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Abdract—Taking credit for the reduction in readtivity assodated with fud depletion can enable nore
cod-effective, higher-dendty dtorage, trangportation, and digposal of spent nudear fud (SNF) while
meintaining a subcritical margin suffident to etablish an adequate safety basis This paper will review the
current gatus of burnup crecit applied to the design and trangport of SNF casks in the United Sates The
effectiveness of burnup credit for accommodating pressurized-weter-reactor SNF in high-capadity casks will
be demongtrated by comparing loading curves with actual SN discharge data. The patential benefitsthat can
be redlized using the current regulatory guidance for actinide-only burnup credit will beillugrated interms of
the inventory allowed in high-capacity casks and the concurrent reduction in SNF shipments The additional
bendiits that might be realized by extending burnup credit to take credit for sglect fisson products are also
illustrated together with a discusson of the type of technical informetion needed to support a safety bass for

full burnup credit (i.e, actinide and fisson product cretit).

[. INTRODUCTION

Higoricaly, ariticaity safety andyses for commerdd light
water reectar (LWR) oant fud sorage and trangport casks
have assumed the spent fud to be fresh (unirradiaed) with
wnifom isotopic  compogitions  coresponding  to  the
maximum dlowable enrichment.  Thisfresh-fud assunytion
providesa smple bounding gpproach tothe ariticdity andyss
and diminates concarns rdaed to the fud operaing higary.
However, because this assumption ignores the decreese in
reactivity asaresut of irradiaion, it is very consarvaive and
can resut in a sgnificant reduction in spent nudear fud
(SNF) capadty for a given cask vaume The concept of
taking credit for thereduction in reedtivity duetoirradiation of
nudear fud (i.e, fud burnup) is commaonly refared to as
burnup credit. The reduction in reedtivity that ocours with
fud burnup is due to the change in concentration (net
reduction) of fissle nudides and the produdion of peradtic
neutron-absorbing nudides i.e nonHissle adinides and
fisson products (FPS).

For sarage and transportation of presuri zedhwater-reactor
(PWR) SNF, burnup credit dlows aredudion in theassembly
separdtion gace nesded for ariticdity contrd. For a typicd
ral-type cask, the reduction in assembly spadng endbles an
~30% inaeese in cak cgpadty from ~24 to ~32PWR
asamblies Hence the potentid bendit of udng
-asembly casks with bunup aedit is a maximum
reduction of 25% in the number of required shipments for
PWR SNF, as compered to usng 24-assambly casks Nate

thet due to the amdle aosssedtiond area of some PWR
assamblies (eg, 14 x 14), assambly-spedific canigers could
be designed with capedties exceeding 320 However, for
smplicty in this paper avaue of 32isusad for themaximum
cgpadity of PWR burnup credit casks

In Segptembar 2002, the U.S Nudexr Regulaay
Commisson (NRC) isued Intgim Saf Guidence 8,
Revison 2 (1SG-8r2), “Burnup Credit in the Criticdity Safety
Andysss of PWR Spat Fud in Trangpat and Sorage
Casks™* This ISG provides guidance on (1) the aiteia to
detamine whetha SNF is digible for burnup cedit
conddedion, (2) the expaimenttd daa neded and the
genad goproach to teke for etablishing the biss and
uncatanty in theandysis codes, (3) modding assumptionsto
condde in pafoming andysss for the sfety bess and
@ loading opadions (eg, use of a bumnup vs initid
enrichment curve and burnup meesuremants). The 1SG-82
provided enhenced guidance and recommendations in a
number of aress where it was determined that the previous
ISG revison (ISG&1)? wes incompete (eg,
recommendations to handle axid profile modding),
patentidly confusng (eg., aitaia for SNF irradiged in
presnce of contrd rods), or unnecessily redrictive (eg,
SNF with no expoaure to burnable dsorbers and burnup
vaueslessthan 40 GWA/MTU). Theseand other issueswere
addressed in 1SG-8r2 using technicd bases established by a
reserch program sponsored by the NRC  Office of
Regulatory Ressarch.
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The acogptance of the NRC to consder the sefety case for
burnup aredit cask designsis evidenced by issuance of 1SG-8.
However, theguidance endarsss negative readtivity aredit due
to dhange in only the adinide compostions Although
adinide compastions provide the mgor contribution to
reectivity redudion in SNF, this paper will illudrate thet a
gonificant propation of the SNF inventay in the
United States cannat be loaded in high-capadty (e, 232
assambly) casks unless the safety besis can take into account
additiond negetive aredit beyond thet provided by mgor
adinides

This pape will review the effectiveness of 1SG-8r2
rddive to the patettid SNF invetay tha can be
accommodated in high-cgpadty dorage and transportation
casks™ The paper will aso review the additiond potentia
benefits that might be achieved if adequate technicd
information is available to suppart a safety besisthat indudes
the negativereectivity from FPs Theevaudionsarebesed on
comparisons of PWR discharge data (i.e, fud burnup and
intiad erichment spedfications for fud assemblies
disthaged from U.S PWRS) with burnup-credit loading
aurves for the pratotypical high-capadity GBC-32 cak® and
determinations of the percantage of assemblies that mest the
loading aiteia  Subsequently, varidions in the prindpe
andyssassumptions are consdered to assessthe potentid for
expanding the pacatage of assamblies that may be
accommodated in high-capadity casks

Burnup-aredit loading curves (sse FHgurel) define
assambly acoeptability in terms of minimum required burnup
as afundion of initid assambly enrichment.  Each burnup
and arvichmat combinaion on the loading curve
coresponds to a limiting vdue of the effective neutron
multiplication fadtar (kg ) for a given configurdion (eg, a
cask). For thiswork, loading curves were generated using the
SCALE code sysem® for a target kg value of 094 and
convergence aitaion of £0002. Thus dl loading curves
shown inthispeper correpondtokg =0.940+£0002 The
use of 0.94, as opposed to 0.95, inherently allows 1%
Yk for criticality calculational bias and uncertainty.
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Fig.1l llludrative burnup-credit loading curve Theverticd
portion of the loading acurve & low burnup carresponds to a
region in which the redudion in readivity due to bumup is
srdle then the inareese in readivity assodaed with the
congvatian in the bunup-aredit evduaion. Hence, no
creditistaken for burnupinthisregion.

I1. BURNUP-CREDIT ANALYZED

A onoptud  highecapadty  (32-assambly)  cask,
designated GBC-32° has been devdoped to provide a
reference burnup aredit cask design for usein edablishing the
efectiveness of 1SG-82 and demondrating potentid benefits
that might be ganed with negdive reativity aredit from
adinidesand FPs

The regulaory gudance for bumup oedt (1ISG-82)
recommends limiting the amount of burnup aredit to thet
avaldde from adinide compostions in SNF - with
assambly-averaged burnup up to 50 GWA/MTU and codled
out-of-reectar for atime paiod between 1and 0yesrs  The
computationd methodol ogies usad for predicting the adtinide
compastionsand determining the kg value areto be properly
vaidated. Cdaulated istopic predicions are typicdly
vaidated againg destrudive chemicd assay messuremants
from SNF samples while aiticdity andyss mehods are
vaidated agang gpplicable aiticd expaimats  Thus the
nudides in a sfety andyds are limited primaily by the
avalladlity of messured/exparimentd deta for vdidation.
Regarding modding assumptions 1SG-8r2 recommends thet
the gpplicant enaure that the actinide compaostions used in
andyzing the licendng safety bad's are cdculated using fud
design and inreectar operding parameters sdected to provide
bounding esimates of the kg vdue under cask conditions
Furthamore, it isrecommended that the caculation of the kg
value be peformed usng cask modds appropricte andysis
assumptions and code inputs that dlow adequete
rgresntaion of the physcs of the et fud cask
environment.

Fdloning the recommenddions embodied in the
regulatary guidance loeding curves were genarated for the
GBC-32 cak far each of the fdlowing assambly types
Combustion Enginesring (CE) 14x 14, Babcock & Wilcox
(B&W) 15x15 CE 16x16, and Wesinghouse (WE)
17x 17. Unless adficdly sated othewisg the folloning
caculationd assumptionswere usad:

o credit for prindpel adtinides only (i.e, U, 22U, 22U,

238FU, ZSQRJ, 240RJ, 241RJ, 242RJ, a’ld 241 Am),
e consgvative oparating parametas for fud tempeaure
(1100K), moderator tempeauredengty
(610 K/063 g/cr), oedific power (continuous operaion
a 60MW/MTU), and solubdle boron concentration
(cyde-averagevaue of 1000 ppm);

o bumup-dependent  axid and  haizontd  burnup
digributionssuggesed in Ref. 7;

o five-year cooling time; and

eisotopic coredion fadors (ICFS), ussd to adjut
predicted compogtions for individud nudides for bias
and uncatainty (to a 95%/95% confidence levd), as
detamined from compaisons of cdodaed ad
meeaured i sotopic compostionsfrom Ref. 8.



Because B&W and WE assemblies have usad burnable
poison rods (BPRs), those cases assumed BPR exposure for
the firsa 20GWAMTU of bunup. The effect of fixed
absorbers induding BPRs, on the reedtivity of PWR SNF is
discussd in Ref. 9. Additiond cdauldiond detalls are
avaldble in Reé.3.  The dischage data® used for this
evauation corregponds to SNF assamblies discharged from
U.S. PWRsthrough theend of 1998.

I11. INVENTORY OF SNF IN HIGH-CAPACITY
CASKS

The loading curves for the four PWR assambly types
noted above are provided in Figure 2, and the acogptahility of
the SNF assemblies for each fud type is summarized in

Tablel.
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Tablel Summeary of SNF acoeptahlity in the GBC-32 cask
with adinide-only bunup credit for the four assambly types
consdeed

Tatd in Number Number
Asmbly discharge  acogptablefor unacoeptable
type daa loading forloading
CE14x14 453 2194 (77%) 1259 (23%)
B&W 15x 15 6439 190(3%) 6249 (97%)
CE16x16 5809 3618 (62%) 2191 (38%)
WE 17 x 17 21569 2437 (11%) 19132 (8%%)
Tatd 30270  10439(2™%0) 28831 (73%)
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Fig.2 Comparison of discharged SNF assambliesto actinide-only-based | cading curves for the GBC-32 cask.



Congdent with the regulatory guidence of 1SG-82,
assambliesthat require burnup > 50 GWA/MTU aredassfied
as unacoeptable Alsp, the detlermination of acoeptablity
does nat account for burnup uncartainty, which would reduce
the peroantage of acceptableassamblies Thereaultsindicate
that while burnup credit can enableloading alarge percantage
of the CE assambliesin ahigh-capadity cask, the effectiveness
of 1SG-8r2 is minimd for the B&W and WE assambly
desgnsconddered.

To evduae the dfet of diffeent cdcuaiond
assumptions FHgure3 compares the reference case loading
curve for the WE 17 x 17 assambly with loading curves for
the fdlowing individud vaidions (1) edtended coding
time (20 years); (2) indusion of the principal FPs (®*Mo, *T¢,
101Ru’ mRh, 109 Ag, 13303 147811, 1493.n’ 1503.n’ 1513.n’ 1523.“
¥8Nd, *Nd, *'Eu, Eu, **Gd) and minar adiinides (PU,
ZNp, *°Am) with ICFs based on compaisong with
avallabde assay daa (3)indusion of the prindpd FPs and
minor adinides basad on a best-egtimate i sotopic uncatainty
gpproach® for bounding isotopic vaidation; and (4) indusion
of the prindpd FPs and minar adinides without any
correction for isotopic vdidation. Notethat for afew of the
rdevant FPS no meesured assay data are availdde. Thus
with the excaption of the find casg, no aredit was taken for
their presnceinthe SN

— Reference (accept 11%)
——20-y cooling time (accept 26%)
—o— Include FPs & minor actinides w ith ICFs (accept 58%)

—=—Include FPs & minor actinides w ith best-estimate
isotopic validation (accept 94%)

—&— Include FPs & minor actinides w ithout any isotopic
validation (accept 98%)
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Fig. 3 Effett of cdculaiond assumptions on loading
aurvesfor the GBC-32 and WE 17 x 17 assamblies.

From FHgure3, it is gpparent that extended codling time
can be usd efedtivdy to incemetdly inceese the
percantage of acogptable asemblies (A mare detaled
discusion of the dfedts of coding time is avalade in
Ref. 11) However, induson of FPs and/or the use of more
redidic goproaches for isatopic vdidaion offer potentiad
bendfits that are dgnificantly larger. For the GBC-32 cask,
the percentage of acogptable assemblies inareases from 11 to
58% with the induson of the prindpd FPs and minor
adtinides (bath cases & fiveyear codling), and from 58 to
A% with the use of a bounding best-esimete goproach for
isotopic vdidation, desribed in Ref. 8. Thefina case shown
in FHgure3 caresponds to full oedit for the cdculated
adtinide and prindipd FP compositions and rgaresmts alimit
in tems of the patentidly avallable negative readtivity. For
the casss with FPs induded, no spedific condderation wes
given to the bias and uncartainty in kg caused by consdeaing
the FPsin the aiticdity andysis However, theloading curves
ared| basad on an uppe subaritical limit of 0.94 (as opposed
to 095), which inhaetly dlons 1% Ak for aiticdity
cdauationd biasand uncertainty.

IV. SGNIFICANCEOFRESULTS

The reaults shown above demondrate thet additiond
negdtive reedtivity is necessary to accommodate the mgjority
of SNF assamblies in high-cgpadty casks and that the most
sgnificant way to improve the effectiveness of burnup crecit
is the indudon of FPs in the burnup aredit ety andyss
Thee dudes show tha bunup cedt bessd on the
recommendations embodied in 1SG-8 (adtinide-only) will
encble ~30% of the PWR SNIF assamblies to be loaded into
high-capedity casks and that, given gppropriate deta for
validation, theindusion of FPs can enabl el cading of ~90% of
the SNF assamblies into high-capadity casks  This Studion
is depiced in Hgure 4, which shows illudrative loading
curves, based on the GBC-32 cask, plotted on tap of the SNF
discharge SNF (through the end of 1998). The blue curve
(furthet to theleft, labded “ Actinide-only five-year codling”)
corregponds to current andysis assumptions congdant with
I1SG-8, Rev. 2. The black curve (furthest to theright, labeled
“Prindpal Actinides & Fisson Produds fiveyear coding”)
corregpondsto theindugon of theprindpal actinidesand FPs

Assuming assamhblies that cannat be accommodated in a
3-assembly cask are trangported in a 24-assembly cask,
additiond efforts to endble aredit for FPs could patentidly
reduce the number of shipments by about 22%, as compered
to areduction of about 8% for adtinide-only based burnup
credit. This stuation isillustrated graphicdly in Hgure 5. Of
course the patentid redudtion in the actud number of SN
shipmentsis dependent on the number of assemblies thet will
be trangparted, which & this time is not accuratdy known.
However, given the currant 70,000 Meric Ton Heavy Metd
(MTHM) cgpaaty limit established in the Nud ear Wedte
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Pdicy Ad, the percantage of totd MTHM from PWRs as of
the end of 1998 (64%), and the average number of PWR
amblies pg MTHM  (gbout 233 PWR
asEmbliessMTHM), it can be esimated that about 100,000
PWR assamblieswill betransported to the repository. For this
number of asmEmMblies it is edimaed tha about
315 shipments will be diminated using adtinide-only burnup
credit in comperison to full use of the fresh fud assumption.
However, if a sfety bes's can be edablished to dlow aredit
for FPs there is a patentid to further reduce the number of
shipments by about 625. Thus, the esimated potentid to be
gained from use of full burnup aredit isa reduction of ~940
shipmentsfrom interim starage stesto therepositary.
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Fig.5 Graphicd rgresmtation of the potentid reduction
in the number of SNIF shipments assodated with the use of
3-assembly casks as opposad to the use of 24-assambly
caks (Note thet 200,000 assemblies in 24-assamby casks

require4167 shipments)

Although use of FP aredit reduces the number of patentid
shipments by nearly twice that provided with adinide-only
burnup aredit, one should not forget thet the actinides are
producng gpproximatdy 2/3 of the negative reectivity
difference between fresh fud and SNF. The drametic benefits
thet can potentidly be redized by FP credit are an atifact of
the adinide-only loading curve(s)  lying very near o within
the burnup/erichmet bend that represents the highest
densty region of the SNF inventary (see FHgure 4). Thus
rddivdy smdl advances that endble additiond negetive
reectivity aredit may only shift the loading curve dightly, but
will provide magnified benefitsin teems of the SNF inventory
thet isacceptabl efor cask loeding.

In preparing this paper, an informa survey of industry
expets who have been looking & oot esimates for future
cask shipments uggested single shipment costs (induding
fraght and opaaiond cogts) to range from $200,000 to
$500000. Thee same expats judged the costs of
manufacturing, loading, and shipping a 32-assambly cask to

(per 100,000 assemblies)

be roughly equivdet to tha of a 24-assambly cask.
Consaquently, the actud cost savings assodiated with burnup
credit will be dictated by the redudtion in the number of
shipmets and the cog/shipment. For the number of
assamblies assumed in Fgure 5 (i.e, 100,000) and a snge
cak loading and transport cogt of $250,000, it can be
egtimated that the economic bendfit to be gained from usng
adinide-only burnup crediit is a cost savings of about $79
million. Smilarly, the additiona economic benefit thet can be
redized if FP aredit is oatained is a cost savings of $156
million, for a totd cogt savings of $235 million. Such
economic savings coupled with the redudtion in patentia
dose expoaure and noHradiologicd safety risk that comes
with fever shipments will be a mativation to devdop
high-capedity casks that have loading aiteria based on full
burnup credit.

V. RECOMMENDATIONS

The 1SG-8r2 redricion to adinide-only bunup aredit is
basad on theladk of dea, definitive expariments thet can be
used to edimate the uncatainty assodated with best-estimete
andyses needed to dbtain full burnup aredit. Two types of
expaimantd data are neaded in arder to provide a technica
bad's for extending the guidance of 1SG-82 to indude FPs
Thesetwo types of dataare (1) aiticd expaiments that can
be usad to edimate the bias and uncatainty caused by FPsin
the prediction of kg and (2) measured FP assay deta that can
egtimate the bias and uncatainty in the prediction of the FPs
withinthe SNFinventary.

Shart tarm solutionsto theladk of experimentd datafor FP
calt ae not goparet. For sverd years it has bemn
recognized that the French compeany Cogema has devel oped
expaimats and messrematts tha address thee daa
neads™ However, data from the Cogema program islargdy
proprietary, thus redricting its aality to address the current
domedtic nesds

Perhaps a better solution isto view the stuation in thelong
teem and work domedtically to obtain the needed sciatific
and tednicd bess for etablishing the uncatainties
asodaed with predicting FP concentrations and peforming
abes-edimate ariticdity andysis of a SNF cask thet indudes
FPs Through a prgect funded by the DOE Nudear Energy
Research Initictive (NERI), Sandia Nationd Laboratories hes
desgnad, and odtained a ety autharizetion to peform,
criticd expaiments that conggt of a latice of unirrediated
UG, fud rods with fails of sdected FP nudides insated
between the pellets A single expaiment using *®Rh failshes
ben compleed unde the NERI funding. Additiond
sponsarship is neaded to preparethe failsand paform smilar
benchmark expaiments with the ather FPs that contribute
sgnificantly toreducing thereedivity.

The stuetion for meesured FP assay dataisalso blesk in
the United Saes Of the samples for which assay dda are
now publidy avalade many important FPs currently have



four or fewer messremeats and the resuits exhibit high
varigbility compared to actinide meesurements  Thaeforea
concarted effort is needed to increase the number of assay
mesarements avallable for thekey FPnudides and to assure
the additiond meesuraments are performed with the accuracy
nesded to reduce the large vaiability in messuramnents A
number of domestic and internationd expaimenta programs
desgnad to acquire additiond hightbumup assy deta for
moden assembly designs are underway. Such programs are
atempting to meesure a much more comprenensive ligt of
nudides compared to earlie programs and are induding
condderaion of the nudides of impartance to burnup aredit,
induding the FP nudides. If there are large uncartainties in
this meesured data and/or the number of samples acoeptable
for use is gmdl, then the uncatainty assodated with FP
inventary prediction will be high, such that the identified
bendfit from the ful burnup credit loading aurve shift of
Figure 3 would nat betataly achieved. It would seam prudent
to gaha and assess data from curet programs while
planning future meesurement programs thet will provide for
thetype of fud nesded and with the accuracy thet will enddle
future reductions in the unoatanties asodated with
prediding concentrations of adtinidesand FPs

For bailing-water-reector (BWR) SNF, current gorageand
trangoort cask desgns (without water ggps) are cagpelde of
acogpting ~68 assEmblies with assembly-averaged initid
erichments up to ~40wt % 2*U. - Although the mgjority of
BWR asEmblies currattly in dorage medt this aiteion,
current BWR fud designs fedture assambly-averaged initid
erichmentsthat excesd 4.0 wt % 2°U and future designs are
expected to approach 5.0 wt % U,  Therefore, the bendfits
of burnup cedt for BWR fud indude (1) inceese in
dlowable enrichments to safly accommodatedl current and
foreseedble assemblies and (2) reduction in codtly fixed
neutron paison lcedinginthe canigers - Unlike PWR burnup
credit, recognized benefits do not indude increasad cask
cgpadty.  However, without burnup aredit, current BWR
cask cgpadities would need to be decreasad to accommodate
discharged fud with enrichments grester than ~4.0wt % U,

Thee has ben litle dudy of bunup oedt for
trangoortation of BWR fud and soitisnat deer what the best
goproach will be to achieve the quantity of burnup creit
nesded to achieve inventary loading for fud up to 5wt %
eriched. Invedigaionssmilar tothose of Ref. 3 are nesded
to deemine the combingion of acceptable modding
assumptions and expaimentd data that will be ade to
achieve the dedred amount of bumup aedt required for
assuring future discharges of BWR assamblies can be loaded
at full capadity intohigh density casks

VI. CONCLUSONS
Comparison of adinide-only-basad loading curves for the

GBC-32 cask with PWR SNF discharge daa (through the
end of 1998) leeds to the condusion that additiond negetive

reectivity (through dther inareased aredit for fud burnup or
cak dedgnutilization modficaiong is necessay to
accommodate the mgaity of SNF  assmblies in
high-capedity casks The loading aurves presanted in this
pepe are uch that a naade partion of the SNF inventory
would be unacoeptable for 1oading because the burnup vaue
is too low for the initid ewvichment. Because the CE
assamblies are consdarady less reactive then the WE and
B&W assemblies consdered hedn, loading curves for the
CE asEmblies dlow a much lage pacatage of ther
inventary to belceded in aburnup aredit cask.

No matter the assembly type, Fgure 2 demondrates thet
rddivey smdl shiftsin a cask loading curve, which increase
o dexeese the minimum required burnup for a given
enrichment, can have a sgnificant impact on the number of
SNF assmbliestha are acoeptade for loading.  Thus asthe
uncatanties and caresponding consavatisms in burnup
calit andyses ae bete undestood and reduced, the
population of SNF acceptable for loading in high-capaaty
casks will inceese Given gppropriate expaimentd deta, a
redidic best-esimete andyss of burnup aredit that indudes
vaidated aredit for FPsisthe enhancement thet will yidd the
mogt ggnificant impact on future trangoortaion plans
Theefore future work should focus on obtaining the
expaimattd data nesded to obtan rdiabe (for FPs) and
improved (for adinides) etimation of andys's uncatainties
asodated with burnup aredit.

In gengrd, assambiestha arenat queified for loedingina
given high-cgpadty cask (i.e, do not meet the minimum
burnup requirement for itsinitid enrichment vaue) must be
dored o trangorted by otha meens  Thee indude
(1) high-capadity casks with desgn/utilization modifications
and (2) lower-capadty (g, 24-assambly) casks that utilize
flux trgos andlor inareesed fixedkpoison concentrations  In
previous work,? loading curves developed for adtinide-only
burnup credit with an established 24-assambly cask design are
auch tha dl o vey nealy dl assmblies with initid
enrichments up to 5wt % “°U areacoeptable.  Also, loading
curves developed for the GBC-32 cask with sdected desgn
(increesed poison loading) and utilization (rods insated into
the assambly guide tubes) madifications’ illustrate dterndtive
meens for inareasing the number of assamblies acoeptable for
loading in high-cgpadty cask desgns  Although the use of
rod insats impects opadiond procedures the goproach
(coupled with burnup credit conggent with current regulatory
guidance) offers a greet ded of flexihility to achieve nesded
reductions in reedtivity in an exiging high-capacity cask
desgn.
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