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ABSTRACT

The neutroniccalculationsfor the back end of the nuclearfuel cycle at the Forschungs-
zentrumKarlsruhe(FZK) cover 3 main areas. The transuranigbuildup in the widely used
PressurizedVater ReactordPWR) is investigatedor scenariosvith andwithout spentfuel
reprocessingThe investigationsarebasedon calculationaltools originally developedfor the
designof tight lattice light waterreactors. Thesemethodsare qualified for fast, epithermal
and thermalreactorsystems. For the consumptionof multi-regycled plutoniumin PWRs,
the useof enricheduraniumis proposed.The investigationf the incinerationpotentialof
transuraniaandfission productisotopeswith fastreactorandacceleratodriven systemsare
morefuturisticcomparedo theinvestigationgor the PWR.Thefastreactorinvestigationsare
theredirectionof traditionalFZK actiitiesin thisarea.Thework now concentratesnnuclear
wastetransmutationvith specialdesignfastspectrunreactorcoresandis embeddedvithin the
framework of theEuropearCAPRA project. Theinvestigationgor acceleratodrivensystems
(ADS) startedsomeyearsagowith the implementatiorandthe qualificationof the required
calculationaltools. Thework is partially supportedoy the IABAT programof the European
Community Firstresultsfor theincinerationof plutoniumwith ADS arepresented.

1. Introduction

Oneof themostchallengingproblemsattheendof this century from thetechnical,
ecologicalandpolitical point of view, is the backendof the nuclearfuel cycle. Besides
the existing considerableamountsof transuraniaand fission productsfrom military and
commerciabpplicationf nuclearfission,nucleampower plantsall overtheworld arepro-
ducingnuclearwaste containinglarge amountsof potentialnew nuclearfuel. In Germary
the Atomic Act prescribedor along periodof time theregycling of spentreactorfuel for
the usefor furtherenegy production.However, arecentamendmenhow alsoallows the
directdisposabf spentfuel.

An importantobjectie of the R&D programat the Forschungszentrudarlsruhe
(FZK) consistan maintainingandpreservingexisting capabilitiego judgethe potentialof
thevariousalternatve optionsfor thebackendof thenuclearfuel cycle. Thepresentontri-
butionis restrictedo recentdevelopmentsn theneutronphysicsarea. Thesanvestigations
focusonaqualifiedassessmertf the capabilitiesof anumberof differentconceptgor the

incinerationof transuraniandfissionproductisotopesn comparisorto directdisposalbf
spentfuel.



Thefollowing topicswill bediscussed:
e Transuraniduildup in modernpressurizedvaterreactor§ PWR), including plutonium
multi-regycling.
e Plutoniumincinerationin fastreactors.
¢ Developmentsandapplicationof methoddor theinvestigatiorof acceleratodrivensys-
tems(ADS).

Therecentnvestigationgor actualreactorsoncentrat®n thereductionof buildup
of transuranian PWRs, beingcurrentlythemostutilized nucleareactortype. Theseanves-
tigationsarea continuationof the actuities for tight lattice light waterreactorsaimingto
presere uraniumfuel resourced®y enhancegblutoniumgeneration.The appliedmethods
arequalifiedfor fast,epithermakndthermalreactorsystemsin the presentinvestigations
it is shown, that the use of enricheduraniumin the MOX fuel during plutonium multi-
regycling in PWRs, may leadto a nearly constantplutoniuminventory after about60 to
100years.Theamountof plutoniumat thattime is abouthalf the quantityof plutoniumto
be producedvithout fuel reprocessing.

Thefast reactor investigationsrebasednthecomprehenseactvitiesin thearea
of fastbreedereactorsatthe Forschungszentrutdarlsruhe Within the EuropearCAPRA
programtheaimis now to incinerateplutoniumin futurereactorsvith hardneutronspectra.
As anextremecasethe useof uranium-freguel is considered.

For the accelerator driven systems (ADS) calculationalprocedureshave been
madeavailable andvalidated,especiallyby benchmarlparticipation. The applicationof
alternatve methodsfor transportcalculationshasbeenstudiedin somedetail. Recently
first resultsfor plutoniumincinerationhave beenobtained.

2. Investigationsfor Pressurized Water Reactors.

Theuseof (UPu)O, mixoxide (MOX) fuel in PWRsis proventechnologyin sev-
eralcountriese.g. FranceandGermary. Up to about30% of the fuel assemblie¢FA) in
existing PWR coresarereplacedoy MOX insteadof UOX assembliesA mainobjectve
duringthisreplacemenis to maintainthesafetycharacteristicef the PWRs especiallythe
coolantdensityreactvity coeficient(CDRC)andthe fuel Dopplercoeficient (DC). From
earlierstudies,e.g. in referencel, it is well-known that high plutoniumfractionsin the
MOX fuel of PWRsmayleadto problemswith the CDRC.Dueto the neutroncapturesn
fissileisotopeghe fraction of non-fissileisotopesn the plutoniumincreases its irradia-
tiontimeis increasede.g. by enlagemenif the burnupor by multi-regycling of thespent
fuel. As a consequencehe plutoniumfissile (and alsothe total) fraction of MOX fuel
with depletedor naturaluraniummustbe increaseaonsiderablyduring plutoniummulti-
regycling andonemusttake careconcerninghe CDRC.In arecentstudy?: 3 thebuildup of
transuranian PWRshasbeeninvestigatedn somedetail,bothfor directdisposalbf spent
fuel from UOX coresandfor plutoniummulti-regycling. In the presenpapersomeresults
for thetransuraniduildupin UOX coresandin poolsof PWRswith amixing of UOX and



MOX coreswill be presentedAll calculationsarebasedon a reactorlattice from bench-
markinvestigationon plutoniummulti-regycling, which wereperformedn collaboration
of Forschungszentrumdarlsruhe(FZK) andElectricite de France(EDF) 4 °.

2.1. Transurania buildup in UOX fuel. In table 1 a summaryis given of the
transuraniduildupin modernPWRswith UOX fuelin dependencef theU23°enrichment
for dischage burnupsof 33and50 gigawattdaygprotonneheary metal( GWD/THM). The
weightsare normalizedto 1 tonneinitial heary metal (TIHM). The burnup calculations
are performedon the basisof the realistic power rating of 164 W/cm, correspondingo
~35 WI/g. Onetonneof spentfuel from modernPWRscontainsalsoabout10..13kg of
transuraniasotopesmainly plutonium. ThesePWRshave a loadingof about80 tonnes
of heary metalfuel pergigawattelectric(GWe), leadingto about800..100(kg transurania
per GWe per reactorcorelife or to amountsof around200 kg dischaged plutonium per
GWe.aenegy production.

Table 2 shaws the influenceof dischage burnupandU?23® enrichmenion the plu-
toniumcomposition.The fissile fraction decreasesignificantlyif the dischage burnupis
increasedrom 33to 50 GWD/THM. HigherU 23° enrichmentausesessin situ plutonium
burningandleadsto higherfissilefractionsof the plutonium.

2.2. Plutonium multi-recyclingin PWRs. Theuseof fuel assembliesvith MOX
fuelis proventechnologyin PWRs.e.g.in Franceandin Germairy. Until now mainly good
quality plutoniumwith high fissile fractionshasbeenutilized for dischage burnupsof
~35 GWD/THM. The potentialof plutoniummulti-regycling in PWRshasbeenanalyzed
in somedetailin a commonbenchmarknvestigationof FZK andEDF 4:°. Theseinves-
tigationswere basedon simplified lattice calculations. The main resultwas, that after a
smallnumberof regyclingsthefissile fractionof the plutoniumbecomeso unfavourable,
thatthe fissile enrichmentof the plutoniumhasto exceed6..7%if about50 GWD/THM
dischage burnupshouldbe reachedwith naturalor depleteduraniumin the MOX. With
suchplutoniumfractionsin the MOX fuel it cannotbe guaranteedthatthe CDRC keeps
satishctory Startingfrom this experiencein reference® wholecorecalculationgor pools
of PWRswith full UOX andfull MOX coreshave beenperformed.In figure 1 the priciple
of this reactorscenaridas shavn. To avoid problemswith the CDRC, thefissile fraction of
the plutoniumwasrestrictedto ~6%. In orderto getenoughexcessreactvity at reactor
startupto obtainthe requireddischage burnups,U23° enricheduraniumis usedif neces-
sary In table3 importantresultsare summarizedor the nearequilibrium situation. For
dischage burnupsof 33, 40 and50 GWD/THM the normalizedplutoniumproductionin
UOX coresandthe net plutoniumincinerationin the MOX coresaregiven. Theratio of
theseplutoniummassess nearlyindependentf the dischage burnupx0.6. This means,
thatthe plutoniuminventoryis nearlyconstanin a pool of PWRswith aratio of 3 MOX
to 5 UOX cores. In table 3 we alsomay obsenre, that the requiredU 23° enrichmentin-
creasesapidly with the increaseof the dischage burnupif the fissile plutoniumfraction
of the MOX fuel is restrictedio 6%. In figure 2 the normalizedbuildup of plutoniumfor a
periodof aboutl00yearsis shovn. Thecalculationsarebasedn ex-coretimesof 7 years
(cooling+ reprocessingand3 yearsfabricationtime. For eachdischageburnupasuitable



numberof reactorburnupcyclesduring theselO yearsex-coretime is applied. We may
obsenre thatafter 80 to 100 yearsthe plutoniuminventoryis nearlyconstantat a level of
abouthalf thevalueof the casewithout plutoniummulti-regycling.

3. Investigationsfor Fast Reactors.

Fastreactorshave thewell-known advantage ®f

e lowvaluesof a = g—? for mostof theheary isotopedeadingto highvaluesof n = =+

Oa
andaresultinghigh neutronexcesswhich, in formertimes,wasusedto breedfresh
fissilematerialand

¢ low meancrosssectionvaluesfor mostof thefissionproductssothatevenfor fairly
high burnupstheneutronbalanceas nottoo muchdeterioratedyy neutronabsorptions

in thesefissionproducts.
Ontheotherhand fastreactorssuffer from thedisadantage®f

e generallyrathersmallaveragecrosssectiongequiringhigh concentrationsf fissile
materialanda ratherhigh neutronflux intensityand

o their fairly large fraction of high enegy neutrongE>0.1MeV) which areinducing
pronouncedadiationdamagen structuralmaterials.

Thesepecularitieof fastreactorswith “hard” neutronspectraareresponsibldor the limi-

tationof theresidencdime of fuel assembliesvhich canwithstanddamageatesof about
100-200displacementper atom (DPAs). The correspondingheutronfluencesof several
10%3n/cn? areusuallynot sufficient for burning aimostcompletelythe initial fissile con-
tentof thefuel. Furthermoredueto the corversionof fertile to fissile material,the burnt
fuel still containsa large fraction of fissile (andfertile) isotopesso that reprocessings
practicallymandatoryfor fuel irradiatedin fastreactors.

Theincinerationcapabilitiesof fastreactorswith corventionaloxide (MOX) fuel
is essentiallylimited by the solubility of the MOX fuel which becomesnuchworsewhen
the Pu-contents increasedbove about45% (asis well known, thereexistsa ratherstrong
correlationbetweerthefissileenrichmentandthemaximumincinerationratewhich canbe
achieved). Acceptingthe above enrichmentonstraintanincinerationrate of roughly 70
kg(Pu)/TWh(ex600 kg(Pu)/GWa(e)wasobtainedfor a CAPRA-typereactorwith MOX
fuel. Of coursesucha burnerreactorhasno longerary fertile blanketsas previously en-
counteredn fastbreedereactordesigns.Moreover, so-calleddiluentswereloadedin the
coretoincreaseheneutronleakagesothatalargefastreactomwith apowerof 1500MW(e)
could be loadedwith fuel having a significantly larger Pu-contenthan earlier breeder
relateddesignssuchasSUPERPHENIXor EFR.In additionto burningplutonium,special
investigationsvere devotedto the transmutatiorof minor actinides(MAs). The addition
of MAs (especiallyof Np?3") causesa moderatereductionof the burnupreactuity swing
but causes pronouncedeductionof the Dopplereffect dueto the large absorptioncross



sectionof theseMAs in thatpartof the resonanceegion which mainly contrikutesto the
Dopplereffect. This dravbackof MA additioncanbe mitigatedor compensateth such
away thatthe ratio of coolantvoid effectto Dopplereffect is similar to that of a burner
reactorwithout MA addition by replacingdiluent or inert materialin diluent subassem-
blies(S/As)or in so-called’'empty” pinsof fuel S/Asby a suitablemoderatomateriallik e
BeO or B}!C (boroncarbidewith a practicallyvanishingcontentof B19). This enablesa
fastreactorto incinerateat leastits self-generate®1As with a non-ngligible capacityto
acceptan additionalamountof MAs e.g. originatingfrom LWRs. Having in mind the
complicationsandeconomiaspect®f fabricatingandhandlingpinsandS/Asloadedwith
pelletscontainingsignificantamountsof americiumit seemedappropriateo concentrate
suchhighly radioactve MAs in specialS/As, placedin reflectorpositionsof the core. Ob-
viously this leadsto only a smalldegradationof coreperformancgarameterge.g. safety
relatedreactvity coeficients)by theadditionof MAs (in thereflector)andanoperational
behaiour of the MA-loadedreflectorS/Aswhich is similar to that of corventionalradial
breedersS/As.

As aparticulardesignof anextraordinaryburnerreactora so-calledJ-freecorewas
studied. In orderto comply with solubility requirementsnitride fuel waschosermandthe
necessaripopplerfeedbackvasdeliveredby usingafairly “dirty” Puisotopiccomposition
with high fractionsof the evenisotopesPu?4? and Pu?#2. This versionof a burnercould
be considerecisadequateo dealwith multi-regycled LWR-Puand,therefore possiblyas
representate for the later or last phaseof nuclearenegy production. It would allow to
comecloseto thetheoreticalimit of about
120kg(Pu)/TWh(e3}1000kg(Pu)/GW(e).

4. Investigationsfor Accelator-Driven Systems.

ADS investigationsstartedat FZK about5 yearsagowith the installationof parts
of the HERMESP codeversionof KFA Julich. The moduleHETC for the calculationof
intermediateenegy processeandthe Monte Carlo moduleMORSE for transportcalcu-
lationsbelov 20 MeV are operationaboth on IBM-mainframecomputerand on UNIX-
workstations Moreover interfaceswvereestablishedbetweerHETC, the Monte Carlo pro-
gramMCNP® andthe discreteordinatesransporcode TWODANT . For burnupinvesti-
gationsthe programPROSDOFR wasdeveloped.It consistof a semi-automatisequence
of the codesHETC, MCNP-3A and the depletioncode KORIGENL?. KORIGEN was
developedat FZK from the original ORIGEN codefrom Oak-Ridge. Somespecialpro-
visionsfor the PROSDORapplicationweremade.Recentlyfor the burnupcalculationsa
sequencef HETC, MCNP/TWODANT andthe burnupcodeKARBUS! hasbeenestab-
lished. KARBUS wasdevelopedat FZK for moregeneralfissionreactorburnupcalcula-
tions. Its depletionpartis alsobasedn ORIGENformalisms.Much effort hasbeenspent
for bestestimatedeterminatiorof one-groupcrosssections.

4.1. Validation work. Thefirst actwity afterinstallationof partof the HERMES
packagewasto gain experiencewith the applicationof the code. This could be realized



by a successfuparticipationto the NEA/NSC internationalcodecomparisorbenchmark
for intermediateenepy nucleardatafor thick tametsl. Generallythe FZK resultsagree
satishctorily with the othersolutions.Furtherextensve comparisonsvereperformedbe-
tweenthe Monte Carlo codeMCNP andthe discreteordinatescode TWODANT 12 with
the objective to replacethe time-consumingournup sequencé?ROSDOR/KORIGEN by
the fastersequenc¢HETC/TWODANT/KARBUS. Thesecomparisonsre basedon non-
multiplicative targetsandslightly subcriticalsystemawith thoriumfuel. As anexample,in
table4 one-groupdatafor U233 from MCNP and TWODANT calculationsfor a Th-U233
ADS are compared. With exceptionof the thresholdcrosssections(n,2n) and inelastic
scatteringthe differencesetweenthe calculationalmethodsare small. Thesethreshold
processemustbeanalyzeccarefullybecaus®f their sensitvity to spectrachangesn the
resultsof the calculations Especiallythe (n,2n)crosssectionanay influencesignificantly
thebuildup of actinideisotopesresultingfrom suchprocesses.

4.2. Applications. Firstresultshave beenpublishedby Segev et. al. 13 for differ-
entapplicationsmainly transmutatiorof long-lived minor actinidesandfissionproducts.
Recentlyinvestigationson incinerationof LWR-plutoniumhave beenstarted. Figure 3
shows preliminaryresultsfor the time dependencef theisotopicconcentrationgn a Th-
PuADS with 3000MWth. Theagreemenbetweerthe MCNP andTWODANT resultsis
verysatisactory We mayobsenethattheincinerationof the plutoniumis counterbalanced
by the buildup of U233, To judgesucha systemit will be necessaryo handlethisU?233in
a properway. TheKegss of this systemvariesfrom ~0.98t0 ~0.96. The corresponding
protoncurrentsor achieving 3000MWth arein therangeof 18to 40 mA. Total voiding of
the ADS leadsto smallnegative AKgs s changes.The hotto cold reactvity changes less
than+1%in Kegf 1, Sothe ADS remainssafelysubcriticalduring shutdavn.



Time cycle Pool with fixed number of PWRs
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Figurel: Scenaridor plutoniummulti-regycling in apool of PWRs.
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Pu buildup in PWRs, normalised to installed GWe
Based on 3 cycles, 105 TIHM in 1300 MWe reactors
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Figure2: Plutoniumbuildupin PWRsfor burnupsof 33,40and50 GWD/THM.
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Figure3: Th-PUuADS, time dependencef isotopiccomposition.



Burnup

Material 33GWD/THM 50GWD/THM
(kg/TIHM) U <43 Enrichment U 43> Enrichment

32% | 35% | 4.0% | 45% | 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
Np3’ 0.4254| 0.4306| 0.4368| 0.4408| 0.6453| 0.6650| 0.6916| 0.7119
AL 0.0370| 0.0373| 0.0374| 0.0371| 0.0540| 0.0565| 0.0604| 0.0638
A3 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]

Tablel: Transuraniduildup, power rating164W/cm

Burnup

U235 33GWD/THM 50 GWD/THM

(%) Puisotope(%) Fiss. Puisotope(%) Fiss.
238[ 239 240 | 241242 (%) [ 238 239 240 | 241 [ 242 | (%)
32 [ 15|56.8/22.1114.0| 56| 70.8] 29|47.6|245|14.8|10.2| 62.4
35 [ 15|58.3/21.3/139| 5.0 72.2] 2.9|48.8|24.0|14.9] 9.4 | 63.7
40 | 1.4]60.6|20.3|135| 42| 741 2.8|50.8|23.2]15.0] 8.2 | 65.8
45 | 1.3[62.8]19.1]13.1| 3.7 75.9] 2.7 | 52.8/ 22.3| 15.0] 7.2 | 67.8

Table2: Plutoniumcompositionspower rating 164 W/cm

Tamget- Pu-balance | Ratio | U%®

burnup (kg/TIHM) uox / ent.

(GWD/THM) | UOX | MOX | MOX (%)
33 +9.6 | -16.2| 0.6 |0.7..1.0
40 +10.6| -18.5| 0.6 |2.0..25
50 +11.9| -21.0| 0.6 |3.5.4.0

Table3: Nearequilibriumcyclesin poolsof PWRswith UOX andMOX fuel.



TWODANT 69groups | MCNP-4A | MCNP-3A | TR MCosD)
Kef f inhomogen. | Keft inhomogen. | inhomogen.
source source source

Otat [g] 9.5640 9.5738 10.0466 10.0793 5.0
(.0016) (.0019)

Og 6.5330 6.5403 7.0542 7.0528 73
(.0017) (.0019)

O(n2n) 1.5172E-3 | 2.1227E-3 | 7.9018E-4 | 1.6015E-3 | 32.5
(.0297) (.0421)

Ofiss 2.2597 2.2622 2.4602 2.4631 8.2
(.0017) (.0208)

Oing 0.58522) 0.58417 0.3176 0.3143 85.9
(.0017)¥ (.0461)%

on,y) 0.1847 0.1850 0.2137 0.2141 -13.6
(.0021) (.0208)

v 2.5393 2.5406 2.5240 2.5266 -0.56

ossons (.0014) (.0208)

Kef f 0.9035 0.9142% 0.9183 0.9510 %
(.0016) (.0204)

1) TW=TWODANT MC=MCNP

2) inelasticfrom discretdevelsandfrom enegy continuum

3) only continuuminelastic

4) determinatiorof ket ¢ - valuesfor calculationswith externalneutronsourcewith formulafrom referenc@:

Keff =

M—RO (G xn)—1
BT
with M = R(V0tiss) — R(Ofiss) + R(Onxn) + 1

whereR is thecorrespondingeactionrate.
R meangeactionratefrom criticality calculation

10

Table4: U-Th ADS, comparisorof one-groupdataof U233




