
stableequilibriumcore.ThesearcHor thecritical boronconcentratiornn the coolantat
every micro timestepneeds2 to 3 iterationsin mostcases.Fromtheseconsiderations
follows, thatabout100 threedimensionaliffusion calculationswith 4 enegy groups
have to be performedfor an ARCOSI coresimulationrun. Every reactorcalculation
needghe4 groupcrosssectionpreparationn dependencef the burnupandtheboron
concentratiomn thecoolantfor 608separateonesof theappliedreactormodel. These
laborioscoresimulationscouldbeperformednworkstationsvith the UNIX versionof
thecalculationaproceduresTherestartoptionsof the programARCOSIallow further
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investigationgor theiteratedequilibriumcore,e.g. additionaliterationsor calculation
of safetyrelatedparameter$ik e Dopplercoeficientsandmoderatordensityreactvity
coeficients. The calculationof thesesafetyrelatedparameterseedadequateersions
of theHXSLIB libraries.

4.2 Resultsof exploratory whole core calculations.

As afirst stepto moreelaboratdong termwhole corecalculationsa numberof exploratory
investigationsvereperformed.The primaryaim wasto getsomereliableinformationabout
the plutoniumfractionneededn the MOX fuel during plutoniummulti-recgycling in PWRs.
In orderto validatethe appliedcalculationalproceduregor theseinvestigationsalso PWR
coreswith UOX fuel assembliesvere analyzed.In the pasta lot of informationhasbeen
accumulate@boutPWRswith uraniumfuel. Comparisorof calculationakesultswith expe-
riencefrom actualreactoroperationseadto anacceptableonfidencdevel for thesubsequent
investigationsvith plutoniumfuel.

The whole core calculationshave beenstartedwith the analysisof a full MOX core with

plutoniumfrom PWRswith 33 GWD/THM dischage burnup,beingrepresentatie for most
of the actually available PWR plutonium. The target burnup of the MOX coreis also 33
GWD/THM. For the reactorcontrol only the borationchangeof the coolantis appliedwith

controlrodscompletelyremovedfrom thecore. For this casea numberof relevantintermedi-
ateresultsarepresentedh thefiguresl1to 16. Figuresllto 14 show theiterationbehaiour

andthe differencedetweerbegin andendof cycle valuesfor the power ratingsandthefuel

burnupin the coremidplaneof all fuel assembliesThe latterarerepresentedly their radial
distanceo thecorecenter Thefigureslland13show afastcorvergenceor thepowerrating
andtheburnupwith increasinghrumberof simulationgiterations).Figurel2 shavstheradial
flatteningin the coremidplanefrom begin to endof cycle in theequilibriumcore. Thecorre-
spondingadialpowerfactordecreaseom a~1.55atBOCto ~1.23atEOC.Figuresl5and
16 give thebegin andendof cycle axial distributionsof the power ratingandthe burnupof a
selecteduel assemblyTheaxial powerratingalsoshavs a pronouncedlatteningduringthe
reactorcycle,leadingto animprovedaxial powerform factorfrom ~1.29atBOCto ~1.08at
EOC.For all performedwholecorecalculationssimularresultscould be obtained.Themain
resultsof the exploratorywhole corecalculationsare summarizedn table5. Informationis

givenaboutthe fuel andits origin, fissile enrichmentdesiredtarget burnup,numberof fuel

batchesgycle lengthin equvalentfull power daysandthe mostimportantARCOSIresults
KEOC andmeanandmaximumdischage burnup.

Casel is a calculationfor an UOX core with 4% U23° enrichment. The resultingmean
dischageburnupof ~43 GWD/THM seemsotto bein contradictiorwith actualexperiences
with dischage burnupsin PWRs.

In case2 plutoniumfrom existing PWRswith 3.2%U?23% enrichmentand 33 GWD/THM
meandischage burnupis investigated.With about3.5% Put;s enrichmenicomparabledlis-
chageburnupsof about33 GWD/THM maybe obtained.

27



Thecases3 and4 give correspondingesultsfor meantargetburnupsof 40 GWD/THM with
plutoniumfrom two generations.The first generationplutonium comesfrom casel (4%
U235 and 40 GWD/THM meandischage burnup). In case3 with this MOX1 enrichedat
4.5% Pusis a meandischage burnupof 40 GWD/THM canbereachedvith 3 fuel batches.
The mostunfavourableuseof the secondyeneratiorplutoniumfrom case3 is the directuse
in asucceedind®WR corewithout the admixingof betterquality plutonium. Case4 shows,
thatwith this secondgeneratiormplutoniumalso40 GWD/THM meandischage burnupare
obtainablewith 6% Pus;s enrichmentandthe applicationof 6 fuel batches.

Thecases and6 arecalculationdor tagetburnupsof 50 GWD/THM. MOX1 comesfrom
PWRUOX fuel with 4.5%U 23> and50 GWD/THM dischage burnup.50 GWD/THM may
be obtainedwith ~6% Pusjs and3 fuel batchesr with ~5.5%Put;s and6 fuel batches.

In table6 informationaboutplutoniumcompositionss summarizedin additionto the cases
2, 3,4 and5 from table5, datafrom MOX loadingsin the nuclearpower plantPhilippshurg-
2 andfrom benchmarkesultsin the reference$4, 5], are provided. Comparingresultsof
thewhole coreinvestigationwith the benchmarkesultsthe differentcoolingandfabrication
timesmustbekeptin mind; the smallerex-coretimesof the benchmarkeadto lessdecayof
Pu*l, Case5 from table5 andthefirst cycle plutoniumof the benchmarkarecomparable;
dueto the smallerex-coretime the Pu?*! contentof the benchmarkplutoniumis somevhat
higher

Thecomparisorof thetable5 case4 plutoniumwith the benchmarlcycle 4 plutoniumload-
ing givessomefurtherinterestingnformation:

e The plutoniumcompositiondgn thesecasesare quite similar, so the plutoniumfrom first
generatiorMOX fuel assembliefrom PWRscould be usedfor experimentdo validateplu-
toniumbehaiour of thefourth plutoniumregycling in PWRs.

e The calculateddischage burnup of the whole core calculationwith this plutonium, 40
GWD/THM with Putis=6%, is comparablevith the dataof the benchmark50 GWD/THM

with Pusis &7%. Sowe have hereanindicationthatthe plutoniumenrichmentesultsof the
benchmarknvestigation@rereasonablandthattheequivaleng criteriafor UOX andMOX

fuel assemblie;n PWRscitedin referencd11] areconserative with respecto therequired
fissileenrichmentsn MOX fuel assemblies.
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Pluton. | Fission| Target | Nr. Full ARCOSI-Results
Case| Fuel | origin | fraction| burnup| of | power| Keft burmup(GWDITHM)

Enr/BU (%) eworriwy | 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 55 50 6 250 |0.9981| 50.3 | 56.7

MOX1.: first generatiorplutoniumfrom PWRUOX fuel assemblies.
MOX2: secondyeneratiorplutoniumfrom PWRMOX1 BE without MOX1 mixing.

Table5: Summaryof resultsof exploratoryPWRwhole corecalculations.

Pluton. Contrikutionin weightpercent
Case | Enr/BU | Put38 | Pu?3® | PU?4Y | Pu??t | Pu?*? | AmP* | Pugis
2 3.2/33| 16 | 59.0| 23.1| 9.0 | 59 1.4 | 68.0
KKP2 | 3.25/33| 1.8 | 59.0 | 23.0 | 12.2| 4.0 - 71.2
3 40/40| 20 | 585 | 228 | 9.2 6.1 14 | 67.7
3a | 40/40| 16 | 649 | 252 | 1.3 6.8 0.2 | 66.2
4 45/40 | 3.3 | 446 | 29.2 | 109 | 103 | 1.7 | 555
BM4 | 6.9/50| 43 | 424 | 275 | 12.7 | 11.8 1.3 | 55.1
4a | 45/40| 28 | 506 | 33.2| 16 | 116 | 0.2 | 52.2
5 45/50 | 2.8 | 55.1 | 23.3| 9.7 7.6 15 | 64.8
BM1 | 5850 | 2.8 | 540 | 23.0| 120 | 7.0 1.2 | 66.0

Case?,3,4,5:fromtable5, 7 yearscooling, 3 yearsfabricationtime.
Case3a,4a:asabove with 50 yearscooling, 3 yearsfabricationtime.
CaseKKP2: MOX from the KKW Philippshurg-2
CaseBM1: MOX from the EDF/KFK Benchmarkor cycle 1
CaseBM4: MOX from the EDF/KFK Benchmarkor cycle 4

Remark:The EDF/FZK benchmarldefines
- 3yearscooling-and?2 yearsfabricationtime and
- 50 GWD/THM tamgetburnup

Table6: Summaryof appliedplutoniumcompositions.
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Figurel4: BOC andEOCburnupin theaxial midplaneof theequilibriumcore.
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Figurel5: BOC andEOCaxial distribution of the power rating of the equilibriumcore.
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Figurel6: BOC andEOCaxial distribution of thefuel burnupof theequilibriumcore.
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5 Long term considerationsfor Pu-recyclingin PWRs.

Oneway to reducethe total amountof plutoniumproducedin PWRsis a decreasef the
numberof plutoniumproducingUOX fuel assembliesn suchreactorse.g. by the useof
the alternatve thorium fuel cycle. Anothertechnicallyfeasiblemethodis the reuseof the
producedplutoniumin MOX fuel assembliesn PWRs: i.e. plutoniumregycling. In the
MOX fuelassembliegn PWRsanetincineratiorof plutoniumtakesplace.Thedestructiorof
plutoniumby fissionsdominatesheproductiorby neutroncapturesn theU 238, Furthermore,
the neutroncapturein the plutoniumleadsto a shift of the isotopiccompositionto higher
isotopes. The increaseof Pu?0 and Pu?4? leadsto a decreas®f the fraction of the fissile
isotopesPu?3? and Pu?4l. Moreover the fraction of Pu?38 increasesignificantlyin MOX
fuel assemblies.

5.1 Comparisonof plutonium recyclingin FBRsand PWRs.

Plutoniumregycling is aninherentfeatureof fastbreedemreactors(FBR). Soit may be of
interestto comparesomerelevantaspect®f plutoniumregycling with FBRsandPWRs:

1. Consequencdsr thefuel fabrication,

2. Consequencdsr reactorcharacteristics.

5.1.1 Consequence$or the fuel fabrication.

Themostimportantfactorduringthe fabricationof MOX fuel assembliess the fuel fraction
of the isotopePu?38 with its hard a-radiationand heatproduction. Accordingto current
knowledgethis fraction shouldnot exceed~10%. In the modernFrenchreprocessinglant
MELOX at presentthe Pu?38 fraction is limited to ~5% [20]. For this problemno large
differencesnaybeexpectedior MOX fuel of FBRsandPWRs.

Generallythefabricationof MOX fuel assembliess considerablymoreexpensve compared
to UOX fuel assembliebecausef the needfor remotetechniquedor the fabricationand
handlingof MOX fuel.

5.1.2 Consequencesor the reactor characteristics.

The consequencesf plutoniumregycling for the reactorcharacteriscticsgspeciallythe in-
fluenceonthesafetyparametersnaybemoreseverefor PWRscomparedo FBRs.Whereas
FBRsusuallyhave problemswith positive coolantdensityreactvity effects,standard®WRs
have sufficiently negative ones. The investigationsn referencg1] show, thatlarger pluto-
nium fractionsin PWR MOX fuel assembliesnay leadto problemswith coolantdensity
reactvity coeficients.
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To avoid safetyor licensingproblemst mustbe demonstratedhattheloadingof MOX fuel

assemblie;n PWRsdoesnot worsenthe safetyrelatedreactorparameters;omparedo the
UOX loadings. Especiallythe coolantdensityreactvity coeficients have to remainsuffi-

ciently negative. Thedecreasef thefissilefractionof the plutoniumduring multi-regycling

leadsto the needfor higherPug;s fractionsandto higherplutoniumcontentin the fuel. Ex-

ploratorycell burnupcalculationsshaw, that coolantdensityreactvity effect problemsmay
arisefor fuel with Puysis fractionslargerthan~6..7%. A possibleway to achiese the desired
tamgetfuel dischage burnupswith plutoniummulti-recycling in PWRsis to restrictthe Pusis

fractionto ~~6% andto useU 23 enricheduraniumin thosecasesvherethis is necessarjor

criticality reasonsseesectior4.2.

5.2 Managementof the plutonium inventoriesin the fuel cycle.

Generallyit is favourableto have shortex-coretimesfor the plutoniumin aclosedfuel cycle.
The main reasonis the relatively shortdecaytime of 14 yearsof the isotopePu?4! with
very goodfissionproperties seefor examplereferencg1]. Further onehasto distinguish
betweencooling, reprocessingndfuel assemblyfabricationtimes, seesection3.3.1. The
succeedingnvestigationsare performedwith 7 years(cooling + reprocessingjime and 3
yearsfabricationtime.

Thelogistic distribution of the availableplutoniummassess a very complec problem.Early

investigationsn thisfield usuallytreatedthe managementf the so-calledselfgenerateglu-

toniumin PWRs. The EDF/FZK benchmarkinvestigationson plutonium multi-regycling

[4, 5], mentionedbefore,alsoarebasedon this model. In the benchmarkhe MOX content
in the PWR coresvariesfrom ~14%for thefirst to ~20..22%for thefifth reg/cling.

Nowadaysthe practicalapplicationof plutoniumregycling in PWRsis basedon available
plutonium;the self generatingaspecis not soimportant.

Stratgjic investigationgor full MOX PWR coresneednew, appropriatesolutionsfor thefuel
managemergcenariosln the next sectionsa proposafor sucha scenarids presented.

5.3 Useof plutonium in a pool of PWRs.

We considera pool with anumberof identicalPWRswith UOX fuel. Thereactorcycle time
mustfulfill the conditionthatN reactorcyclescover 10 years. TheselO yearsare chosen
to matchthe ex-core conditionsof 7 years(cooling + reprocessingand 3 yearsfabrication
time (seesection3.3.1). The numberof reactoran the pool M is chosenn sucha way, that
reprocessin@f all spentfuel from onecycle of thesereactorsgivesenoughplutoniumfor
the startupof onefull MOX core. The numberof UOX coresthenbecomegM —1). At
ary time all availableplutoniumfrom UOX andMOX coresis mixedfor the next generation
cores.This 10 yearsschemas repeatedintil enoughplutoniumbecomesvailableto supply
anothercorewith MOX fuel. In figure 17 a schematigictureof this scenarias given.
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For the fuel inventorycalculationsa normalisatiorto 1 ton of initial heary metal(TIHM) is
appliedin mostcases.The plutoniumbuildup in a PWR with UOX fuel assembliesaries
from ~9.6kg/TIHM at33 GWD/THM to 11.9kg/TIHM at50 GWD/THM, seesection3.3.2
table2.

Roughestimategor thenumberof UOX coresto supplyoneMOX coreleadto thefollowing
results.For atagetburnupof 50 GWD/THM in the UOX andMOX fuel a Pusis enrichment
of ~ 6% is neededvith ~65%fissilefractionin the plutonium.This meansa plutoniumcon-
tentof ~90 kg/TIHM. Table4 gives11.9kg/TIHM for thetargetburnupof 50 GWD/THM,
s08 UOX fueledPWRswith this dischage burnuparecapableto supplyl MOX core. For
thelow dischageburnupof 33 GWD/THM thesefiguresare: ~4% Pug;s, ~70%fissilefrac-
tion in the plutoniumand~9.6kg/TIHM plutoniumproductionin theUOX fuel. Thismeans
~57kg/THIM arerequiredfor aMOX core,equialentto the productionof ~6 UOX cores.

The pool investigationshave startedfor a meanburnuplevel of 40 GWD/THM with a pool
of 7 PWRs. As a next stepthe consequencesf an increasefrom 40 to 50 GWD/THM
burnuplevel have beenstudied.Finally the sameinvestigationdave beenperformedfor 33
GWD/THM burnuplevel, beingrepresentate for actuallyoperatingPWRs.

5.3.1 Targetburnup 40 GWD/THM.

In table7 apossiblescenaridor MOX coresin apool of 7 PWRswith atargetburnupof 40
GWD/THM is specified. The UOX coresareidentifiedby the letterU, the MOX coresby
M; for i-th generatiorplutoniumcomposition.Fromthe 3. regycling, 2 MOX coreswithin
the pool of 7 PWRsarepossible.At the 7. regycling, alternatvely 2 and3 MOX coresare
considered.

For the scenarioof table7 thefollowing assumptionaremade:

1. 4% enrichmenbf the UOX fuel.
2. 40GWD/THM targetburnup.
3. 7 years(cooling+ reprocessingand3 yearsfabricationtime.

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

Thetables8 to 10 shaw resultsfor this scenario.Table8 shavs how the differentplutonium
compositionsare build-up. In thefirst cyclesit is taken into accountthat not all available
plutoniumis neededor the MOX core. The remainingpartis storedstill anotherl0 years
for usein thenext generatiorplutonium.If in thecasewith 2 or 3 MOX corestheavailable
plutoniumis not sufficient, it is assumedhatthe smallmissingpartcomesfrom outsidethe
pool of 7 PWRsand hasthe samecompositionof the last generatiorplutonium. Table 9
summarizeplutoniummasseshothfor 1 reactorandfor the pool of 7 PWRs.The mainre-
sultsarebasedn burnupperton of heary metal.In practice plutoniumandothertransurania
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massessafunctionof theenegy productionareof interest.In accordanceith theARCOSI
calculationghe normalizeddataof table9 arebasedn thefollowing assumptions:

e Reactorcycletime Te from table10.
e Densityof theheary metalin thefuel rod ps=4.77g/cm.

¢ Linearfuel powerratingR=170W/cm, beingequivalentto a specificfuel powerrating
of 35.6 Watt/g. In reference4] a value of 38.3 Watt/g is specifiedfor a 900 MWe
FrenchPWR.

o Netelectricalpower Pe=1300MWe =1.310° We.
o Efficiengy of thepowerplantn=0.345.

e Numberof fuel cyclesN=3.

For thefuel inventorythefollowing relationsarevalid:

Pe - Pt
G= 15
n-A (15)
G= L3477 4 _ 105710F g = 105.7tons.
Thedischagefuel perGWe.Yearamountgo:
G- 365
Ce=p TN 16
TR TN (16)

Table9 shawvsthatplutoniummulti-regycling in PWRsmayleadto adrasticaldecreasef the
plutoniumproductionandevento a netplutoniumincinerationin the caseof 3 MOX cores
within apool of 7 PWRs.

Table10 summarizesesultsof wholecorecalculationdor thefirst 7 plutoniumregyclingsin
the pool of 7 PWRs. Column4 shows thatstartingwith case, enrichedJ 23° is requiredto
obtainsufficientcriticality with thelimited fractionof 6% Puysis in theMOX. Theenrichment
variesfrom 1.2to 2.2%U 23> for the targetburnupof 40 GWD/THM.

5.3.2 Targetburnup 50 GWD/THM.

In table11 a possiblescenaridor MOX coresin a pool of 8 PWRswith a target burnup of
50 GWD/THM is specified Fromthe 3. regycling, 2 MOX coreswithin thepool of 8 PWRs
arepossible At the 8. regycling, 3 MOX coresareconsidered.

For thescenarioof table11 thefollowing assumptionaremade:

1. 4.5%enrichmenbf the UOX fuel.
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2. 50GWD/THM targetburnup.
3. 7 years(cooling+ reprocessingand3 yearsfabricationtime.

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

Thetablesl2to 14 shaw resultsfor thisscenarioTable12 shovs how thedifferentplutonium
compositionsare build-up. Again, in the first cyclesit is taken into account,that not all
availableplutoniumis neededor the MOX core. The remainingpartis storedstill another
10 yearsfor usein the next generatiorplutonium. If in the caseswith 2 or 3 MOX cores,
the available plutoniumis not sufiicient, it is assumedhat the small missing part comes
from outsidethe pool of 8 PWRsandhasthe samecompositionasthatof thelastgeneration
plutonium. Table13 summarizeplutoniummassesbothfor 1 reactorandfor the pool of 8
PWRs.Thesameassumptionsf section5.3.1aremade.

Table 13 shaws that plutonium multi-regycling in PWRs with a target burnup of 50
GWD/THM also may leadto a drasticdecreasef the plutonium productionand even to
anetplutoniumincinerationin the caseof 3 MOX coreswithin a pool of 8 PWRs.

Tablel4 summarizesesultsof wholecorecalculationgor thefirst 8 plutoniumregyclingsin
the pool of 7 PWRs. Column4 shows thatstartingwith case3, enrichedJ 23 is requiredto
obtainsufficientcriticality with thelimited fractionof 6% Pusis in the MOX. Theenrichment
variesfrom 1.5to 3.8%U 23° for the tamgetburnupof 50 GWD/THM.

5.3.3 Targetburnup 33 GWD/THM.

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

For thescenaridor 33 GWD/THM thefollowing assumptionaremade:
1. 3.2%enrichmenbf the UOX fuel.
2. 33GWD/THM targetburnup.
3. 7 years(cooling+ reprocessingand3 yearsfabricationtime.

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

Becausef thegoodexperiencesvith 40 and50 GWD/THM only a few wholecorecalcula-
tionshave beenperformed.Basedon theresultsof case2 of table5 lattice calculationshave
beenperformedusingthe boundaryconditionof equation(14).

Thetablesl5 and16 show resultsfor this scenario.Table 15 shavs how the differentpluto-
nium compositiongarebuild-up. Again,in thefirst cyclesit is takeninto accountthatnotall
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availableplutoniumis neededor the MOX core. Theremainingpartis storedstill anotherl0
yearsfor usein the next generatiorplutonium.If in thecasewith 2 MOX coresthe available
plutoniumis not sufficient, it is assumedhatthe smallmissingpartcomesfrom outsidethe
pool of 6 PWRsandhasthe samecompositionof the last generatiorplutonium. Table 16
summarizeplutonium masseshoth for 1 reactorandfor the pool of 6 PWRs. The same
assumptionsf section5.3.1laremade.

5.3.4 Concluding remarks on plutonium multi-r ecyclingin PWRs.

The precedingnvestigationgor plutoniummulti-regycling in a pool of PWRsshonv some
interestingresults. The appliedconstraintof maximumé6% Pusis in the MOX fuel to avoid
problemswith coolantdensityreactvity coeficientsleadsto the needfor a target burnup
dependent) 23° enrichmenbf the uraniumin the MOX fuel. Table17 givesa summaryof
the main resultsfor the nearequilibrium reactorcycleswith target burnups33, 40 and 50
GWD/THM. We may obsere, thatthe ratio betweerthe plutoniumproductionin the UOX
coresandthe plutoniumincinerationin theMOX coresis nearlyconstant=0.6. This means
thatif one hasa pool of equalPWRswith a ratio of MOX to UOX coresof 3 to 5, the
amountof plutoniumin this poolis nearlyconstantfterthe nearequilibriumreactorcycleis
reachedThis propertyis practicallyindependenof thetargetburnup.However, therequired
U235 enrichmentstrongly dependson the target burnup, varying from small valuesfor 33
GWD/THM to 4% for 50 GWD/THM.
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Assumptions? yearscooling+ 3 yearsfabricationtime, 7 reactorcyclesin 10 years.

Table7: Scenaridfor the useof full MOX coresin a pool of 7 PWRs,tagetburnup 40

GWD/THM.

Time Reactors
year [Cycle| 1| 2|3 |4 5 6 7
0 1 ujlujuju U U U
2 ujlujuju U U U
: ujlujuju U U U
10 7 ujlujuju U U U
8 ujlujuju U U M1
: ujlujuju U U M1
20 14 (U|U|U|U U U M1
15 (U|jU|jU|U U U M2
: ujlujuju U U M2
30 21 ([UlU|U|U U U M2
22 ([UlU|U|U U M3 M3
: ujlujuju U M3 M3
40 28 (UlU|U|U U M3 M3
29 ([UlU|U|U U M4 M4
: ujlujuju U M4 M4
50 35 |[UlU|U|U U M4 M4
36 ([U[U|U|U U M5 M5
: ujlujuju U M5 M5
60 42 (U|U|U|U U M5 M5
43 |U | U | U |U]|UM6M | M6/M6M | M6/M6M
: UulU|U]|U]|UM6M | M6/M6M | M6/M6M
70 49 |U|U|U|U]|UMBM | M6/M6M | M6/M6M
50 [UlU|U|U M7 M7 M7
: ujlujuju M7 M7 M7
80 56 ([U[U|U|U M7 M7 M7
U: UOX

Mi/MiM: MOX generation
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Fractionin weight%

Case Origin Puz38 | Pu3? | Pu?4V | Pu%*l | Pu*? | An?* | Pusis
M1 UOX BE 2.0 585 | 22.8 9.2 6.1 1.4 67.7
6x10.6kg M1 2.0 585 | 22.8 9.2 6.1 1.4 67.7

M2 8.4kg M1/ 1.9 61.1 | 23.8 59 6.4 0.9 67.0
51.1kg M2 3.3 440 | 29.8 | 10.8 | 104 1.7 55.8

Mixture 123.1kg | 2.5 52.7 | 25.8 9.6 7.9 1.5 62.3
6x10.6kg M1 2.0 585 | 22.8 9.2 6.1 1.4 67.7

M3 43.7kg M2 3.3 46.3 | 314 | 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 2.0 585 | 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 | 3.5 448 | 29.3 9.9 11.0 1.5 54.7
5x10.6kg M1 2.0 585 | 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 | 3.0 | 425 | 301 | 9.7 | 123 | 15 | 52.2
5x10.6kg M1 2.0 585 | 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 95 13.3 1.5 50.8
4x10.6kg M1 2.0 585 | 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
4x10.6kgM1 | 2.0 | 585 228 9.2 | 6.1 | 14 | 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
17 yearscoolingand3 yearsfabricationtime

M1’ M2

Table8: Summaryof plutoniummixing for targetburnupsof 40 GWD/THM.

45




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 794 | 63.2 | -16.2 | +47.4| -401.0 | +1173.4| +167.6
4 | M3 935 | 75.9 | -17.6 | +46.0| -435.7 | +1138.7| +162.7
5 | M4 112.3| 929 | -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 | -184 | -12.8| -455.5| -316.9 | -45.3
9 |M6M2 |111.4| 944 | -17.0 | -8.6 | -420.8 | -212.9 | -30.4
10 | M7 123.4| 1049 | -185 | -13.1| -458.0 | -324.3 | -46.3

IdentificationdJ,M1,M2..M7 from table8.

Table9: Plutoniummassesn a pool of 7 PWRswith targetburnupsof 40 GWD/THM.

Pluton.| Fiss. | Tamget-| Nr. | Cycl. ARCOSIresults
Case| Fuel | origin | fr. (%) | BU | Cyc-| time | Keis | Burnupeworm
Enr/BU | Pu/lU | eworw | les | (fpd) | EOC | Mean| Max.
1 UOX 0.0/4.0 40 3 450 | 1.0071| 429 | 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 | 494
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 | 6.0/2.5| 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 | 6.0/2.0f 40 3 400 | 0.9990| 39.5 | 51.3

Table10: Wholecorecalculationgor apool of 7 PWRswith targetburnupsof
GWD/THM.
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Time Reactors
year [Cycle| 1|23 |4|5]| 6 7 8
0 1 ulujujuju| u U U
2 ulujujuju| u U U
. Uulujujuju| U U U
10 6 ulujujuju| U U U
7 Uulujujuju| U u | M1
. Uulujujuju| U u | M1
20 12 (U|UjU|U|U| U u | M1
13 (U|UjU|U|U| U U | M2
. Uulujujuju| U U | M2
30 18 [U|UjU|U|U| U U | M2
19 ([U|U|U|U|U| U | M3|M3
. u/lujujulu| U |M3| M3
40 24 (U/lUJUIU|U| U |M3]|M3
25 |UJlU|jUlU|U| U |M4| M4
. Uulujujuluj| U | M4| M4
50 30 |[UJlU|UIU|U| U | M4| M4
31 |UlUJjUJU|U| U |M5|M5
. UulujujuluU|] U |M5|M5
60 36 |[UlUJUIU|U| U |M5|M5
37 |[UlUJUIU|U| U | M6| M6
. ulujujuluUu| U | M6 | M6
70 42 |UJ/U|U|U|U| U | M6 | M6
43 (UJU|U|U|U| U | M7 | M7
. Ululuju|lU| U |M7| M7
80 48 |U|U|U|U|U| U | M7 | M7
49 |U/U|U|U|U| M8 | M8| M8
. u/lujuju|lU|M8|M8| M8
90 54 {U/U|UI/U|U|M8|M8| M8

U : UOX
Mi: MOX generation

Assumptions? 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 Puz38 | Puz3? | Pu??V | Pu??t | Pu?*? | An*! | Pusis
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 M1 2.7 577 | 24.4 6.3 7.9 1.0 64.0
69.8kg M2 4.3 42.2 | 29.7 | 105 | 11.7 1.6 52.7

Mixture 156.7kg | 3.5 494 | 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 M2’ 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 M3 4.7 41.8 | 31.9 6.7 13.9 1.0 48.5
2x89.0kgM4 | 4.9 | 383 | 31.0| 100 | 142 | 1.6 | 483
Mixture 254.8kg | 4.3 | 43.1 | 289 | 9.9 | 123 | 15 | 53.0
6x11.9kg M1 2.8 55.1 | 23.3 9.7 7.6 1.5 64.8

M5 30.4kg M4’ 4.8 40.2 | 32.6 6.5 14.9 1.0 46.7
2x91.0kg M5 53 36.4 | 31.1 9.9 15.8 1.5 46.3
Mixture 283.8kg | 4.6 415 | 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 M5 51 38.3 | 32.7 6.4 16.5 1.0 44.7
2x95.7kg M6 5.4 355 | 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 M6’ 53 | 37.2| 326 | 62 | 17.7| 1.0 | 434
2x100.6kg M6 55 348 | 31.1 9.3 17.8 1.5 441
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 55 34.1 | 31.1 9.2 18.7 1.4 43.3
Mixture 366.4kg | 5.1 375 | 29.8 9.3 16.9 1.4 46.8

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

M1 M6’

Table12: Summaryof plutoniummixing for targetburnupsof 50 GWD/THM.

48




Plutoniumin kg/TIHM Plutoniumin

Case| Reactor| Proreactor Balance kg/GWeYear
Input | Output| Reactor| Pool | Reactor| Pool Mean
1 U - 11.9 +11.9 | 495.2| +218.2 | +1745.6| +218.2
2 | M1 916 | 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

|dentificationdJ,M1,M2..M8from table13.

Table13: Plutoniummasse# a pool of 8 PWRswith targetburnupsof 50 GWD/THM.

Pluton.| Fiss. | Tamget-| Nr. | Cycl. ARCOSIresults
Case| Fuel | origin | fr. (%) | BU | Cyc-| time | Keis | Burnupewormm
Enr/BU | Pu/lU | ewomm | 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

Tablel14: Wholecorecalculationgor apoolof 8 PWRswith targetburnupsof
GWD/THM.
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Fractionin weight%

Case Origin Puz38 | Pu39 | Pu??C | Pu?4L | Pu?%? | Anv?! | Pusis
M1 UOX BE 1.6 59.0 | 23.1 9.0 59 1.4 68.0
5x9.6kg M1 1.6 59.0 | 23.1 9.0 5.9 1.4 68.0

M2 6.7kg M1/ 1.5 616 | 24.1 5.8 6.1 0.9 67.4
40.5kg M2 2.8 442 | 30.0 | 109 | 104 1.7 55.1

Mixture 95.2kg 2.1 529 | 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 M2 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 59 1.4 68.0

M4 55.2kg M4 3.1 442 | 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 | 294 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 59 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
17 yearscoolingand3 yearsfabricationtime

M1 M2

Table15: Summaryof plutoniummixing for targetburnupsof 33 GWD/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 | 405 | -10.4 | +37.6| -281.9 | +1019.1| +169.9
3 | M2 63.3 | 514 | -11.9 | +36.1| -322.5| +978.4 | +163.1
4 | M3 88.8| 745 | -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| -4445 | +596.3 | +99.4

IdentificationdJ,M1,M2..M6 lik e table8.

Table16: Plutoniummasse# a pool of 6 PWRswith targetburnupsof 33 GWD/THM.

Target- Pu-balance | UOX | U%®®
burnup (Kg/TIHM) / ent
(GWD/THM) | UOX | MOX | MOX | (%)
33 +9.6 | -16.2| 0.6 |0.7..1.0
40 +10.6| -185| 0.6 | 2.0..25
50 +11.9| -21.0| 0.6 | 3.5..4.0

Table17: Resultdor nearequilibriumcyclesin poolsof PWRswith UOX andMOX fuel.
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Figurel7: Scenaridor plutoniummulti-regycling in apool of PWRs.
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6 Plutonium recyclingand safetyrelatedparameters.

Fromearlierinvestigationse.g.in referencdl], it is well-known thatthe plutoniumpartition
in the MOX fuel of PWRsis limited if safetymaiginshaveto bepresered. The mostimpor-
tantreasorfor thislimitation is thebehaiour of the coolantdensityreactvity coeficient,see
section5.1.2. Thesecondmportantsafetyparameterthe promptfuel temperatureeactvity
coeficient (Dopplereffect), is lesssensitve to the MOX contentandto thelayoutof thefuel,
seee.g.chapter6.1.3in referencdl]. In the next sectionssomeinvestigationselatedto the
coolantdensityreactvity coeficientsarepresentedBoth latticeandwhole corecalculations
areperformed.

6.1 Coolantdensityreactvity coefficientsof fuel lattices.

A first indicationfor the coolantdensityreactvity coeficients of a reactorsystemis the
reactvity changedueto the total removal of the coolantfrom the basicfuel lattice (void
effect).

Thevoid reactvity
AKeo void = Koo void — Koo Normal (17)

mustbe sufficiently negative. Otherwisemoreaccuratevhole corecalculationsarerequired.

Thefigures18 and19 shov K., curvesasa functionof fuel burnupfor 2. and3. generation
plutoniumfrom dischage burnupsof 50 GWD/THM. Startingfrom UOX latticeswith 4.5%
U23% enrichmenand50 GWD/THM dischage burnupthe 1. generatiorplutoniumis mixed
with naturaluraniumto MOX1. TheMOX1 is irradiatedup to 50 GWD/THM burnup,using
5% Pusis enrichmentTheproduced. generatiorplutoniumis useddirectlyin thenext core,
without blendingit with betterquality plutonium. In this case5.8% Pusis enrichmentwith
naturaluraniumgivesMOX2. Theirradiationof MOX2 upto 50 GWD/THM leadsto thebad
quality 3. generatiorplutonium. For this 3. generatiorplutoniumburnupcalculationshave
beenperformedfor 2 fuel composotions:7.5% Pusis with naturaluraniumand 6% Pufis
with 2% U 235 enricheduranium.

In the figure 18 we may obsene, that for the 2. generationplutoniumwith 6% Pugis no
problemsarisewith respecto coolantdensityreactvity coeficients.

Forthe3. generatiomplutoniumfigure 19 showslargepositivevoid effectsfor thecasenatural
uranium/7.5%Pus;s. Theuseof 2% U235 enricheduraniumenablesa decreaséo 6% Pusis,
leadingto nearzerovoid effects. For suchfuel, moreaccuratenvhole core calculationsare
requiredto get sufficient knowledgeaboutthe coolantdensityreactvity coeficientsof the
reactor

For the cases8, 9 and 10 from the tables9 and 10 andfor case8 from the tables14 and
15 first void effect investigationsvere performed.In figure 20 the K., curvesfor the M6M
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latticeswith 5.5/6.0%Pujis and2.2/1.9%U23° areplotted. Figure21 shows K., curvesfor
highercyclesof plutoniummulti-recgycling with dischage burnupof 40 and50 GWD/THM.
Theseresultsarenot sufficient to ensurethatthe coolantdensityreactvity coeficientshave
no impacton safetyaspectof the PWR. This questiononly may be clarified by whole core
investigations.

6.2 Whole core coolantdensity reactwvity coefficients.

Dueto theleakagefrom the core,in mostcaseghe coolantdensityreactvity coeficientsin
arealcorearemorefavourableasin the basiclattices. In afirst approximatiorthe leakage
may be takeninto accountin lattice calculationsby meansof so-calledbucklings,e.g. the
geometricabuckling definedby the geometryof the reactor Theleakagan the hardemeu-
tron spectrunof the voidedlatticeis largerthanin the normallattice, leadingto a negatve
additionalcomponento thevoid reactvity. A furthereffectcomedromtheveryheterogeous
burnupdistributionin thecorewith atendeng to higherburnupsin thecenteyseee.g.figure
16. Thesmallerburnupnearthecoreboundaryleadsto anincreasef theleakagecompared
to ahomogeneousore.

For the case®f section6.1thereforevholecorecalculationshave beenperformedwith mod-
ified coolantdensities.SpecialHXSLIB librarieswith 50% of the nominalcoolantdensity
have beenpreparedor usewith the code ARCOSI. With the restartoptionsof ARCOSI,
whole corecalculationanaybeperformedor selectedcasef theequilibriumcores.Begin

of life with maximumamountof boronin the coolantandthe boron-freeendof life situation
have beenchosenFigure22 shavstheresultsof thesecalculationsThe curvesareidentified
by numbersrepresentingusis andU 23° enrichmentnumberof theplutoniumregycling, tar-

getburnupandB!® contentn ppmin thecoolant.All coolantdensitydecreasekeadto clearly
negative reactvity effects. The begin of cycle conditionsare more unfavourablebecausef

thelossof borontogethemwith the coolant.For highertargetburnupsthe neededoroncon-
centrationincreasesvith unfavourableconsequence®r the reactvity changes.However,

this disadantagemight be reducedby useof banksof controlrodsinsertedfor the begin of

life condition.

Theresultsof referencdl] indicate,thatcoolantdensityreactvity curvesasfoundin figure
22 aresatishctoryfor thereplacementf the coreof modernPWRs.
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Figurel8: K. void effectfor 2. generatiorMOX, 50 GWD/THM dischageburnup.
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7 Massflow of transurania.

In this sectionthe massflows of the transuraniasotopesareconsideredn moredetail. First
somebasicpropertiesof UOX and MOX latticesare summarizedrom earlier sectionsin
orderto remindthe dependenciesSubsequentlyhe transuranianassflows in PWR pools
with plutoniummulti-regycling accordingo the proposedscenariowill beanalyzed.

7.1 Transurania buildup in UOX and MOX lattices.

The transuraniduildup in PWR latticesdependsn lattice designanddischage burnup of
thefuel. In referencgl] somesystematiqgparametewariationsfor tight lattice light water
reactordAPWR) arepresentedTherelevantparametefor transuraniduildupin this study
is the corversionratio from fertile to fissile fuel isotopes. The corversionratio generally
increasesor tighterlattices.Thismeanghatawiderreactoratticewith moremoderatomwill
leadto a reductionof the transuraniduildup. In the presenstudyno variationof thelattice
pitch (distancebetweerthe centersof neighbouringfuel rods) hasbeenperformed.Thisis
intendedn laterinvestigations.

The discussiorof the tables2 to 4 andof the figures2 to 6 in section3.3 give information
aboutthe buildup of transuranian UOX latticesof modernPWRs.

In theMOX latticescounterbalancingffectstake place.Ontheonehandthefissileplutonium
isotopedn thefuel aredestrgedby fissions on the otherhandneutroncapturesn U238 and
in the plutoniumisotopedeadto the productionof new plutoniumisotopes.Thetables9, 13,
16 and17 showv netdisappearancef plutoniumfor severalfuel andburnupconditions.The
shift of the plutoniumisotopicdistributionto the higherisotopesclearly maybe obsenedin
thetables8, 12 and15andin thefigures4 to 6.

7.2 Transurania buildup in PWR pools.

In section5.3 investigationgor poolsof PWRswith UOX andMOX coreshave beenper
formed. The transuraniauildup per UOX andMOX reactorin thesepoolsis summarized
in table 18 for 3 target burnupsandfor up to 8 plutoniumrecgyclings. The mostsignificant
effectis theconsiderableeductionof plutoniumandtheassociatedignificantincreasef the
Am?*3 buildupin the MOX coresby morethana factorof 10.

The influenceof plutonium multi-regycling on the buildup of transuranias shown in the
figures23 to 28. For the comparisons normalizationto GWe installedreactorpower is
chosenThis procedurdakesinto accounthatthepoolshave differentnumberof reactordor
thedifferenttargetburnups.However, the differentloadfactorsfor thefixedperiodsbetween
reloadingsare not consideredvhen normalizingto generatecelectric power. In figure 23
the plutoniumbuildup is shawn for a tagetburnupof 40 GWD/THM. Theinfluenceof the
MOX coresclearly may be obsered. In the caseof 3 MOX corescontrikuting to the total
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Reac- Transuranian kg/TIHM

tor 33GWD/THM 40 GWD/THM 50 GWD/THM

Pu N p237 AmP43 Pu N p237 AT Pu N p237 AT
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

IdentificationdJ,M1,M2..M7 from table8.

Table18: Transuranianasses$or poolsof PWRswith differenttargetburnups.

numberof 7 PWRs,anetplutoniumincineratiorntakesplace.After the8 cyclesastabilisation
of the plutoniuminventoryis found at a level of abouthalf the valueto be reachedwvithout
regycling until thattime. Figure24 shavsthesamecurvesfor 3 tagetburnups,33,40and50
GWD/THM. We canobsere, thatanincreaseof thetargetburnupleadsto a smalldecrease
of plutonium buildup if no regycling is applied(in-situ incinerationof plutonium). In the
regycling caseshetendenciesor all targetburnupsarethe same.

The figures25 and 26 shov the isotopic compositionsof the plutonium dependingon the
numberof regyclings. Both the unloadedandthe loadedplutoniumshaov a tendenyg to a
steadystatecomposition.The changesfterabout8 cyclesarefairly small.

Thefigures27 and28 shav the buildup of Np23” and An?43 for the samecasesasin figure
24. TheNp23’ buildup in figure 27 increasesvith increasef thetamgetburnup,whereaghe
multi-regycling leadsto a decreaseTheinfluencesonly aremoderate The Am?#2 buildupin
figure28 shavs a significantincreasef withoutregycling thetargetburnupis increasedrom
40to 50 GWD/THM. Much morepronounceds theincreasedueto the multi-regycling. In
this casethe buildupsof Np?37 and Am?*3 reachthe sameorderof magnitudeafter abouta
century
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Figure27: Np23’ buildup perGWe in MOX PWRs.
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8 The useof recycleduranium.

The resultsof section7.2 indicate, that plutonium multi-regycling in PWRsmay leadto a
drasticdecreas®f the long term plutoniumbuildup. Prerequisitdor sucha scenarias the
establishmenf aclosedfuel cyclewith sufficientreprocessingndassociate®MOX refrabi-
cationcapacity However, duringthe reprocessin@f spentnuclearfuel not only transurania
but alsolargeamountf reprocessedranium(RU) becomeavailable. Theamountof RU in
the spentfuel from amodernUOX PWR coreis about950kg RU/THIM. Until now this RU
usuallygoesinto intermediatestorage.The compositionof the RU stronglydependn the
startingconditionsandon the irradiationbehaiour. In mostcasesn UOX fuel assemblies
from PWRsthe U23% is burnedout belav about1%. The (n,y) reactionsin U23° have lead
to a significantbuildup of U236, Furtherthe (n,2n) and(n, 3n) reactionsin the main heary
isotopeshave producedsmallamountsof U232 U233 andU 234, Theratio betweerl) 236 and
U 23 dependson the startingU 23° enrichmentin the fuel andon the dischage burnupand
usuallylies between~0.50and~0.75. Similar phenomenaccurduring the irradiation of
MOX fuel assemblies.

The main problemfor the useof RU in PWRsis the buildup of the absorbeiisotopeU 234
Moreover, the small U232 partition may causeproblemsdue to the hard y-radiationof its
successoisotopeT 1298, Thereuseof reprocessedraniumin PWR fuel assembliesnay be
realizedby two alternatve methods:

1. Enrichmentof the RU to the requiredlevel for usein a PWR.In this procedurealso
U232 andU?3* are enriched. Recentlysomeactiities are ongoingto make available
enrichmentapabilitiesfor RU [21].

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

Both methodsave certainadvantagesnddisadwantagesEnrichmenof theRU needdrans-
portfrom thereprocessingnit to theenrichmenunit. Thistransportroutemaybekeptshort
if bothunitsarein thesamenuclearfuel cycle park. Blendingof high enricheduraniumwith
the RU needshigherenricheduraniumwith high separatiorcostsandpossibleproblemsre-
gardingnon-proliferatiomraspectsin thenext sectionsestimatesor therequiredenrichments
andfor theamountf theuraniumto be mixedwith theRU arediscussedFirst preliminary
costsestimatesrealsogiven.

8.1 Estimatesfor the uranium to be mixed with RU.
The useof freshuraniumrequiresU 23> enrichmentsrarying from ~3.2% for a target bur-
nup of 33 GWD/THM to ~4.5% for a target burnup of 50 GWD/THM. The reprocessed

uraniumRU may be cornvertedto useablefuel for a PWR by mixing it with a rathersmall
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fractionof fairly high enrichedfreshuranium.If we neglectthereprocessingpssesasafirst
approximationthefollowing expressions valid:

F-fr=0-fo+B-f, (18)

F totalloadquantity

O quantityof reprocessedranium(RU) from the precedingeactorcycle
B  quantityof freshhigherenricheduranium

fr  enrichmenin thereloadingfuel

fo enrichmenRU

fp enrichmenfreshuranium

Furtherwe have

F=0+B (19)

From(18) and(19) follows

0- (fe — fo)

fo=fr+ B

(20)

In table19 someresultsof inventorycalculationdor UOX fuel assembliesn PWRsaresum-
marizedfor 3 burnupstages.Takulatedarethe BOC andEOC compositionsf the uranium,
the EOC ratio U 239U 235 andthe characteristicsf the neededreshuranium. For thesecal-
culationstheassumptiorns made thattheenrichmentor thereloadingcoress constantThe
resultsfor the succeedinglOX coresshaw, thatthe buildup of U234 leadsto the needfor a
smallenrichmentincrease.

In table20resultsfor selecteccasedrom theinvestigationgor poolsof PWRsin section5.3
aresummarizedThe selectedeactorcycles7 and9 arenearto equilibriumcycles. For the
calculationgt is assumedhatthe reprocessedraniumfrom theseselectectyclesis reused
for thefirst time, i.e. not from the beginning of the plutoniumrecgycling. In additionto the
parametersf table19, informationaboutthe numberof the plutoniumregyclingsandabout
the reactvity impactof the U%34 andU 236 isotopesis given. AKg givesthe differencesn

K« if insteadof fresh,reprocessedraniumis used.Thelastrow of table20 shows thatfor

the 9. plutoniumregycling for a targetburnupof 50 GWD/THM, theU 23% enrichmenbf the
freshuraniummustbe increasedy about0.2%to obtainthe samereactvity at the endof

cycleif RU is used.
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8.2 Costestimatesfor useof reprocessediranium.

The useof reprocessedranium(RU) mayleadto the needfor fairly high enricheduranium
to be mixed with the RU in orderto get sufficient reactvity. The separatiorcostsfor the
uraniumenrichmentincreasesnore than proportial with the requiredenrichment. On the
basisof thefollowing data,costestimatehave beenmadein referencg22].

Unat 0.71%U 2%
Utail 0.25%U 2%%
Uraniumseparatiorwork (USW) 100%/kg
Naturaluranium+ corversion 30%/kg

From thesespecificationsjn table 21 crude estimatesare madefor the costsof freshen-
riched uranium andof RU blended by high enriched freshuranium. The numbersare
relatedto 1 ton of uranium.Theseestimate®nly concernthe uraniummaterialcostswithout
consideringpossibleconsequencdsr thefuel fabrication.Costestimategor theenrichment
of RU have not beenperformed.We may obsenre, thatfor the UOX fuel assembliesio sig-
nificantdifferenceccur In the caseof MOX fuel assembliesvith enrichedJ 23° the useof
reprocessedraniumseemso befavourable.

Importantadvantage®f thereuseof reprocessedraniumarethesaving of uraniumresources
andthereductionof storagecapacityfor spentfuel.
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Burnup| BOC EOC Ratio Fresh*

(GWD/ | U%3® uraniumvector(%) U239 | U235 perTIHM
THM) | (%) | 234] 235] 236 238 | U [ (kg) | (%)
33 3.2 1 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 45 | 0.00|10.92| 0.67|98.41| 0.73 | 64.6| 56.3

* Resultsfrom formula(20) for fg = constant.

Table19: Selectedesultsfor UOX loadingsin PWRs.

Burnup BOC EOC Ratio Fresh* EOC?
(GWD/ | Cycl. | U23 uraniumvector(%) U239 | UZ%perTIHM | AKgy
THM) (%) | 234] 235] 236 238 | U%® [ (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 1 0.01|1.33{0.19|98.47| 0.14 | 27.8| 22.6 -0.0023
50 7 3.3 10.02|2.04|0.35/97.61| 0.17 | 36.5| 325 -0.0040
50 9 3.8 1 0.02| 2.39| 0.39| 97.20| 0.16 | 37.0| 35.7 -0.0038
50 9 | 4.0"|0.03|254|0.76| 96.66| 0.30 | 37.6| 36.6 |-0.0007+
*  Resultfrom formula(20) for fr = constant.
' AKry = Koo nous — Koo withU6
T RU loadingwith 0.69%U 236 and0.02%U 234
+  Relatedo 3.8%U 23° enrichmentvithout U236
Table20: Selectedesultsfor MOX loadingsin PWRs.
FA- | Burnup Freshuranium RU
type | ewormw | %0 US| kg | $/kg $ %US* | kg* | $/kg $
UOX 33 3.2 | 1000| 610 | 610.000| 53.6 | 44.7| 15.490| 690.000
UOX 40 4.0 | 1000| 830 | 830.000f 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 | 305.000f 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 | 830.000f 36.6 | 37.6| 10.400| 391.000

* Resultsfrom formula(20) for fg = constant.

Table21: Comparisorof the fuel costsfor freshandreprocessedraniumfor PWRs.
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9 Summary.

The backendof the nuclearfuel cycle is of largeimportancefor the nearfuture. The spent
fuel from nucleampower plantscontaindargeamountf heavy isotopesandfissionproducts
with partially verylong decaytimes. Theatomicactin Germaly prescribedor alongperiod
of time theregycling of the spentreactorfuel for theusefor furtherenegy production.How-

ever, arecentamendmenglsoallows the directdisposalof the spentfuel. The objectve of

the preseninvestigationss to gainknowledgefor the judgemenbf possibleoptionsfor the

backendof thenuclearfuel cycle. Themainemphasiss directedto thethe pressurizedight

watercooledreactord PWRSs),beingcurrentlythe mostutilized reactortype.

In section2 the characteristic®f importantheavy isotopesare discussed.For long term
investigationsnainly mostof the plutoniumisotopesandN p237, Am?4t andAn?*3 have to be
consideredn moredetail. For verylongirradiatedfuel alsothe curiumisotopesCm?4° 246 247
maybecomeof interest.

In section3 basicinvestigationgor fuel latticesof modernPWRsaredescribedTheapplied
calculationalproceduresirediscussedn somedetail. Parametricinvestigationsarecarried
outto analyzethe transuraniduildup in UOX latticesin dependencef thefuel enrichment
andof the dischage burnup. Generally anincreaseof the dischage burnupin PWRs,due
to thein-situ burning of plutonium,leadsto a decreasef the specificplutoniumproduction
andto an increaseof the neptuniumandthe americiumbuildup. The fissile contentof the
plutoniumdecreasewith increasingournup.An importantquestiorfor the useof plutonium
in PWRsis the equivaleny of fuel assembliesvith uraniumandmixed uranium/plutonium
oxide in the samePWR core, becausehis is the actualappliedmethodfor the utilization
of the plutoniumcomingfrom nuclearfuel reprocessinglants. On the basisof experiences
with MOX fuel in GermanandFrenchPWRs,a relationfor the endof cycle valuesof K, in
both fuel typescould be specified. The new relationleadsto lower valuesfor the required
plutoniumenrichmenbf theMOX fuel, comparedo theresultsin earlierstudies.

In section4 exploratorywhole core calculationsfor full MOX PWRsare presented.The
calculationaprocedure$or thesanvestigationarediscusseth somedetail. They have been
developedfor earlierstudiesfor advancedpressurizedvaterreactorg1]. The primaryaim
of the presentwhole corecalculationds to investigatethe capabilitiesfor plutoniummulti-
regycling in PWRs. The resultsshaw, that plutoniummulti-regycling in PWRsis feasable
for alimited numberof regyclingsif depletedor naturaluraniumis to be usedfor the MOX
fuel andsafetyrelatedparameterfiave to be maintained.The allowed numberof reg/clings
dependanainly on the dischage burnupsof the fuel assembliespn the mixing stratgjies
for theregycled plutoniumandon the quality of the uranium. The detoriationof the coolant
densityreactvity coeficientslimits the plutoniumfissilefractionof the MOX fuel to ~6%.

In section5 long termconsideration$or plutoniumregycling in PWRsarepresentedThese
investigationsare basedon 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-coretimes, 7 yearsof cooling and reprocessing
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time and 3 yearsof fabricationtime are chosen. The investigationshave beenperformed
for dischage burnupsof 33, 40 and 50 GWD/THM. The plutonium for the next cycle is
obtainedby mixing all available plutoniumfrom the UOX andthe MOX cores. Thefissile
fraction of the plutoniumis limited to ~6%; if neccessargnrichedU?3 is usedto meet
criticality conditions.This scenaridor plutoniummulti-regycling leadsto anearequilibrium
plutoniumcompositiorwith constantnventoryafteraboutl0OOyears.At thistimetheamount
of plutoniumis abouthalf thevalue,comparedo a scenariovithout plutoniumregycling.

In section6 firstinvestigationgor safetyrelatedparameterarediscussedThe mostrelevant
safetyparametersirethe fuel temperatureeactvity effect (Dopplereffect) andthe coolant
densityreactvity effect. In referencdl] it wasfound, thatthe Dopplereffect is not very
sensitve to the changefrom UOX to MOX fuel. Thereforeno specialinvestigationsvere
performedfor this study For the coolantdensityreactvity coeficients a first indication
may be obtainedby calculationsfor voided lattices. If suchcalculationsgive sufficiently
negative reactvity effects,ase.g. for UOX lattices,no further investigationsare required.
If the fissile plutonium contentof the MOX fuel exceeds~6%, the lattice voiding effects
changefrom lessnegative to positive. In suchcaseanoreaccuratevhole corecalculations
arenecessaryFor selecteccasedrom the precedingwhole core calculationsfirst coolant
densityreactvity effectshave beendetermined.With the help of specialdatalibrarieswith
reduceccoolantdensitiesthereactvity changestthebegin andthe endof thereactorcycle
have beencalculatedor half thenominalcoolantdensity Theresultsof theseinvestigations
indicate,thatno problemswith coolantdensityreactvities occurfor the reactorsof the pool
scenariodescribedefore.

In section7 the massflows of the transuranighave beenanalyzedn moredetail. For the

buildup of transuranian a scenariowithout plutoniumregycling the influenceof the dis-

chage burnupandof theU23° enrichmenhave beenconsideredHigher dischage burnups
leadto morein-situincinerationof plutoniumwith theconsequences lessspecificamounts
of plutoniumof worsequality with a smallerfissionfraction and of more buildup of nep-
tunium and especiallyamericium. Higher U23® enrichmentsact againstthesetrends. The

influenceof plutoniumregycling on the massflows of the transuranignasbeenstudiedfor

thepool scenariosmentionedefore.As statedabove, afterabout80 yearsa nearlyconstant
plutoniuminventory may be reachedat abouthalf the level without regycling at thattime.

This meanghatlarge savingsof plutoniumbuildup maybe obtainedby plutoniumrecgycling

in PWRs. The buildup of neptuniumis not sensitve to plutoniumregycling. However, the

buildup of americiumreacheghe sameorderof magnitudeasthe neptuniumif plutonium

regycling is applied. Otherwisethe amountsof americiumaresignificantlysmallerthanthe

amountof neptunium.

In the last section8 someaspectf the reuseof reg/cled uraniumfrom the spentfuel are
discussedThebuildup of theabsorbeisotopel 234 s disadantageousor theusein PWRs.
First estimatesndicatethe needof anincreaseof theU23° enrichmenbf ~0.2%if uranium
after 1 reprocessings used.For the enrichmenbf reprocessedranium,2 alternatve meth-
odshave beenanalyzedtreatingthereprocessedraniumin anenrichmentacility or mixing
thereprocessedraniumwith highly enrichedreshuranium.Preliminarycostsestimatesn-
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dicate thatbothmethodsarecomparabldor thereprocessingf UOX fuel assembliesin the
caseof MOX fuel assemblieghe blendingof thereprocessedraniumwith highly enriched
freshuraniumseemsavourable.
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