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Abstract. Due to the large amountsof syntheticnon-stableheavy isotopesandfissionprod-
ucts,the backendof the nuclearfuel cycle is a seriousproblemfor the nearfuture. The buildup
of transuraniain pressurizedwaterreactors(PWRs),beingthemostutilized reactortypeatpresent,
is investigatedwithout andwith plutoniumrecycling in PWRs. The appliedcalculationalproce-
dureshave beendevelopedpreviously for the investigationof tight lattice light waterreactorsand
arevalidatedcarefully for reactorsystemswith fast,thermalandepithermalneutronspectra.If no
plutoniumrecycling is applied,thetransuraniabuildup decreasesslightly andthefractionsof nep-
tuniumandamericiumincreasesignificantlyif thefuel dischargeburnupis increased.A plutonium
multirecyclingscenariois presentedwith poolsof full uraniumoxide(UOX) andfull mixeduranium
andplutoniumoxide(MOX) coresthat leadsto a drasticdecreaseof theplutoniumbuildup. After
60to 80years,theplutoniuminventoryin thepoolstabilizesatalevel of about50%of theinventory
without recycling at thattime. Possiblesafetyproblemswith coolantdensityreactivity coefficients
areavoidedby the limitation of the plutoniumcontentandby the useof enricheduraniumin the
MOX fuel if requiredfor reactivity reasons.

INTRODUCTION

Oneof the mostsevereproblemsfor the peacefuluseof nuclearenergy is the back
end of the nuclearfuel cycle. Neutronabsorptionsin the heaviest naturalelementU cause
the buildup of non-stabletransuraniaelements,mainly Np, Pu, Am andCm. Someof these
transuraniaisotopeshave goodfissionpropertiesandarewell suitedfor reusein nuclearreac-
tors.Furthermore,thefissionof theheavy elementsleadsto thegenerationof severallong-lived
fissionproducts,e.g.Tc, CsandI. Becauseof their toxity andradiationhazards,thesenew syn-
theticmaterialsareserioussourcesof potentialdangerfor mankind.Besidestheoutcomesfrom
nuclearreactorsfor civil utilization,themilitary programsof severalcountriesin theworld also
haveproducedquitelargeamountsof transuraniaandfissionproducts.Oneof theobjectivesof
theR/D programat theForschungszentrumKarlsruhe(FZK) is to maintainthecapabilitiesfor
theassessmentof thepossibleoptionsto reducetheimpactof thebackendof thenuclearfuel
cycle, seee.g. Ref. [1]. In the presentcontribution the buildup of transuraniain pressurized
waterreactors(PWR),beingnowadaysthemostwidely usedreactortype,is investigated.More
informationmaybefoundin Ref. [2].



APPLIED CALCULATIONAL PROCEDURES

The appliedcalculationalproceduresaredescribedin somedetail in Ref. [3] andare
collectedin thecodesystemKARBUS.They combineadvantagesof thestandardmethodsfor
thermalandfastreactorsandhavebeendevelopedfor theinvestigationof tight latticelight water
reactors,includingtheneutroniccalculationof basicfuel lattices,of subassemblies(SA) andof
whole reactorcores.The fuel latticecalculationsusefirst flight collision probabilitymethods
from theWIMS code[4]. Thewholecorecalculationsareperformedfor theequilibriumstateof
aPWRwith hexagonalSA with thenodalcodeHEXNOD [5]. TheSA crosssectiondatafor the
presentexploratoryinvestigationsweredirectly taken from latticecalculations,neglectingthe
SA structuresandirregularwatergaps.Thereactordepletioncalculationsusethe formalisms
of thewidely usedORIGENcode[6]. Theapplied69 grouplibrariesaremainly basedon the
latestKEDAK4 evaluationsby FZK for thecommonreactormaterialsin coolant,structuresand
fuel andonJEF-2datafor about80fissionproducts.Thesecalculationalprocedureshavebeen
carefully validatedfor reactorsystemswith fast,thermalandepithermalneutronspectra,see
e.g.Ref. [3]. Recentlya comparisonbetweenKARBUS andtheFrenchstandardcalculational
methodsfor PWRsshowedgoodagreementin theresultsfor a benchmarkinvestigationfor Pu
multi-recycling in PWRs,seee.g.Ref. [7].

BUILDUP OF TRANSURANIA IN PWRs WITHOUT FUEL RECYCLING
ModernPWRscontainabout80 tonsof heavy metalfuel pergigawattelectricalpower

(GWe). Dependingon thecharacteristicsof thenuclearpower station(dischargeburnup,fuel
management,power ratings) � 1

3 of thecoreis unloadedevery 1. to 1.5 years.In this section
someestimatesaregiven for the buildup of transuraniain this unloadedfuel. The resultsare
normalizedto 1 ton of initial heavy metal(TIHM). For theseinvestigationsonly latticecalcu-
lationsfor the basiccell of a modernPWRareperformed.The dischargeburnupshave been
variedfrom 33 gigawatt daysper ton heavy metal(GWD/THM), beingrepresentative for the
todayburnupsand50GWD/THM, beinganearfuturetargetburnupfrom economicalconsider-
ations.For theseburnupsin modernPWRs,reasonableenrichmentsfor theU235 varybetween
3.2 and4.5%. In table I the resultsof theseparametricinvestigationsaresummarized.The
buildupof transuraniaamountsbetween10and13kg/THIM. Morethan90%of thetransurania
consistsof Pu. TheNp fractionamountsto 4..6%,the Am fraction to 1..2%. Theweightsof
Np237andAm243 increasestronglywith burnupincrease.Thefissilefractionof thePudecreases
significantlywith burnupincrease.



TRANSURANIA IN A POOL OF PWRs WITH PU MULTI-RECYCLING
Theuseof fuelassemblieswith mixedU andPuoxide(MOX) fuel is proventechnology

in PWRs,e.g. in Franceandin Germany. Until now mainly goodquality Puwith high fissile
fractionshasbeenutilized for discharge burnupsof � 35 GWD/THM. Themain resultof the
investigationsdescribedin Ref. [7] is, thataftera smallnumberof recyclingsthecomposition
of the Pu becomesso unfavourable,that the fissile enrichmentof the Pu hasto exceed6..7%
if about50 GWD/THM dischargeburnupshouldbereachedwith naturalor depletedU in the
MOX. With suchPufractionsin theMOX fuel it cannotbeguaranteed,thattheimportantsafety
parameter‘coolant densityreactivity coefficient’ (CDRC) remainssatisfactory [3]. Starting
from this experience,in Ref. [2] wholecorecalculationsfor poolsof PWRswith full U oxide
(UOX) andfull MOX coreshavebeenperformed.To avoid problemswith theCDRC,thefissile
fractionof thePuwaslimited to � 6%. In orderto getenoughexcessreactivity atreactorstartup
to obtaintherequireddischargeburnups,U235 enricheduraniumis usedif necessary. Themain
resultof theseinvestigationsis that,independentof thedischargeburnup,theratiobetweenthe
Puproductionin anUOX coreandthePuincinerationin aMOX coreis nearlyconstant:� 0.6.
Thismeans,thatthecombinedoperationof 5 UOX and3 MOX coresleadsto anearlyconstant
Pu inventoryin the pool of 8 PWRs. The Pu compositionin sucha pool only changesvery
slowly; a nearto equilibriumstatemaybereachedafter60 to 80 years.Theenrichmentof the
U235 in the MOX with 6% fissilePustronglyincreaseswith increasingdischargeburnupand
variesfrom � 1%at33GWD/THM to � 4%at50GWD/THM.

PWR TRANSURANIA MASSES WITHOUT AND WITH PU RECYCLING
In orderto estimatethetransuraniamasses,anumberof calculationsfor poolsof PWRs

with UOX andMOX coreshave beenperformedfor differentdischargeburnups.Theex-core
timeof thefuelwaschosento be10years:7 yearscooling/ reprocessingand3 yearsfabrication
time. Within these10 yearsa distinct numberof reactorcore cycles hasto be determined,
mainlydependingon thedischargeburnup.Thetotalnumberof reactorsin apoolwasfixedby
therequirement,thatafterthefirst ex-corecycleof thefuel, oneUOX coremaybereplacedby
a full MOX corewith thePuproduced.For thedischargeburnups33, 40 and50 GWD/THM
upto 9 recyclingshavebeenstudiedby wholecorecalculations.Themainresultsarepresented
in thefigures1 and2. Theproducedtransuraniaarenormalizedto 1 GWe installed.In figure1
thebuildupof Pushowsasignificantdecreaseif multi-recycling is applied.Thediscontinuities
in thecurveswith MOX indicatethereplacementof a UOX coreby a MOX corein thepool.
After 60to 80yearswemayobtainanearlyconstantPuinventoryatalevel of about50%of the
inventorywithout recycling at that time. This meansalso,thatcomparableamountsof U may
besavedfor lateruse.In figure2 thebuildup of Am243 shows a significantincreasedueto the
multi-recycling of thePu. In thesecasesthebuildup of Am243 is comparablewith thebuildup
of Np237, beingnotsensitive to thePurecycling.
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TableI: TransuraniabuildupandPucompositionsin theunit cell of amodernPWRfor different
dischargeburnupsandU enrichments

Burnup
Material 33GWD/THM 50GWD/THM

(kg/TIHM) U235 Enrichment U235 Enrichment
3.2% 3.5% 4.0% 4.5% 3.2% 3.5% 4.0% 4.5%

Pu 9.680 9.666 9.640 9.612 11.833 11.874 11.946 12.017
Np237 0.4254 0.4306 0.4368 0.4408 0.6453 0.6650 0.6916 0.7119
Am241 0.0370 0.0373 0.0374 0.0371 0.0540 0.0565 0.0604 0.0638
Am243 0.1002 0.0869 0.0694 0.0561 0.3220 0.2914 0.2467 0.2095

Transurania 10.243 10.220 10.184 10.146 12.855 12.886 12.944 13.003
Burnup

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

238 239 240 241 242 (%) 238 239 240 241 242 (%)
3.2 1.5 56.8 22.1 14.0 5.6 70.8 2.9 47.6 24.5 14.8 10.2 62.4
3.5 1.5 58.3 21.3 13.9 5.0 72.2 2.9 48.8 24.0 14.9 9.4 63.7
4.0 1.4 60.6 20.3 13.5 4.2 74.1 2.8 50.8 23.2 15.0 8.2 65.8
4.5 1.3 62.8 19.1 13.1 3.7 75.9 2.7 52.8 22.3 15.0 7.2 67.8



0.0 10.0� 20.0� 30.0� 40.0� 50.0� 60.0� 70.0� 80.0� 90.0�
Time (years)

0.0

10.0

20.0

30.0

40.0

50.0

60.0

P
u 

co
nt

en
t (

T
on

ne
/G

w
e)

�

Pu buildup in PWRs, normalised to installed GWe�
Based on 3 cycles, 105 TIHM in 1300 MWe reactors 

33 GWD/THM, only UO2

33 GWD/THM, with MOX
40 GWD/THM, only UO2

40 GWD/THM, with MOX
50 GWD/THM, only UO2

50 GWD/THM, with MOX

Figure1: Plutoniumbuildup in PWRsfor burnupsof 33,40and50GWD/THM
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Figure2: Am243 buildup in PWRsfor burnupsof 33,40and50GWD/THM


