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1 Inledning

1.1 Bakgrund och syfte

I detta kapitel redovisas analyser avseende slutférvarsanlaggningens respons pé forviantade
héndelser (storningar) och ej forvintade och osannolika héndelser (missdden).

Syftet ar att verifiera att anldggningen uppfyller alla stillda sdkerhetskrav och konstruktions-
forutsattningar for tinkbara forvantade hindelser (storningar) och ¢j forvéntade och osannolika
héndelser (missdden). I rapporten behandlas tidnkbara forlopp, de skydd som finns for att
minimera konsekvensen av hiandelsen samt eventuell paverkan pa personal och omgivning. En
uppdelning har gjorts i dels forvintade hindelser (storningar), hiandelseklass H2 (frekvens >107
per ar), och dels ej forvantade och osannolika héndelser (missdden), handelseklass H3/H4
(frekvens 10° < f<107?).

Analyser redovisas for:

e fOrvintade hindelser (storningar) (H2) som analyseras och utvirderas mot acceptans-
kriterier. Vid H2-hindelser tillats ingen paverkan pa kapseln som medfor att denna inte kan
godkénnas for slutférvar. Om acceptanskriterierna uppfylls innebér det séledes att kapseln
och Ovriga barridrer uppfyller de krav pa initialtillstdnd som stélls frén slutforvaret.
Deponering kan darfor ske

e ¢j forvintade och osannolika héndelser (missdden) (H3/H4) som analyseras och utvérderas
mot acceptanskriterier. Om acceptanskriterierna uppfylls innebér det att kapseln och 6vriga
barridrer uppfyller de krav som slutforvaret stiller i form av initialtillstdnd och deponering
kan ske. Det ar en tilldten konsekvens att kapseln inte ar acceptabel for slutférvar varvid
reversibel process inleds, och/eller att bufferten maste bytas ut och/eller att flera
deponeringshél kan komma att underkdnnas. En utredning gors av den kapselpéverkan som
skett och vid behov sker aterforsel till inkapslingsanlédggningen.

I slutfoérvarsanldggningen hanteras anvint brénsle i en sluten kopparkapsel och radioaktiva
utslapp kan uppkomma forst vid hdndelser som leder till en genomgaende skada pa kapselns
kopparhdlje. Ingen hindelse i anldggningen inom héndelseklass H1-H4 ska kunna medf6ra en
genomgdende skada i kapselns kopparhdlje. Radioaktivt utsldpp kan ddrmed inte forekomma i
slutforvarsanldggningen forutsatt att acceptanskriterierna for kapseln ar uppfyllda.

Slutforvaret stéller krav pé barridrernas initialtillstdnd. De tekniska barriéirerna hanteras och
verifieras och bergutrymmen byggs och kontrolleras i slutférvarsanlaggningen. Férutom for
kapseln, for vilken sékerhetskrav dven stills i slutforvarsanldggningen, har dessa slutforvars-
barridrer ingen sékerhetsfunktion i slutforvarsanldggningen.

I slutforvarsanldggningen finns det ddrmed bara den barridr som utgors av kopparkapseln. De
héndelser som kan uppsté under driftfasen kan dock paverka initialtillstdndet fér samtliga
barridrer som finns i slutforvaret. Det méste déarfor visas att acceptanskriterierna, barridrernas
initialtillstdnd, ar uppfyllda for alla héndelser.

I slutforvarsanlédggningens verksamhet ingér slutforvarets sékerhet genom att via sékerhets- och
kvalitetsklassning, dir detta &r applicerbart, samt resulterande kontrollomfattning tillforsdkra
kvaliteten pa barridrer/barridrfunktionerna, se vidare i SR-Drift kapitel 3. Det ar saledes
initialtillstdndet for den langsiktiga sédkerheten som tillforsékras i slutforvarsanldggningen. I
detta kapitel behandlas enbart driftfasen det vill sdga langsiktig sdkerhet ingar inte. Analyserna
vilka ingar i detta kapitel syftar till att visa att uppstéllda acceptanskriterier innehalls.

I kapitel 8 ingér inte brister 1 fysiskt skydd, till exempel sabotagehéndelser.
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1.2 Metodik

Analysen har genomforts i flera steg. I [1] redovisas en inventering av tdnkbara forvintade
hindelser (storningar) och ej forviantade och osannolika héndelser (missdden). Efter det att de
inledande hidndelserna har identifierats gors en uppskattning av hur ofta den inledande
hindelsen kan komma att intrdffa. Hindelserna har darefter inordnats till hindelseklasser som
definierats efter frekvensintervall. Principer och motiv for detta beskrivs ndrmare i [2]. For
identifierade héndelser i [1] utreds och markeras till vilken eller vilka av konsekvensomradena,
radiologisk olycka med utsldpp (A), barridrpaverkan (B) (mdjlig paverkan pa sikerheten i ett
langtidsperspektiv) eller radiologisk olycka som leder till f6rhdjd persondos (D), héandelsen
utreds for. Markeringen av A, B, D genomfors for varje analyserad héndelse.

For varje hiandelseklass definieras vilken tillaten konsekvens (acceptanskriterium) den ska
virderas mot.

Syftet med indelning av héndelser till frekvensbaserade héndelseklasser med sina acceptabla
konsekvenser dr att uppna en balanserad riskprofil for anldggningen. Frekventa hiandelser tillts
ge begrinsade konsekvenser medan osannolika héndelser kan tillatas ge storre konsekvenser.

I [3] redovisas de héndelser som fran inventeringen i [1] bedomts vara konstruktionsstyrande
eller konstruktionsverifierande med avseende pa belastningar pa kapseln. Dessa valda

belastningsfall analyseras och deras resultat redovisas i avsnitt 2 och 3.

Acceptanskriterierna for de olika hiandelserna definieras i SR-Drift kapitel 3 och kan
sammanfattas enligt tabellen nedan:

Tabell 1-1. Sammanfattning av acceptanskriterier

Handelseklass | Studerat konsekvensomrade Acceptanskriterium

H2 Radiologisk olycka med utslapp | Inga radiologiska utslapp till omgivningen tillats
under skedet rutinméassig drift och provdrift
utdver den i slutférvarsanlaggningen naturliga
forekomsten av radon (samma
acceptanskriterier galler som for H1).

Barriarpaverkan Kapseln

Inga handelser i handelseklass H2 far paverka
kapseln pa sadant sétt att den inte kan
godkannas for slutférvar. Handelseklassens
acceptanskriterier for hallfasthetsteknisk
utnyttjning, termisk eller annan paverkan for
kapseln ska innehallas. Kapseln far inte heller
paverka 6vriga barriarers funktion pa sadant satt
att dessa inte uppfyller stallda krav for slutforvar.

Buffert

Kraven pé buffertens samtliga egenskaper som
stalls fran slutforvaret ska vara uppfyllda da
kapseln placerats i deponeringshalet. En
handelse i H2 far inte ge sddan paverkan att
bufferten i mer an ett deponeringshal, under
pagaende eller efter avslutad deponering,
underkanns for slutforvar.

Forvarsberg, aterfylining i deponeringstunnlar
och plugg

Analyserad och provad del av berget pa vilket
egenskapskrav som barriar stélls i slutférvaret
ska uppfylla stallda krav. En handelse i H2 far
inte ge saddan paverkan att mer an ett
deponeringshéal under pagaende eller avslutad
deponering underk&nns for slutférvar.
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Handelseklass Studerat konsekvensomrade

Acceptanskriterium

Radiologisk olycka som leder till
forhojd persondos

Samma acceptanskriterier galler som for H1
(vilket innebaér att Stralsakerhetsmyndighetens
foreskrifter SSMFS 2008:51 avseende
dosbelastning till personal tillampas).

Kriticitetsmarginaler fér kapsel
(kapsel och anvant bransle)

Kapseln tillsammans med valt brénsle ska for
forvantade handelser (stdrningar) inom
slutférvarsanlaggningen ha en marginal mot
kriticitet s& att neutronmultiplikatorkoefficienten,
Keff, ar < 0.95.

H3/H4 Radiologisk olycka med utslapp

Inga radiologiska utslapp till omgivningen tillats
under skedet rutinméassig drift och provdrift
utdver den i forvarsberget naturliga forekomsten
av radon (samma acceptanskriterier galler som
for H1).

Barriarpaverkan

Kapseln

Acceptanskriterier for hallfasthetsteknisk
utnyttjning, termisk eller annan paverkan,
Overstiger H2 enligt konstruktions-
forutséttningarna for kapseln.
Acceptanskriterierna for handelseklass H3/H4
ska innehallas. Initiering av reversibel process
for kapseln blir konsekvensen.

Buffert

Kraven p& buffertens samtliga egenskaper som
stalls fran slutforvaret ska vara uppfyllda da
kapseln placerats i deponeringshalet. En
handelse i H3/H4 far ge sadan paverkan att
buffert i mer &an ett deponeringshal (med kapsel)
underkanns for slutférvar. Reversibel process for
mer &n en kapsel kan tillatas.

Forvarsberg, aterfylining i deponeringstunnlar
och plugg

Handelseklassen tillater 6verskridet
acceptanskriterium for handelseklass H2. Detta
innebar att bufferten i fler &n ett deponeringshal
med kapsel underkanns. Reversibel process for
fler an en kapsel kan tillatas.

Radiologisk olycka som leder till
forhojd persondos

Samma acceptanskriterier som for H1.1-H1.3
géller. Vid raddningsarbeten i nddlagen, till
exempel efter olyckor géller dock sarskilda
regler. Vid livraddande insatser tillats doser dver
100 mSy forutsatt att individen &r informerad om
risken med dosen innan insatsen genomfors.

Kriticitetsmarginaler for kapsel
(kapsel och anvéant bransle)

Kapseln tilsammans med valt brénsle ska for
forvantade handelser (stdrningar) inom
slutférvarsanlaggningen ha en marginal mot
kriticitet s& att neutronmultiplikatorkoefficienten,
Keff, ar < 0.95.

I [2] redovisas konstruktionsstyrande hiandelser som ingér i denna redovisning och som legat till

grund for en ytterligare detaljering till konkreta, analyserbara forlopp.

1.3

De héandelsegrupper som studeras ar foljande:

Inledande handelse

e lyft- och forflyttningshéndelser

e inre hindelser
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e yttre hdndelser

e  Kkriticitet.

Med lyft- och forflyttningshdndelser for kapseln avses hiandelser som leder till mekanisk
paverkan pa kapseln, till exempel tappad kapsel vid omlastning (lyft) och tappad
transportbehéllare fran transportfordon. Inom gruppen lyft och forflyttningshéndelser ingar dven
handelser som kan péaverka barridrerna.

Inre héndelser &r héndelser som har sitt ursprung inom anlédggningen och som kan medfora
paverkan pa kapseln, barridrer eller medfora radiologisk olycka som leder till forhojd persondos.
Exempel pé inre hindelser &r brand, 6versvdmning och ventilationsfel.

Yttre hdandelser representerar hiandelser som har sitt ursprung utanfor anldggningen. Exempel pa
handelser dr vind- och sndlaster, extrema havsvattennivaer och jordbavning.

Kiriticitet — Kriticitetssékerhet. Har avses héndelser som kan leda till kriticitet i kapseln och som
diarmed kan leda till radiologiska olyckor.

Nedan presenteras vilka hindelser inom respektive kategori som identifierats och i vilket avsnitt
hiandelsen beskrivs ndrmare. For hindelser som berdr kapseltransportbehallare avses vid varje
tillfélle att denna innehaller en kapsel.

1.3.1  Lyft- och forflyttningshéandelser

Foljande handelser har identifierats och utretts for konsekvensomradena. Radiologisk olycka
med utsldpp (A), Barridrpaverkan (B) samt Radiologisk olycka som leder till f6rhdjd persondos
(D). I tabellens kolumn for ”Studerat konsekvensomrade” markeras med ett X om hindelsen
beddmts kunna leda till paverkan inom respektive omrade. Handelsen samt den paverkan den
kan ge beskrivs sedan nirmre i det avsnitt som anges.

Tabell 1-2. Sammanstallning av lyft- och forflyttningshéndelser.

Handelse Studerat Handelse- | Avsnitt
konsekvensomrade | klass
A B D
Pakorning av kapseltransportbehallare vid X X X H2 2.1.1
omlastning i terminalbyggnad
Kollision med berg under forflyttning i ramp — X X X H2 211
kapsel i transportbehallaren
Kollision med berg frdn omlastningshall till X X X H2 2.1.2
deponeringstunnel — kapsel i deponeringsmaskin
Lyft- eller hanteringsstérning (forutom X X X H2 2.13
kollisionshandelser)
Tappad buffert vid forflyttning X H3/H4 214
Tappat bentonitblock vid placering i X H2 214
deponeringshal
Driftavbrott i process-, lyft- eller hanteringssystem | x X X H2 2.15
Handelser avseende kriticitetssékerhet X X X H2! 1.34

! Hindelser avseende kriticitetssikerhet r indelade i hindelse i handelseklass H2 respektive
hindelseklass H3/H4. Denna indelning mojliggdr tillimpning av skillnad i acceptanskriterier.
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Handelse Studerat Héandelse- | Avsnitt
konsekvensomrade | klass
A B D

Tappad kapseltransportbehallare vid omlastning i X X X H3/H4 3.1.1

terminalbyggnad

Kollision med berg eller annat fordon, omfattande X X X H3/H4 3.1.2

e under forflyttning — kapsel i
transportbehallaren

e frAn omlastningshall till deponeringstunnel —
kapsel i deponeringsmaskin

Kapseltransportbehallare faller av fordon under X X X H3/H4 3.1.2
forflyttning

Tappad kapseltransportbehallare under X X X H3/H4 3.1.1
omlastning

Tappad kapsel under omlastning X X X H3/H4 3.1.1
Tappad kapsel under nedsénkning till X X X H3/H4 3.1.1
deponeringshal

Tappat lyftverktyg pa kapsel X X X H3/H4 3.2.3
Kapseln sénks ned i férvaringsposition i X H3/H4 3.2.6

felbehaftad position (hanteringsskada pa buffert)

Handelser avseende kriticitetssakerhet X X X H3/H4 1.34

1.3.2 Inre handelser

Foljande inre hindelser har identifierats och utretts avseende konsekvensomradena Radiologisk
olycka med utslépp (A), Barridrpaverkan (B) samt Radiologisk olycka som leder till f6rh&jd
persondos (D):

Tabell 1-3. Sammanstélining av inre hdndelser

Héandelse Studerat Handelse- Avsnitt
konsekvensomrade | klass
A B D

Begransad brand i utrymme som innehaller X X X H2 221

kapsel/kapslar:

e terminalbyggnad

e under nedforflyttning i ramp

e omlastningshall

o forflyttning till deponeringstunnel
e deponeringstunnel

Begransad missil som faller éver fordon med X X X H2 222
kapsel:

e under nedforflyttning i ramp

e omlastningshall

o  forflyttning till deponeringstunnel
e deponeringstunnel

Stopp av lanspumpar (mindre éversvamning): X H2 2.25
e omlastningshall
o  forflyttning till deponeringstunnel

e deponeringstunnel
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Handelse Studerat Handelse- Avsnitt
konsekvensomrade | klass
A B D
Driftstorning som ger forhojd temperatur pa X H2 223
kapseln
Felaktigt borrat deponeringshal X H2 224
Hanteringsfel av buffert (luftfuktighet, mekanisk X H2 224
skada)
Bufferten svaller for snabbt i deponeringshal X H2 224

(deponering inte maojlig — initiering av reversibel
process fér odeponerad kapsel)

Skydd runt bufferten kan inte avlagsnas efter att X H2 224
kapseln deponerats

Fel pa ventilation — paverkan p& kapseln X H2 2.2.6
Kapseln fastnar i ett Iage déar den inte ar X H2 2.2.7
stralskarmad

Stralskarm i omlastningshall 6ppnas felaktigt X H2 2.2.8
Stralningshandelse i omlastningshall X H2 2.2.8
Felaktig 6ppning av stralskarm pa X H2 2.2.8
deponeringsmaskin (operatorsfel eller mekaniskt

fel)

Kapseln klams fast i e] stralskyddat lage i X H2 2.2.7

deponeringsmaskin

Omfattande brand i utrymme som innehaller X X X H3/H4 3.2.1
kapsel/kapslar:

e terminalbyggnad

e under nedforflyttning i ramp

e omlastningshall

o  forflyttning till deponeringstunnel
e deponeringstunnel

Omfattande missil som faller éver fordon med X X X H3/H4 3.2.2
kapsel:

e under nedforflyttning i ramp

e omlastningshall

o forflyttning till deponeringstunnel
e deponeringstunnel

Tappat lyftverktyg pa kapsel X X X H3/H4 3.2.3

Detonation i narhet av kapsel (hantering av X X X H3/H4 3.2.12
sprangmedel)

Omfattande 6versvamning, orsakat av utebliven X H3/H4 3.2.10
lanspumpning

e omlastningshall
o forflyttning till deponeringstunnel

e deponeringstunnel

Otillatna kemiska substanser som paverkar X H3/H4 3.24
slutforvarets langsiktiga sakerhet

Otillatna vattenfloden i deponeringshal X H3/H4 3.25
Defekter i kapseln X H3/H4 3.2.6
Defekter i berg som paverkar slutforvarets X H3/H4 3.2.7

langsiktiga sakerhet (spjalkning)
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Handelse Studerat Handelse- Avsnitt
konsekvensomrade | klass
A B D
Felaktigt utformad betongplugg X H3/H4 3.28
Felaktig bentonitkvalitet vid aterfyllning X H3/H4 3.2.9
Fastnad kapsel i kapseltransportbehallare eller X X H3/H4 3.2.11

deponeringsmaskinens stralskarmstub i samband
med Overforing och deponering

1.3.3 Yttre handelser

Foljande yttre hidndelser har utretts avseende konsekvensomradena Radiologisk olycka med
utslépp (A), Barridrpaverkan (B) samt Radiologisk olycka som leder till f6rh6jd persondos (D)
har identifierats:

Tabell 1-4. Sammanstéallning av yttre handelser.

Handelse Paverkan pa Handelse- Avsnitt
konsekvensomrade | klass
A B D
Bortfall av yttre nat X X H2 23.1
Extrema vaderforhallanden, vilka medfér X X X H3/H4 3.3.2
paverkan under mark (till exempel déversvamning)
Extrema vaderforhallanden, paverkan p& byggnad | x X X H3/H4 3.3.3
ovan mark samt missiler
Jordbéavning X X X H3/H4 3.3.1

1.34 Kriticitet

Ingen konstruktionsstyrande hdndelse far leda till kriticitet for kapseln d&ven om denna
vattenfyllts. Detta dr ett krav i slutforvaret [4], 1 vilket kravet for kriticitet 4r hardare &n det &r i
slutforvarsanldggningen, och dirmed en dimensioneringsforutsittning for kapseln, med
avseende pa brinslets innehall av maximal resteffekt och reaktivitet. Detta krav uppfylls i
samband med tidigare steg i KBS-3 processen.

Kapseln levereras till slutférvarsanldggningen som en sluten behallare och det finns inga
hindelser i anldggningen som ger kapselskada och ddrmed kan vattenfyllning av kapseln
uteslutas. Detta kan dé inte leda till en reaktivitetspaverkan.

Handelser som leder till stora accelerations- eller retardationshandelser for kapseln sa att
innehallna bransleelement skadas kan inte leda till att dessa konfigureras till sddan geometri att
reaktivitetsgrans Ker < 0.95 inte kan innehallas. Inga reaktivitetspaverkande handelser kan
darmed uppsta.

Kriticitetsanalys redovisas i [5].

Kriticitetshiandelser i slutforvaret kan ddrmed inte uppsta. Verifiering att denna dimension-
eringsforutsittning for slutférvaret ar uppfyllt redovisas i [4].
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1.4 Andra identifierade konsekvenser orsakade av inledande
handelser

1.4.1 Reversibel process

Reversibel process tillimpas da driftstorningar eller felhdndelser skett.

En reversibel process innebér en specialsituation, eftersom det inte &r att forknippa med den
normala processen. Initiering av en reversibel process kan behova ske da nadgon av foljande
situationer skett:

e [Kapseln har skadats, fastnat eller pa annat sétt paverkats sé att den inte uppfyller stillda
krav.

e Skador har uppstétt pa deponeringshal (buffert eller forvarsberg) med kapseln deponerad
eller pé vig att deponeras.

e Lingre patvingat driftstopp enligt avsnitt 1.4.2.

e Lingre driftstorning kan forutom som en direkt konsekvens av den initiala hindelsen dven
intrdffa i samband med ett langre patvingat driftstopp enligt avsnitt 1.4.2. Detta kan medfora
att den kontinuerliga process som forutses vid deponering och aterfyllning blir stérd. Till
exempel kan for tidig vitning av buffert och aterfyllning leda till att stillda krav inte

uppfylls.

Dessa situationer kan komma att kréiva specialanpassade verktyg och processer. Konsekvensen
kan vara forhojd persondos samt ldngre driftstérning. Handelser utan sékerhetspaverkan som
leder till langre driftstopp behandlas inte i sdkerhetsredovisningen. Dessa hiandelser paverkar
primért enbart anldggningens drifttillgénglighet.

1.4.2 Langre patvingat driftstopp

For att en storning ska leda till ldngre patvingat driftstopp krévs att ndgon av foljande héndelser
intréaffar:

e radiologisk olycka (med avseende pa personalens strilningsexponering)

e jordbdvning

e storre missil

e omfattande reversibel process krivs, det vill sdga flera positioner som méste atertas
e {versvimning

e ¢j demonterbart skydd runt buffert

e kemiskt eller mekaniskt skadad buffert

administrativa rutiner f6ljs inte.

Héndelser som leder till radiologiska olyckor beskrivs i avsnitt 2 och 3.
Jordbdvning skulle, pd samma sétt som en storre missil, medfora ett langre stopp i driften av
anldggningen foOr att rensa och aterverifiera anldggningen. Vid dessa héndelser ar det i forsta

hand ovanmarksanldggningen och delar av undermarksanlédggningen som drabbas.

Léangre driftstopp kan medfora att den kontinuerliga process som forutses vid deponering och
aterfyllning blir stord.
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Langre patvingat driftstopp kan dven ténkas uppsta till f6ljd av att en mer omfattande reversibel
process maste ske. Detta kan ske till f6ljd av flera orsaker sdsom:

e att ett antal redan deponerade kapslar har befunnits ha haft felaktiga forutsattningar fran
tillverknings- eller inkapslingsprocessen,

e att felaktigheter i uppforande hos anvinda material upptécks och att korrektion ddrmed
krévs samt

o att felaktigheter i anvénda instrument for till exempel mitning av vattenflode upptécks.

Héndelser som kan leda till att deponeringshal inte kan godkédnnas ar 6versvamning, ¢j
demonterbart skydd runt buffert, mekaniskt eller kemiskt paverkad buffert eller dylikt.

Dessa hindelser leder da till att kapseln i en reversibel process far aterforas till ett tidigare
hanteringssteg. Handelserna behover inte leda till ndgon kapselskada utan aterforingen kan dven
behdva goras for att kunna aterstélla deponeringshalet till godkénd status. Beroende pa hindelse
kan ett eller flera deponeringshal péverkas.

En stralningshéndelse, orsakad av till exempel en felhdndelse som Sppnar en stralskédrm,
kommer leda till ett driftuppehall for att sidkerstilla att hindelsen inte kan intréffa igen.

Om de administrativa rutinerna, som &r uppsatta for att radiologiska olyckor inte ska kunna
intriffa, inte foljs kan langre driftuppehall intrdffa. Exempel pa identifierade hindelser i [1] som
skulle kunna medfora langre driftstopp &r att sprangmedel (tvikomponents) inte hanteras
separat, att fordon fran bergarbetsomradet kommer &ver till deponeringssida och vice versa.

Héndelser utan sékerhetspéverkan som leder till lingre patvingat driftstopp behandlas inte i
sakerhetsredovisningen.

2 Forvantade handelser (stérningar)

Férvintade hindelser (storningar) 4r hindelser som har forvintad frekvens >107 per ar, H2-
hindelser. For hiandelse i handelseklass H2 tillats ingen paverkan pa kapseln som medfor att
kapseln inte kan deponeras.

Enligt [2] ska enkelfel postuleras. I 6vrigt ska enbart foljdfel orsakat av den inledande héndelsen
postuleras.

Forvantade handelser (storningar) som har identifierats for slutférvarsanlaggningen grupperas
och analyseras mot ett eller flera av foljande konsekvensomraden:

Radiologisk olycka som leder till utslapp (A)

Under rubriken "Radiologisk olycka med utsldapp” redovisas hidndelser som kan skada en kapsel
och leda till frigorelse av radioaktivt material.

Barriarpaverkan (B)

Barridrpaverkan innebar hiandelser som paverkar egenskaper som utgor forutséttning i
slutforvaret.

Radiologisk olycka som leder till férhdjd persondos (D)

Héndelser som kan medféra forhojd persondos utgors dels av handelser som leder till direkt
okad dos (fel pa stralskdrmsanordningar), dels av handelser som leder till utokade/forandrade
hanteringssekvenser sdsom driftavbrott och/eller behov av reversibel process.
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I denna rapport redovisas hiandelser som kan leda till forhdjd persondos pa ett Gvergripande sétt.
I SR-Drift kapitel 3 avsnitt 6.2 redovisas acceptanskriterier for persondos beroende pa
héndelseklass. Principer for samt uppskattning av strdldoser framgar av [6].

For H2 och H3/H4-héndelser géller generellt att efter inledande héndelse ska éterstillning av
hanteringssystem och aterforing av kapseln ske som planerat och enligt instruktionsstyrd
verksamhet inom ramen for acceptanskriterier for hédndelseklass H1. Generellt ska, enligt
SSMFS 2008:26, SSM informeras om héndelser som har betydelse ur stralskyddssynpunkt. I
SSMEFS 2008:26 stills dven krav pé att vid planerade arbeten som ger kollektivdos

>100 mmanSyv ska bland annat en dosbudget upprittas och redovisas.

Nar det géller H2-héndelser som kréver reversibel process och H3/H4-hindelser redovisas inte
den planerade driften efter hdndelserna eftersom fullstédndiga arbetsmoment och rutiner inte
finns framtagna. Vid eventuell uppkomst av sddan héndelse ska arbetet avbrytas och planering
av arbetsmoment samt stralskdrmning ska utforas. Det ska ocksé uppréttas och redovisas en
dosbudget enligt SSMFS 2008:26 34§, for arbetsmomenten som kommer att behdva utforas.

2.1 Lyft- och forflyttningshandelser

2.1.1 Kollision: Kapseln i transportbehallare

Studerat A B D
konsekvensomrade

Héndelser som omfattas:
e pakorning av kapseltransportbehallare vid omlastning i terminalbyggnad

e kollision med berg, under forflyttning i ramp — kapsel i transportbehéllaren.

Fel pé styrutrustning eller operatorsfel kan leda till att aktuellt fordon kolliderar. Lastfallen i [3]
utgors av:

e kollision med annat fordon eller bergvigg

e kollision i omlastningshall med annat fordon eller bergvigg.

Fordonshastigheten antas vara den hogsta som kan uppnas med fordonets drivutrustning i
ingrepp, det vill sdga med motorn i drift med hogsta véxeln ilagd och inte frikopplad.

Storsta retardationen erhalls om kollisionen sker mot bergvéiggen och dé kollisionen sker 1 rét
vinkel mot berg eller om inte detta &r mojligt med den storsta vinkel som dr mojlig.

Niér detaljkonstruktion for ingédende system utforts kommer hindelserna att vérderas och behov
av en verifierande analys att faststillas. Vardering gors for kollision da kapseln ar placerad i
kapseltransportbehéllaren.

Hiandelsen innebar att transportbehallaren blir pakoérd av ett annat fordon vid terminalbyggnaden
eller under forflyttning till omlastningshall alternativt att kollision sker med berg under
nedforflyttning.

Transportbehéllaren &r dimensionerad enligt IAEA:s transportrekommendationer.

Det kan noteras att under forflyttning till omlastningshallen kommer rampfordonet framforas

med en sédan hastighet, att en kollision med berg inte kan dventyra taligheten hos
transportbehéllaren [3].
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Eftersom kollisionen inte innebér att kapseln skadas fis darfor inte ndgon radioaktivitets-
frigorelse. En verifiering gors av transportbehéllaren och kapseln for att visa att kraven som
stdlls for forvaret i 1angtidsforloppet ar uppfyllda. Héndelsen medfor saledes enbart en
driftstérning i anldggningen.

2.1.2 Kollision: Kapseln hanteras utanfor transportbehallaren

Studerat A B D
konsekvensomrade

Hindelse som omfattas:

e kollision med berg fran omlastningshall till deponeringstunnel — kapsel i
deponeringsmaskin.

Fel péa styrutrustning eller operatorsfel kan leda till att aktuellt fordon kolliderar. Lastfallen i [3]
utgors av:

e kollision i deponeringstunnel med bergvigg. Kapseln ér placerad i deponeringsmaskinens
stralskdrmstub, horisontellt orienterad.

Fordonshastigheten antas vara den hogsta som kan uppnas med fordonets drivutrustning i
ingrepp, det vill séga med motorn i drift med hogsta vixeln ilagd och inte frikopplad.

Storsta retardationen erhalls om kollisionen sker mot bergvéiggen och da kollisionen sker 1 rét
vinkel mot berg eller om inte detta 4r mdjligt med den stdrsta vinkel som &r mojlig.

Nar detaljkonstruktion for ingaende system utforts kommer hiandelserna att varderas och behov
av en verifierande analys att faststdllas. Vardering gors for kollision da kapseln dr placerad i
deponeringsmaskinens stralskdrmstub.

Héndelsen innebér att kollision med berg eller annat fordon intraffar under den tid da kapseln
har tagits ur transportbehéllaren. Kapseln &r mindre skyddad d& den inte langre befinner sig i
transportbehéllaren, den &r dock omlastad i deponeringsmaskinen. Deponeringsfordonet i sin tur
ar forsett med system som stoppar fordonet da den nér ett hinder. Kapseln lastas ur transport-
behallaren i omlastningshallen under mark. Héndelsen med kollision med annat fordon
begrinsas séledes till forflyttning frén omlastningsstation till deponeringstunnel.

Forflyttningar till och frén deponeringstunnel kommer att ske restriktivt samtidigt som
forflyttning av kapseln sker. Kollision med andra fordon med mojlighet att pdverka den
radiologiska sékerheten kan bortses ifrén.

Hastigheten som deponeringsmaskinen framfors med kommer att vara sa 1ag att vid en kollison
innehalls acceptanskriterierna (det vill sdga ingen paverkan pa kapseln) [3].

Eftersom kapseln inte kan skadas av hindelsen kan ingen radioaktivitetsfrigorelse ske.
Radiologisk olycka som leder till forhdjd persondos kan endast ske om deponeringsmaskinens
stralskdrmslucka skadas av hindelsen. Den l4ga hastighet med vilken deponeringsmaskinen
framfOrs innebadr att stralskdarmsluckan inte kan skadas vid en eventuell kollision.
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2.1.3  Lyft- eller hanteringsstérning som kan ge mindre utvandig skada pa
kopparkapseln

Studerat A B D
konsekvensomrade

Héandelse som omfattas:

e lyft- eller hanteringsstdrning (forutom kollisionshindelser).

I [3] ingar foljande handelsetyper:
e svingande last
e missiler fran driftutrustning

o felaktigt hog sdnkhastighet for kapseln.

Dessa hindelser uppstar som f6ljd av mekaniskt fel eller ménskligt felhandlande.

Svangande last

Svéngande last antas uppsta som foljd av att kapseltransportbehéllaren inte centrerats till
lyftcentrum innan denna slépper fran aktuell lastbérare. Kapseltransportbehéllaren antas dé
pendla och kan eventuellt sl& emot annan struktur. Handelsen kan uppsta i terminalbyggnaden
respektive omlastningshallen. Lastfallen i [3] utgdrs av:

e slag fran svingande last pa grund av ej centrerad last infor lyft i terminalbyggnad. Kapseln
ar placerad i kapseltransportbehéllare.

e slag frén svingande last pa grund av ej centrerad last infor lyft i omlastningsposition.
Kapseln dr placerad i kapseltransportbehallare.

I bada redovisade fallen ar kapseln placerad i kapseltransportbehallare. D& mojligt vinkelfel i
lyftet bedoms som litet och kapseln &r placerad i kapseltransportbehéllare erhalls ingen lokal
paverkan pa kapselytan. Uppkommen péverkan dr 14g och inom aktuella acceptanskriterier.
Ingen analys genomfors [3].

Missiler fran driftutrustning

Lastfallen for missiler fran driftutrustning i [3] utgors av:

e missiler i berganldggning. Kapseln &r placerad i kapseltransportbehallare.

e missiler i omlastningsposition. Kapseln dr inte skyddad av kapseltransportbehallare.

e missiler i omlastningsposition och deponeringstunnlar. Kapseln &r placerad i
deponeringsmaskinens stralskdarmstub, horisontellt orienterad.

Vid omlastning till deponeringsmaskinen lyfts kapseln ur kapseltransportbehallare. Hanteringen
fram hit har skett med kapseln placerad i kapseltransportbehallare. Lyftet sker med
deponeringsmaskinen, system 9-223, 6ver kapseln varfor denna skyddar for missiler vid
omlastningen. Efter placering i deponeringsmaskinens stralskdrmstub utgoér denna ett skydd for
missiler vid forflyttningen frén omlastningshallen till deponeringshélet.

Inga missiler med sadan storlek och anslagsenergi kan forekomma inom hiandelseklass H2 att
kapselns olika skydd, kapseltransportbehallare, deponeringsmaskin och stralskédrmstub, skadas

till sddan omfattning att lokal ytpaverkan pa kapselytan sker.

Inga driftutrustningar med tryck eller medium som kan generera missiler har kunnat identifieras.
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Héndelserna ger ingen konsekvens for kapseln.

Felaktigt hog sankhastighet for kapseln

Laster inom denna kategori utgdrs av sankrorelser dir hastigheten inte minskas innan kapseln
nar underlaget. Sankning av kapseln i deponeringshalet dr den enda sénkrorelsen inom
slutforvarsanldggningens normala hantering som sker med kapseln utan att denna 4r placerad i
kapseltransportbehéllare. Denna héndelse analyseras som paraplyhéndelse for 6vriga
sankrorelser. Lastfallen i [3] utgors av:

e obefogat hog sdankhastighet for kapseln i omlastningsposition. Kapseln &r placerad i
kapseltransportbehallare

e obefogat hog sinkhastighet for kapseln i omlastningsposition. Kapseln ar inte i
kapseltransportbehéllaren

e obefogat hog sidnkhastighet for kapsel i deponeringshél. Kapseln &r inte 1
kapseltransportbehallaren.

I analysen forutsitts det att sénkhastigheten &r hogre 4n vad som ar angivet som lyft-
anordningens normala hastighetsomrdde. Analysen gors for nersédnkning av kapseln i
deponeringshélet. Kapseln bedoms klara uppkommen belastning och en verifierande analys som
visar detta kommer att genomforas i ett senare skede av projektet.

Héndelsen ger ingen konsekvens for kapseln.

Ingen forhojd stréldos for personal kan erhéllas vid denna héndelse. Orsaken é&r att arbetet sker i
definierade positioner med stralskydd nirvarande och kapseln (och transportbehallare, da denna
ar aktuell) dr intakt.

2.1.4  Lyft- eller hanteringsstorning som ger skada pa buffert

Studerat - B
konsekvensomrade

I samband med installationen av bentonitblocken méste stillda krav pa initialtillstdnd fran
slutforvaret, pa bland annat geometri, var uppfyllda. Lyft- och hanteringsstorningar som ger
skada pa bufferten far enbart en paverkan pa initialtillstindet om den slutliga verifikationen/-
inspektionen av deponeringshalet inte upptécker skadan. Héndelserna ska identifieras i samband
med den slutliga verifikationen/inspektionen och de har dérfor vanligtvis enbart en driftméssig
paverkan. Om skadan sker pa bottenblock och ringar &r atgarderna enkla. Sker skadan pa block
ovanfor kapseln krivs storre atgérder pa grund av strdlningen fran kapseln.

2.1.5 Driftavbrott i process-, lyft- eller hanteringssystem

Studerat - - D
konsekvensomrade

Dessa hindelser ar identiska med de som redovisas 1 avsnitt 2.3.1.
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2.2 Inre handelser

2.2.1 Begransad brand

Studerat A B D
konsekvensomrade

Med begrinsad brand avses brand i utrymme som innehéller kapsel/kapslar och dir branden kan
ge en maximal temperaturhdjning pa kopparytan till 100 °C.

Efter intrdffad brand gors en analys av vilka temperaturnivder som natts pa kapselns
kopparhdlje. Innehélls acceptanskriteriet 100 °C kan, efter handelserapportering och analys
enligt SSMFS 2008:1, 7 kapitel, kapseln godkidnnas for fortsatt hantering.

Branden kan innebéra att buffert och éterfyllnad vid ett deponeringshél underkdnns och maste
ersittas.

Eftersom branden inte ska kunna skada kapselns tathet kan ingen dospaverkan ske sa linge
stralskdrmarna dr intakta. Om branden ar s omfattande att stralskdrmarna skadas kan inte
personal vara nirvarande, utan maste redan ha lamnat platsen. Innan personal kan nérma sig
platsen ska dosratmétning ske for att sékerstilla att ingen forhojd strélningsniva foreligger.

2.2.2 Begransad missil

Studerat A B D
konsekvensomrade

Med begriansad missil avses ett block (missil) som faller 6ver transportfordonet, i omlastnings-
hall, eller 6ver deponeringsmaskinen och dér blocket har en maximal vikt av 10 kg [3].

Under forflyttningen fram till kapsellyftet i omlastningshallen skyddas kapseln av
kapseltransportbehéllare. Behallaren ar kraftigt dimensionerad och kapseln paverkas inte [3].

Fore lyftet till deponeringsmaskinen &r kapseln oskyddad i kapseltransportbehéllare (det vill
sdga locket dr Oppet). Bergblock kan inte na kapseln som &r skyddad av deponeringsmaskinen
men vid materialbrott kan delar av lyftutrustningen lossna och da i simsta fall st6ta till kapselns
Oversida. Denna hindelse ingar i analysen av tappad kapsel i samband med omlastning varfor
den inte behover analyseras separat.

Under den fortsatta hanteringen ar kapseln skyddad av deponeringsmaskinen och dess tub. Har
géller att kapseln é&r lika skyddad som vid forflyttning i kapseltransportbehallaren.

Begréansad missil kan inte padverka den radiologiska sidkerheten och behandlas vidare under
avsnittet 2.1.3.

Eftersom H2 héndelsen innebér frigorelse av en liten missil/block kan denna inte paverka
stralskdrmsegenskaperna. Om misstanke dndé finns att stralskdrmar ar paverkade ska personal
avldgsna sig fran platsen tills dosratmétning skett.

2.2.3  Driftstorning som ger forhojd temperatur pa kapsel

Studerat - B
konsekvensomrade

Kapseln har ingen aktiv kylning utan kyls enbart via konvektion. En begrénsning i konvektions-
kylningen kan uppsta vid driftstorningshéndelser dér kapselhanteringen stoppas i nagot
mellanldge. Detta géller bade dé kapseln é&r i transportbehéllaren respektive hinger fritt. Orsaken
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till den begrinsade kylningen kan antingen vara en foljd av att rumsventilationen upphdr
och/eller att kapseln blir hingande i en position dir konvektionskylning blir begransad.

For samtliga lyftpositioner antas att en kapsel dr under lyfthantering och att kapseln innehaller
den maximala resteffekt som tillats inklusive toleranser. I analyserna antas att hindelsen fortgér
tills termisk jamvikt nas.

Tre olika fall enligt nedan har identifierats.

I fall 1 &r kapseln under forflyttning och placerad i kapseltransportbehéllare, vilken konstruerats
att ge erforderlig virmebortforsel fran brinsle/kapsel. Kapseltransportbehéallaren ar konstruerad
enligt IAEA:s transportbestimmelser och ar licensierad enligt kraven for typ B. Redovisning av
kapseltransport framgér av [7]. Fallet ger ingen konsekvens for kapseln.

I fall 2 finns en delhdndelse:

o Kapseln ar helt eller delvis lyft fran kapseltransportbehéallaren. I samtliga grader av lyftniva
i forhallande till kapseltransportbehallare har kapseln storre kylning. Kapseltemperaturen
blir l4gre &n for fall 1 och delhédndelse 1 i fall 2 och har ingen konsekvens for kapseln.

I fall 3 finns tva delhéndelser:
e Kapseln ér placerad i stralskdrmstuben vilken ar horisontellt orienterad.

e Kapseln &r placerad i stralskdrmstuben vilken dr vertikalt orienterad.

Med kapseln placerad i deponeringsmaskinens stralskdarmstub i horisontellt ldge uppstar sdmst
kylforhéllande for kapseln. Kapselkylningen &r beaktad i konstruktionsférutsittningarna for
deponeringsmaskinen, system 9-223, och kapselytan far en sluttemperatur pa <100°C. Med
denna temperatur innehdlls acceptanskriteriet for handelseklass H2.

Héndelsen ger ingen oacceptabel konsekvens for kapseln.

2.2.4  Felhandelser som ror deponeringshalets egenskaper

Studerat - B
konsekvensomrade

Felhindelser avseende deponeringshél &r samtliga initialt sddana att de endast paverkar den
langsiktiga sidkerheten. For vissa hdandelser kan inte uteslutas att det vid genomforande av
reversibel process kan ske kapselpaverkan. Sddan eventuell paverkan ingar inte som hiandelse i
denna rapport. Exempel pé héndelser som ror deponeringshal &r:

o felaktigt borrat deponeringshal (enligt [1])
e Dbergutfall/spjalkning
e plast eller annat material kvar i deponeringshal

e skador pé bentonitblock eller -ringar vid montering eller som f6ljd av felpositionering av
kapseln vid deponering, det vill sdga da kapseln har placerats i deponeringshélet.

Samtliga dessa hiandelser dr hindelser som identifieras i ordinarie kvalitetsrutiner och
verifieringsmétningar etc. Detta innebér att de kan atgérdas och dérmed fér inte hdandelserna
nagon konsekvens pé de initialtillstdnd som langsiktig sékerhet kriver.
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2.2.5 Otillracklig lanspumpning (mindre 6versvamning)

Studerat - B -
konsekvensomrade

Felhindelser i linspumpning, exempelvis mindre ldckage i systemet, eller att inldckaget dr nagot
storre dn lanspumpsformégan, eller fel i systemet, inom tillatna acceptanskriterier for
héndelseklass H2, kan medfora att bergrummet 1dngsamt fylls med vatten. Denna process ar
langsam och gott om tid finns dérfor att vidta motatgarder, till exempel starta mobilt
reservaggregat om sadan finns tillgdnglig, byta ut trasiga enheter eller anvénda reservenheter.

Aven om en mindre éversvimning, det vill siga som kan péaverka ett eller flera deponeringshal i
samma tunnel, skulle ske kommer detta inte att paverka den radiologiska sékerheten. Ingen
konsekvens erhalls for kapseln men drankning av bufferten (Barridrpaverkan) i ej pluggade
deponeringstunnlar kan ske. For berdrda deponeringshal medfor detta att stéllda krav pa
barridren inte dr uppfyllda varfor bufferten far bytas ut.

2.2.6  Fel paventilation

Studerat - - D
konsekvensomrade

Fel pa ventilation medfor ingen konsekvens for kapseln och paverkar inte direktstralningen fran
denna. Dospaverkan fran utebliven ventilation kan uppsta som konsekvens av att radongas inte
kan védras ut fran slutforvaret. Hindelsen &r endast intressant ur arbetsmiljohédnseende och
behandlas dérfor inte vidare hér.

2.2.7 Kapseln fastnar i ett lage dar den inte ar stralskarmad

Studerat - - D
konsekvensomrade

Under de lyft som sker av kapseln kan kapseln ténkas fastna i ett icke stralskyddat lége. Detta
kan dels ske i omlastningshall under lastning till stralskdrmstub och dels under placering i
deponeringshal.

Utrustningen konstrueras sa att felhdndelser ska undvikas, men hiandelser som medfor att
kapseln fastnar i inte stralskyddat 14ge kan inte uteslutas. Dosratmétning, som ger larm vid for
hdga nivder, kommer att gora personalen medveten om den hdga strélningsnivén och de kan
diarmed omedelbart avldgsna sig.

Sakerhetsforeskrifterna ska ange att strdlskydd ska anvdndas om det finns misstankar att kapseln
fastnat i en icke stralskyddad position. Det kan dock inte bortses i fran att hdndelsen kan
medfora att personal far en strdldos. Handelsen medfor driftsavbrott da planering och
stralskyddsétgarder maste vidtas infor reparation av utrustning.

2.2.8  Stralskarm oppnas felaktigt

Studerat - - D
konsekvensomrade

Kapseln befinner sig i stralskyddad position i:
e transportbehallare
e omlastningshall

e deponeringsmaskin.
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Ett felaktigt Oppnande av transportbehallaren kan uteslutas eftersom det forutséitter mekanisk
paverkan (avmontering).

I omlastningshallen kan stralskdrmen oavsiktligt 6ppnas till f6ljd av felhdndelser i styrutrustning
eller operatorsfel. Ingen personal ska dock vara i nérheten av kapseln d& den befinner sig i sin
position i omlastningshallen under mark. Lokal dosratmétning i system 9-555 kommer dven att
larma varfor sddana felhdndelser normalt inte ska innebéra paverkan pa nagon personal.

En felhdndelse som medfor att stralskdarmsklaff i deponeringsmaskinen 6ppnas kan inte ske,
eftersom stralskidrmen i deponeringsmaskinen &r fast monterat och inte kan 6ppnas med mindre
dn att stralskdrmstuben vinklas nerat. Stralskdrmstuben &r dessutom mekaniskt sdkrad under
forflyttning. Personalen kommer att varnas via dosratsmitare, med larm, om forhdjd
strdlningsnivé identifieras och kan da vidta atgérder.

Héndelserna kommer att medfora driftstérningar och kan potentiellt leda till dospaverkan pa
personal (administrativa regler ska sa langt som mojligt forhindra detta).

2.3 Yttre handelser

2.3.1 Bortfall av yttre nat

Studerat - B D
konsekvensomrade

Bortfall av yttre nét kan tinkas paverka anldggningen ur flera aspekter (stopp av ventilation,
utebliven lanspumpning etc.). Dessa hdandelser hanteras generellt under respektive funktion
(ventilation, 6versvdmning etc.). I detta avsnitt diskuteras ett fatal hindelser som é&r viktiga for
slutforvaret. De hindelser som diskuteras é&r:

e Oversvamning till f6ljd av utebliven lanspumpning
e bortfall av elkraft da kapsel eller transportbehéllare dr under lyft/forflyttning

e utebliven kylning.

Paverkan pa sikerhetsrelaterade funktioner i slutforvarsanlédggningen kan ske som f6ljd av
Oversvamning da dranagesystemet blir utan elmatning. Se vidare avsnitt 2.2.5.

Vid bortfall av yttre nét férloras matning till bland annat elmatad lyft- och hanteringsutrustning,
vilket dr den utrustning som vid fel kan ge en paverkan pa kapsel. Bortfall av yttre nét sker till
sddan niva att all elmatad lyft- och hanteringsutrustning blir spanningslds. Dieselsékrad
kraftmatning finns i anldggningen med en viss starttid varvid systemen paverkas under denna
starttid. Det antas nedan att redundans i elsystemen inte genomfors for hela funktionskedjan till
och med verkstéllighetsobjektet (elmotorer etc.). Fullstindigt och varaktigt elbortfall for
nedanstdende objekt kan ddrmed uppsta.

System som paverkas ar:
e travers i terminalbyggnaden, system 9-281
e travers i omlastningshallen, system 9-281

e deponeringsmaskinen, system 9-223.

Elmatad lyft- och hanteringsutrustning ar férsedd med redundanta bromssystem som inte &r
beroende av elmatning for sin bromsfunktion. Ett spAnningsavbrott vid H2-héndelser medfor
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saledes att elmatad lyft- och hanteringsutrustning bromsas i sitt 14ge och att kapseln inte utsétts
for otilldtna mekaniska laster.

Bortfall av yttre ndt medfor att rumsventilationen upphor och att kapselns omgivnings-
temperatur okar. Detta innebér inte ett kylningsproblem for kapseln, se avsnitt 2.2.3.

3 Ej forvantade och osannolika handelser
(missdden)

Ej forviantade och osannolika hdndelser (misséden) dr handelser som kan uppsta med en
frekvens 10 < f< 107 per ar, H3/H4-hindelser. Vid H3/H4-hindelser 4r det en tillaten
konsekvens att kapseln inte ar acceptabel for slutforvar varvid en beddmning forst gors av
kapseln och vid behov sker dérefter en aterforsel till inkapslingsanldggningen.

Enligt [2] ska enkelfel liksom foljdfel orsakat av den inledande hdndelsen postuleras.

Ej forvantade och osannolika héndelser (missoden) som har identifierats for slutférvars-
anldggningen grupperas och analyseras mot ett eller flera av foljande konsekvensomréden:

Radiologisk olycka som leder till utslapp (A)

Under rubriken ”Radiologisk olycka med utsldapp” redovisas héndelser som kan skada en kapsel
och leda till frigorelse av radioaktivt material.

Barriarpaverkan (B)

Barridrpaverkan innebar handelser som péverkar egenskaper som utgor forutséttning i
slutforvaret.

Radiologisk olycka som leder till forhojd persondos (D)

Héndelser som kan medfora forhdjd persondos utgors dels av hdandelser som leder till direkt
okad dos (fel pa strélskdrmsanordningar), dels av handelser som leder till utokade/forandrade
hanteringssekvenser sdsom driftavbrott och/eller behov av reversibel process.

I denna rapport redovisas hiandelser som kan leda till forhdjd persondos pa ett Gvergripande sétt.
I SR-Drift kapitel 3 avsnitt 6.2 redovisas acceptanskriterier for persondos beroende pa
hindelseklass. Principer for samt uppskattning av straldoser framgar av [6].

Dos som f6ljd av utokade/fordndrade hanteringssekvenser sdsom driftavbrott och/eller behov av
reversibel process foljer av hiandelser som péverkar kapsel. Ingen fortida dosuppskattning av
H3/H4-héndelser gors. Motiv och principer foljer vad som beskrivs under avsnitt 2.

3.1 Lyft- och forflyttningshandelser

Dessa hindelser uppstar som f6ljd av mekaniskt fel eller ménskligt felhandlande. Lyft- och
forflyttningsanordningar som ingar i hanteringskedjan for kapseln har konstruerats enkelfels-
taligt eller med stor Overstyrka i sina kraftupptagande delar.

I efterfoljande avsnitt visas att kapseln &r intakt och ddrmed kan ingen radioaktivitetsfrigdrelse

ske som medfor paverkan pé personal. Stralskdrmar konstrueras sé att de inte kan paverkas av
de studerade hindelserna.
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3.1.1 Tappad kapsel vid lyft

Studerat A B D
konsekvensomrade

Héndelser analyseras for foljande positioner:
e omlastning i terminalbyggnaden med kapseln i kapseltransportbehallare

e avlastning av kapseltransportbehallare till omlastningsposition i omlastningshallen i
undermarksanldggningen

e deponeringsmaskinens lyft av kapseln fran kapseltransportbehallaren i sin position i
omlastningshallen under mark

e deponeringsmaskinens sénkning av kapseln i deponeringshalet.

Som paraplyhéndelser, det vill sdga hiandelserna &r valda for att omfatta samtliga ovanstaende
hindelser, for tappad kapsel 1 slutférvarsanldggningen har fritt kapselfall analyserats [8] med
forutséttningar enligt:

e Lastfall 1 - Vid urlastning fran transportbehallaren till deponeringsmaskinens
stralskdrmstub. Transportbehallaren med kapseln ér placerad i omlastningshallens
urlastningsposition. Deponeringsmaskinen ar placerad 6ver schaktet med stralskdrmstuben
tippad till lodritt lage och sénkt 1,4 m. Deponeringsmaskinens gripenhet for kapseln &r i
ingrepp 1 kapselns lyftflins. Kapseln lyfts med en vinsch sa att gripenheten kan féstas i
stralskdrmstubens dvre dnda. Nar tuben &r i sitt hogsta ldge ar avstdndet fran botten pa
transportbehallaren (KTB:n) och kapselbotten 7,1 m. Det dr den hogsta hdjd som kapseln
kan falla fran och den &r darfor av intresse ur integritetssynpunkt.

e Lastfall 2 - Det andra fallet antas intrdffa nidr kopparkapseln sianks ner i deponeringshélet.
Halet ar forberett med bentonitblock, som bestar av bottenblock och ett antal ringar staplade
pa varandra upp till kopparkapselns 6verkant. Deponeringsmaskinen &r placerad 6ver halet,
stralskdrmstuben tippad till lodrétt 1dge och tuben centrerad 6ver hélet. Fallhojden ner till
bentonitblockets yta ér 6,8 m (i berdkningarna antas hdjden vara 7 m). Kapseln hénger i
deponeringsmaskinens gripenhet.

Béda fallen berdknas med forutsittning att gripenheten, greppad, medfoljer kapseln i fallet.

Resultatet visar att lastfall 1 ger storst plastisk deformation av kapseln men att detta inte
kommer att resultera i att den gar sonder med genomgéende sprickor. Hiandelser med tappad
kapsel (fritt fall) leder ddrmed inte till ndgon risk for utslapp av radioaktivt material.

Efter hiandelser som ger en lagre kapselbelastning 4n den konservativa analys som redovisas
ovan maste en utredning genomforas da det klarstills om kapseln uppfyller kraven for slutférvar
eller om kapseln ska aterforas till inkapslingsanlaggningen.

3.1.2 Kollision

Studerat A B D
konsekvensomrade

Fel pa styrutrustning eller operatorsfel kan leda till att rampfordon alternativt deponerings-
maskin kolliderar under nagon av de forflyttningsrorelser kapseln har fran terminalbyggnaden
tills den ar placerad i sitt deponeringshél. Lastfallen i [3] utgors av:

e kapselbdrande fordon kolliderar med fasta strukturer, berg med mera

e kapselbdrande fordon kolliderar med annat fordon.
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Kollision som sker pa horisontell del av anldggningen kan inte fororsaka véltande fordon.

Vid forflyttning i rampen da kapseln dr placerad i kapseltransportbehéllare kan enligt [3] ingen
paverkan pa kapseln uppsta.

Vid forflyttning med deponeringsmaskinen, system 9-223, &r kollision med fasta strukturer ett
lindrigare fall 4n fallet med tappad kapsel, vilken beskrivs i avsnitt 3.2.1, och leder inte till
otillaten paverkan pé kapseln. Analyser aterstar av kollisionshidndelser med andra fordon som
har forhojd hastighet [3].

Nér detaljkonstruktion for ingaende system utforts kommer handelserna att varderas och behov
av en verifierande analys att faststéllas.

3.2 Inre handelser

3.2.1 Brand av stdrre omfattning

Studerat A B D
konsekvensomrade

Med storre brand avses brand i utrymme som innehaller kapsel/kapslar. I analysen antas
brandcellens totala brannbara material brinna.

Efter hiandelserapportering och analys enligt SSMFS 2008:1, 7 kapitel aterfors kapseln i en
reversibel process till inkapslingsanlédggningen.

Branden ger enligt [9] en maximal temperaturh6jning pa kopparytan till 450°C. Denna
temperatur beddms i [9] inte utgdéra nagot hot mot kapseln integritet. Acceptanskriteriet for
hindelseklass H3/H4 &r for nirvarande inte faststéllt.

Konstruktion av anlaggningen och dess ingaende system ska ske pa sadant séatt att stallda
acceptanskriterier uppfylls. | detta fall ska kapselns integritet bibehallas. Da anlaggningen och
dess system detaljkonstruerats kommer handelsen att pa nytt varderas och behov av en
verifierande analys att faststallas.

En omfattande brand kriver verifierande kontroller avseende barriérer.

Eftersom branden inte ska kunna skada kapselns integritet kan ingen dospaverkan ske sé lange
stralskdrmarna &r intakta. Om branden &r s omfattande att stralskdrmarna skadas sé kan inte
personal vara nirvarande, utan maste redan ha ldmnat platsen. Innan personal kan ndrma sig
platsen ska dosratmétning ske for att sékerstilla att ingen forhdjd strdlningsniva foreligger.

3.2.2 Omfattande missil

Studerat A B D
konsekvensomrade

Bestdmning av storlek pa missiler (fallande block) har genomforts som en statistisk bedomning

[10]. Enligt uppgift fran SKB adr bedomningen att det storsta utfallande blocket dr 500 kg. I [10]
analyseras denna missil och det visas att kapselns integritet inte kan hotas.

Konstruktionen av utrustning (kapseltransportbehallare, deponeringsmaskin) innebar att det
maste vara block av signifikant storlek som faller ner for att stralskdrmar ska skadas. I hindelse
av en omfattande missil far personal omgéende bege sig fran platsen och inte nérma sig till dess
att dosratmétning skett.
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Inom missddesanalys avseende missil ingér 4ven hiandelsen ”begréinsat bergblock som intraffar
da kapseln ar oskyddad i deponeringshalet, innan bentonitblock monteras”. Denna héndelse kan
ge en mindre skada pa kapseln som kan medfora att reversibel process maste ske. Hindelsen
anses vara en H3/H4 hiandelse till f61jd av att ytan som bergblocket ska tréffa &r liten samt att
tidsfonstret d& hiandelsen ska ske ar begrinsat. Detta medfor att sannolikheten att hidndelsen
intraffar 4r mycket liten.

Nar detaljkonstruktion for ingaende system utforts kommer hiandelsen att varderas och behov av
fornyad analys av missilstorlek samt hallfasthetsberdkning att faststéllas.

3.2.3 Tappat lyftverktyg pa kapsel

Studerat A B D
konsekvensomrade

Pé grund av lyftverktygets tyngd skulle ett fallande verktyg kunna tdnkas skada kapseln.
Verktyget ska vara konstruerat och monterat pa ett sddant sétt att sannolikheten for att tappa ett
lyftverktyg kan forsummas. Det ska noteras att eftersom konstruktionen ska vara dimensionerad
for att dven lyfta kapseln (och da kapseln ar lyft med verktyget kan detta inte tappas pé kapsel)
sd kommer det finnas en stor dverstyrka i konstruktionen dé kapseln inte &r i lyft tillstdnd.

Tappat lyftverktyg ar att jimfora med Ovriga missiler, till exempel missiler fran berg se avsnitt
3.2.2.

3.24 Otillatna kemiska substanser

Studerat - B -
konsekvensomrade

Otillatna kemiska substanser pa kapsel, i bufferten eller deponeringshél ska upptickas i de
kvalitetskontroller som ska ske i barridrernas olika hanteringssteg innan bufferten i
deponeringshélet fardigmonterats. Hindelsen avser upptickt av avvikelser som sker efter den
kvalitetskontroll som gors fore deponering.

Héndelsen leder inte till ndgon sékerhetsmissig konsekvens i slutférvarsanldggningen.
Forutsittningar i slutforvarets sikerhetsanalys uppfylls inte for aktuell position. Kontrollen kan
behova utdkas till andra positioner.

Héndelsen ger driftstorningar och kan medfora att en reversibel process for fardigdeponerade
kapslar fér initieras for att aterstilla paverkade positioner till rtt kvalitetsniva.

Héndelsen ger ingen konsekvens for kapseln.

3.25 Otillatna vattenfléden i deponeringshal

Studerat - B -
konsekvensomrade

Otillatna vattenfloden i deponeringshal och deponeringstunnlar ska upptéckas i de kvalitets-
kontroller som ska ske i olika hanteringssteg innan deponeringshélen godkénns for
slutférvaring. Denna hidndelse avser darmed att ett, fran specifikationen avvikande, vattenflode
upptécks efter den kvalitetskontroll som gors fore deponering.

Héndelsen leder inte till ndgon sékerhetsmissig konsekvens i slutférvarsanldggningen.
Forutséttningar i slutforvarets sikerhetsanalys uppfylls inte.
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Héndelsen ger driftstorningar och kan medfora att en reversibel process for fardigdeponerade
kapslar fér initieras for att aterstdlla paverkade positioner till ratt kvalitetsniva.

Héndelsen ger ingen konsekvens for kapseln.

3.2.6  Defekter i kapseln eller buffert

Studerat - B -
konsekvensomrade

Otillatna defekter fran tillverkning eller hantering av bufferten respektive kapsel ska upptéckas i
de kvalitetskontroller som ska ske i olika hanteringssteg for att sékerstélla att kraven pa
initialtillstdndet for langsiktig sdkerhet ar uppfyllt. Dessa kvalitetskontroller sker innan
deponeringshélen innehallande kapsel godkénns for slutférvaring. Hindelsen avser defekter som
upptécks efter den kvalitetskontroll som gors fore deponering.

Héndelsen leder inte till ndgon sékerhetsméssig konsekvens i slutforvarsanlaggningen.
Forutséttningar i slutforvarets siakerhetsanalys uppfylls inte.

Héndelsen kan ge driftstorningar och kan medfora att en reversibel process for fardigdeponerade
kapslar far initieras.

3.2.7 Defekter i berg

Studerat - B -
konsekvensomrade

Otillatna defekter i forvarsberget ska upptéckas i de kvalitetskontroller som ska ske i olika
hanteringssteg innan deponeringshalen godkénns for slutférvaring. Handelsen avser defekter
som upptécks efter den kvalitetskontroll som gors fore deponering.

Héndelsen leder inte till ndgon sékerhetsméssig konsekvens i slutforvarsanlaggningen.
Forutsattningar i slutforvarets sikerhetsanalys uppfylls inte.

Héndelsen ger driftstérningar och kan medfora att en reversibel process for fardigdeponerade
kapslar far initieras varvid kapseln justeras eller kapseln placeras i ett annat deponeringshal med
ritt kvalitetsniva.

3.2.8  Felaktigt utformad betongplugg

Studerat
konsekvensomrade - B -

Felaktig gjutning av betongplugg kan innebéra att aterfyllning av aktuell deponeringstunnel
expanderar pa ett otillatet sétt och dirmed medfor otillatna vattenrorelser varvid svilltrycket
riskerar att bli for lagt. Felmontage ska upptickas i den kvalitetskontroll som sker innan
deponeringstunneln dverldmnas till slutforvar.

Héndelsen leder inte till ndgon sékerhetsméssig konsekvens i slutforvarsanlaggningen.
Forutséttningar i slutforvarets sdkerhetsanalys uppfylls inte.

Héndelsen ger driftstorningar och kan medfora att aterfyllningen i deponeringstunnlar méste
underkinnas och bytas. Aven deponeringshal med kapslar maste atgirdas och en reversibel
process for fardigdeponerade kapslar far initieras for att aterstilla paverkade positioner till rétt
kvalitetsniva.
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3.2.9  Felaktig bentonitkvalitet och installation av aterfylinad

Studerat - B
konsekvensomrade

Felaktig bentonitkvalitet och installation av aterfyllnad kan innebéra att aterfyllning av aktuell
deponeringstunnel expanderar pa ett otillatet sétt. Otillatna vattenrdrelser kan bli foljden. Fel pa
bentonitkvaliteten ska upptickas i den kvalitetskontroll som sker innan deponeringstunneln

pluggas.

Hindelsen leder inte till ndgon sékerhetsmissig konsekvens i slutférvarsanldggningen.
Forutséttningar i slutforvarets sikerhetsanalys uppfylls inte.

Héndelsen ger driftstorningar och kan medfora att aterfyllningen i deponeringstunnlar méste
underkinnas och bytas. Eventuellt méste dven deponeringshal med kapslar atgérdas och en
reversibel process for fardigdeponerade kapslar fér initieras for ett byte till en bentonit med rétt
kvalitetsniva.

3.2.10 Omfattande dversvamning

Studerat - B
konsekvensomrade

Drénkning av ej tillslutna eller aterfyllda deponeringstunnlar ger ingen konsekvens for kapseln
men driankning av bufferten i berdrda deponeringshal medfor att stéllda krav inte ar uppfyllda
varfor den far bytas ut.

Oversvimning kan ske som foljd av lingre avbrott i drinagesystemet eller exponering av
vattenforande sprickor i berget, storre 4n vad som kan avtitas och/eller avbordas.

Héndelsen ger ingen konsekvens i slutforvarsanldggningen med avseende pé risk for
radiologiskt utslédpp. Hiandelsen ger driftstérningar och kan medfora att firdigdeponerade
kapslar far lyftas ur sina deponeringshal for atgird av bufferten.

3.2.11 Fastnad kapsel i kapseltransportbehallare eller deponeringsmaskinens
stralskarmstub i samband med 6verforing och deponering

Studerat - B D
konsekvensomrade

Héndelsen avser en lyfthantering vilken medfor att kapseln kldms fast i deponeringsmaskinens
stralskdrmstub. Handelsen innebér ingen risk for kapselns tithet men ger en risk for 6kad
straldos till personal da felet ska atgdrdas. Detta hanteras via normala stralskyddsrutiner.

Héndelsen kan ge ytskador pa kapseln som f6ljd av stort kontakttryck mellan kapsel och tub da
den fastnar och senare nér den ska lossas. Vid ldngvarig placering i stralskdrmstuben kan

kapseln f& forh6jd temperatur pa grund av forhindrad varmedverforing, se avsnitt 2.5.

Ytskador kan uppsta till sddan omfattning att kapseln inte kan godkénnas for vidare hantering.
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3.2.12 Detonation i narhet av kapsel (hantering av sprangmedel)

Studerat A B D
konsekvensomrade

Hanteringen av sprangmedel ska ske separerat fran hanteringen av kapsel. Risken for paverkan
pa kapsel ar darfor mycket liten. Det finns rutiner for att sdkerstélla att det inte uppkommer en
situation dir en sa stor mdngd sprangmedel kan finnas pa ett sddant avstand fran KTB:n eller
kapseln att dessa kan skadas om oavsiktlig antdndning skulle ske.

3.3 Yttre handelser

3.3.1 Jordbévning

Studerat A B D
konsekvenomrade

Principer for seismisk klassning framgar av [11].

De delar av byggnadsstrukturerna som har en lastbarande funktion for lyftanordningar som
ingar i1 kapselns hanteringssystem ar seismiskt klassade i klass P. Klassen innebér att den
lastbdrande funktionen ska kvarsta under och efter jordbavningen. Lyftanordningar ar
konstruerade med fallskydd som innebér att vinschen dven vid ursparning inte faller ner.

Byggnader och de delar av berganldggningen inom vilka kapseln hanteras &r seismiskt klassade
till N. Klassen innebdr att aktuella konstruktioner verifierats med avseende pa jordbavnings-
laster sé att de inte kan vederviga kapseln. Klassen ska tillforsékra att det, inom de delar av
byggnader och bergrum som kapseln hanteras, inte kan lossna stenblock eller byggnadsdelar
med sadan storlek och hastighet att kapseln triffas och dess téthet forloras.

Jordbévning kan fororsaka att:

e stenblock eller byggnadsdelar lossnar fran aktuellt utrymmes tak eller viggar som f6ljd av
jordbdvningen och faller mot kapseln, se avsnitt 3.2.2

e kapseln som ar hingande i en lyftanordning forblir hdngande. Kapseln tappas inte da
bromsfunktionen &r redundant och ddrmed klarar hiandelsen ett enkelfel.

Fram till att kapseln placeras i sin position i omlastningshallen under mark 4r den skyddad av
kapseltransportbehéllaren varfor den ér skyddad frén missiler (fallande bergblock) dir sddana
har en potential att uppsta. Bedomningar som gors under avsnitt 2.2.2 dr ddrmed giltiga for detta
fall.

3.3.2 Extrema vaderforhallanden

Paverkar A B D
konsekvenomrade

Extrema viderforhallanden kan enbart paverka den del av verksamheten som sker i ovanmarks-
anldggningen. Viderlaster kan enbart ge en konsekvens for terminal- och nedfartsbyggnaden. 1
bada dessa fall &r kapseln placerad i kapseltransportbehéllare. Inga laster kan uppsté (dven
orsakat av missiler eller fallande byggnad) som skadar en kapseltransportbehallare sé att
ytpaverkan pa kapseln kan ske.

Héndelsen ger ingen konsekvens for kapseln.
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3.3.3 Extrema vaderforhallanden, vilka medfér paverkan under mark

Studerat - B
konsekvensomrade

Byggnader i ovanmarksanldggningen dir kapseln hanteras dr dimensionerad for extremvéder
enligt BKR 2003. Byggnader och deras anordningar som kan vedervaga kapseln ar utforda i
seismisk klass N. Kapseln &r i ovanmarksanldggningen placerad i kapseltransportbehallare.
Extremvéder kan dédrmed inte skada kapseln. Yttre dversvamning i H3/H4 kan leda till inflode
till undermarksanlidggningen och dé leda till 6versvdmning. Se avsnitt 3.2.10.

4 Omgivningspaverkan och straldos i anlaggningen

Det anldggningsovergripande kravet &r att inga konstruktionsstyrande héndelser (H1-H4) far
leda till utsldppssituation. Detta redovisas i analyserna i avsnitt 2.3.

For hiandelser som leder till plotslig forlust av de installerade stralskarmsfunktionerna kan
forhojd persondos erhéllas. Dosratmétning, som ger larm vid for hdga nivaer, kommer att gora
personalen medveten om stralningsnivan och de kan ddrmed omedelbart avldgsna sig fran
kapseln vilket begrinsar den erhdllna dosen. Aterstillningsarbete efter intriffade forvintade
hindelser (storningar) och ej forviantade och osannolika héndelser (missdden) forutses ske forst
efter att en planering genomforts. Atgirder som foljd av dessa hindelser ir i forvig svara att
uppskatta och har ddrmed inte kvantifierats i foreliggande analyser. Dosbudget for normaldrift
och mindre driftstorningar (H1.1 och H1.2) redovisas i [6].

5 Probabilistiska analyser

I SSMFS 2008:1 4 kap 1§ anges att forutom deterministisk analys enligt ovan ska anldggningen
analyseras med probabilistiska metoder for att ge en sé allsidig bild som mdjligt av sdkerheten.
Probabilistisk analys (PSA) ar ett utomordentligt verktyg for att identifiera svaga lankar i
sikerhetsfunktioner med méanga samverkande aktiva komponenter och ménga beroenden.
Funktionerna i slutférvarsanliggningen (se bland annat SR-Drift kapitel 5) ar inte baserade pa
samverkan och samfunktion av system, vilket normalt &r fallet i en reaktoranldggning
(kdrnkraftsreaktor). Nagon PSA for anldggningen, pa samma sétt som for en reaktoranldggning,
har dérfor inte bedomts som motiverat.

6 Séakerhetsvardering

I sdkerhetsanalysen av driftsfasen av slutforvarsanldggningen studeras ett antal olika hdndelser.
Héndelserna omfattar inte endast radiologisk sdkerhet under drift utan dven barridrspéverkan
(paverkan pa langsiktig sékerhet), forhojd persondos (hdndelser som medfor straldoser utdver
tilldtna doser vid normaldrift for personal) samt ldngre driftstérning i anldggningen.

Anlaggningens konstruktion, vars huvuddrag redovisas i SR-Drift kapitel 5, bedoms uppfylla
kraven avseende barridrer och ett anpassat djupforsvar enligt SSMFS 2008:1 2 kap 1§. Kapseln
har visats bibehélla sin tithet och dirmed utgora barridr mot radioaktivt utsléapp for de maximalt
paverkande lastfallen i slutforvarsanlaggningen.

Forvintade handelser (storningar), vilka analyserats i avsnitt 2 och 3 har visats inte orsaka nagra
konsekvenser for omgivningen, enligt féljande:

e Postulerade hindelser kommer inte att ge nagon mekanisk skada pé kapseln som medfor
utslépp av radioaktiva &mnen.
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e Vid jordbdvning och annan yttre pdverkan pa anldggningen kommer kapseln att skyddas av
kapseltransportbehéllaren tills den placerats i sin position i omlastningshallen under mark.
Markaccelerationer pa forvarsdjupet ar forsumbara och ger ingen risk for kapselskador i
senare hantering. Vad géller markforlagda byggnader dimensioneras dessa tillsammans med
kapseltransportbehéllaren sé att mdjliga kapselbelastningar understiger
acceptansgransvérden.

e Kiriticitetsdkerhet har analyserats. Konservativt har kapseln antagits vara vattenfylld.
Erforderliga marginaler mot kriticitet foreligger, baseras pa det brinsle som ar
forutsittningen for KBS-3 metoden med avseende pa resteffekt och utbrianning.

Analys som visar underkriticitet i slutférvarsanlaggningen técker inte alla konstruktions-
styrande handelser och ska uppdateras.
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1 Introduction

In the planned Swedish repository for disposal of spent nuclear fuel (SNF) the fuel assemblies will be
placed in disposal canisters made of cast iron and copper.

To assure safe disposal of the SNF, one requirement is that the normal criticality safety criteria have to be
met. The effective neutron multiplication factor must not exceed 0.95 in the most reactive conditions
when the canister is filled with water, including different kinds of uncertainties.

Earlier calculations show that the effective neutron multiplication factor exceeds 0.95 if fresh fuel is
assumed /1/. Earlier calculations also show that the criticality criteria could be met if burnup credit is used
/2/. In this report these calculations are updated and it is shown that the criteria could be met if credit for
the reactivity decrease due to the burnup of the fuel is taken into account.
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2 Objective

The purpose with this study is to assess the disposal canister regarding criticality and the use of burnup
credit to keep the k. < 0.95 when the disposal canister is filled with water.
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3 Methods

All calculations were performed using Scale 5.1 /3/. Depletion calculations were performed using the
Scale SAS2 control sequence and the criticality calculations were performed using Starbucs and CSAS25.
The calculations were performed using the Scale 44-group ENDF/B-V library.

The SAS2 control module was originally developed for SCALE to provide a sequence that generated
radiation source terms for spent fuel and subsequently utilized these sources within a one-dimensional (1-
D) radial shielding analysis of a shipping cask. For each time-dependent fuel composition, SAS2
performs 1-D neutron transport analyses (via XSDRNPM) of the reactor fuel assembly using a two-part
procedure with two separate lattice-cell models. The first model is a unit fuel-pin cell from which cell-
weighted cross sections are obtained. The second model represents a larger unit cell (e.g., an assembly)
within an infinite lattice. The larger unit-cell zones can be structured for different types of BWR or PWR
assemblies containing water holes, burnable poison rods, gadolinium fuel rods, etc. The (fuel) neutron
flux spectrum obtained from the second (large) unit-cell model is used to determine the appropriate
nuclide cross sections for the specified burnup-dependent fuel composition. The cross sections derived
from a transport analysis at each time step are used in a point-depletion computation (via ORIGEN-S)
that produces the burnup-dependent fuel cross section libraries to be used in the next spectrum
calculation. This sequence is repeated over the operating history of the reactor.

In Starbucs burnup calculations are made for several axial zones in a fuel assembly. Cross sections are
generated as input to a 3D Keno Va-model.

It should be noted that a result from Keno Va (normally k) is associated with a statistical uncertainty,
which has to be considered when comparing the results from two calculations. No of neutrons per

generation is 5000 and number of neutrons per generation is 3000.

If a change in a parameter in the model gives a difference in k.¢ smaller than the statistical spread (20) the
difference is caused by the statistical uncertainty and not by the parameter change.

Svensk Kirnbriinslehantering AB



1193244 - Criticality safety calculations of Public 4.0 Approved 7 (65)
disposal canisters

4 Criticality safety criteria

The criticality safety criteria are based on the US NRC regulatory requirements for transportation and
storage of spent fuel. The US NRC positions are found in several regulatory guides:

Regulatory guide 3.58 — Criticality Safety Criteria for the Handling, Storing and Transporting LWR Fuel
at Fuels and Materials Facilities

Regulatory guide 1.13 — Proposed revision 2 to Regulatory Guide 1.13 Spent Fuel Storage Facility

NRC issued revision 2 of ISG 8 which gives recommendations concerning burnup credit of PWR fuel.
FCSS-ISG-10 revision 2 concerns the minimum margin of subcriticality for safety of fuel cycle facilities.
The basic criticality criteria is that the effective neutron multiplication factor should not exceed 0.95

including uncertainties and the nuclear safety analysis should include considerations of all credible
normal and abnormal operating occurrences. Credit for fuel burnup may be taken.
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5 Description of the system

51 Disposal Canister

A disposal canister consists of an insert of cast iron with a diameter of 949 mm with a 49 mm thick outer
shell of copper. The outside diameter of a disposal canister is 1050 mm. During the casting process
compartments for the fuel assemblies’ storage positions are formed by square-formed tubes of steel. The
wall thicknesses of these tubes are 10 mm for the BWR-case and 12.5 mm for the PWR-case. In the
BWR-insert twelve storage compartments are formed with the inner measures of 160 mm x 160 mm. In
the PWR-insert four storage compartments are formed with the inner measures of 235 mm x 235 mm.

BWR radial section PWR radial section

BWR axial section

PWR axial section

Figure I — Cross sections of the BWR- and PWR-disposal canister.

In table 1 the main parameters of the disposal canisters are presented /4/.
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Table 1 — Main parameters for the disposal canisters

Parameter BWR PWR
Value |Tolerances| Value |Tolerances

No positions 12 4
C-C distance between compartments (mm) 210 +1/-4 370 +3.6
Compartment size, outer (mm) 180 +1.8 260 +2.6
Compartment tube wall thickness (mm) 10 +1.0 12.5 +1.25
Compartment size, inner (mm) 160 +3.8 N 235 £5.1 N
Insert diameter (mm) 949 +0.5/-0.0 949 +0.5/-0.0
Shell inner diameter (mm) 952 +0.5 952 +0.5
Shell outer diameter (mm) 1050 +1.2 1050 +1.2
Shell thickness (mm) 49 +0.3 49 +0.3
Insert material Nodular - Nodular -

Cast Iron Cast Iron
Insert material density (kg/dm?) 7.1 - 7.1 -
Tube material Steel - Steel -
Tube material density (kg/dm") 7.85 - 7.85 -
Insert lid material Steel Steel
Insert lid material density (kg/dm?®) 7.85 7.85
Shell material Cu - Cu -
Copper density (kg/dm?) 8.9 - 8.9 -
Length of compartment (mm) 4463 +5/-10 4443 +5/-10
Length of insert (mm) 4573 +0/-0.5 4573 +0/-0.5
Length of canister (incl. Cu shell) 4835 +3.25/-2.75 4835 +3.25/-2.75

Note. The tolerance in the inner compartment size is a combination of the tolerances in the compartment outer size
and in compartment tube wall thickness.

5.2 Materials in the disposal canister

The insert consists of nodular cast iron (SS 140717), the tubes forming the compartments of steel
(S355J2H) and the insert lid of steel (S355J2). The compositions are shown in table 2, 3 and 4.

Table 2 — SS 140717

Material C Si Mn P S Ni Mg
Min (%) 3.2 1.5 0.05 - - 0 0.02
Max (%) 4 2.8 1 0.08 0.02 2 0.08

Fe-content 90.02 - 95.13% (balance)
Density 7.1 g/em’
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Table 3 — S355J2H
Material C Si Mn P S

Max (%) 0.22 0.55 1.6 0.03 0.03

Fe-content 97.57% (balance)
Density 7.85 g/cm’

Table 4 — S355J2
Material C Si Mn P S Cu

Max (%) 0.24 0.6 1.7 0.035 0.035 0.6

Fe-content 96.79% (balance)
Density 7.85 g/cm’

The disposal canister shell is made of pure copper, density 8.9 g/cm’.

In the repository the disposal canister is surrounded by a 35 cm layer of bentonite with the composition
according to table 5.

Table S5 — Bentonite
Material Al | Fe | Mg Si O H Na | Ca K C S

Share (%) |8.91]1.86] 0.97 | 24.99 | 57.89 | 2.56 | 0.95 | 0.58 | 0.79 | 0.45 | 0.05
Density 2.05 g/cm’

The composition of the bentonite is from /5/.

Table 6 — Continental earth crust
Material Si O | Mg | K Fe | Ca |Al[Na|Mn| S | C

Share (%) | 30.6 | 46.8 | 1.3 | 2.7 | 3.3 3 179(27]10.6]0.6]0.6
Density 2.5 g/cnr’.

The rock between the disposal canisters is modeled as “continental earth crust” with the composition
according to table 6 from /SKBdoc 1251579, ver 1.0/.

5.3 Fuel types
In the Swedish program the existing and planned main fuel types are:

The maximum enrichment is 5% U-235 and the maximum burnup is 60 MWd/kgU for both BWR and
PWR.The maximum burnup for Atrium10B MOX is 50 MWd/kg HM.

BWR-fuel types

AA 8x8, Exxon 8x8, KWU 8x8-2,

ANF 9x9-5, KU 9x9-5, KWU 9x9-Q, Atrium 9A/B,

Atrium 10B, Atrium 10 MOX, Atrium 10XM, GE11S, GE12S, GE14, GNF2,
Svea 64,

Svea 100,

Svea 96, Svea 96, Optima, Svea 96 Optima 2 and Svea 96 Optima 3.

Data for the BWR fuel types are given in Appendix 2.
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MOX-fuel is Atrium 10B and contains 4.6% Pus and 0.2% U-235.

PWR- fuel types
W15x15, KWU15x15, F15x15AFA3G, 15x15AGORA,

W17x17, AA17x17, F17x17, S17x17THTP, 17x17 HTP, 17x17 HTP M5, 17x17 HTP M5 monobloc,
17x17 AFA3G.

Data for the PWR fuel types are given in Appendix 3.

5.4 Irradiation history of the fuel assemblies

In order to calculate the isotopic composition of the fuel at different burnup the fuel had to be subjected to
different burnup histories. The main parameters for the depletion calculation are shown in table 7.

The burnup of a fuel assembly is always the assembly average burnup if nothing else is stated.

Table 7 — Main parameters for the depletion calculation

Parameter BWR PWR
Assembly power (MW) 4 15
Avg. fuel temperature (°C) 584 625
Coolant pressure (bar) 70 155
Coolant temperature (°C) 286 304
Boron concentration (ppm) - 600
Coolant density (kg/dm’) 0.33 0.68
Cycle length (days ) 345 345
Shutdown length (days) 20 20
Decay time (yrs) 1 1

(Sources: Ringhals 2007-10-19, 1960160/1.1 and OKG 2008-05-26, reg nr 2008-14670. Confidential
information. Available only for the Swedish Radiation Safety Authority.)

The depletion parameters are further discussed in section 8.
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6 Analysis

6.1 Analysis for selection of design case

In criticality calculations it is common practice to use the most reactive configuration.

In this section variations of different parameters were investigated in order to find the most reactive
configuration. The resulting configuration, called “the design case”, was used as basis for the burnup
credit loading curves for the disposal canister.

The nominal calculation geometry of the disposal canister was:

Nominal c-c distance between compartments (BWR 210 mm, PWR 370 mm)
Nominal compartment size (BWR 160 mm, PWR 235 mm)

Nominal insert diameter (949 mm)

Maximum Fe content in the insert steel (95%)

Nominal compartment tube wall thickness (BWR 10 mm, PWR 12.5 mm)
Nominal copper shell inner diameter (952 mm)

Nominal copper shell thickness (49 mm)

Nominal compartment length (BWR 4463 mm, PWR 4443 mm)

Nominal insert length (4573 mm)

Nominal length of copper disposal canister (4835 mm)

The disposal canister is located in the final repository surrounded by bentonite (350 mm
thick)

Bentonite on top and bottom of the disposal canister (350 mm)

Assemblies are located at the centre of the compartments
Compartments are filled with water
Gap between insert and copper shell is modeled as water

The temperature is 293 K

The model is in three dimensions. The calculations were performed with fresh fuel with an initial
enrichment of 5% U-235.

The following parameters were analyzed:

- Fuel type

- Material compositions

- Location of the disposal canister

- Position of the fuel assemblies in the disposal canister
- Disposal canister manufacturing tolerances

- Temperature
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6.2 Fuel types

Criticality calculations were performed for all fuel types in appendix 2 and 3 assuming fresh fuel.
Burnable poison is not modeled. The average enrichment is 5% U-235. All axial sections with regard to
part length rods are included in the analysis. For Svea 96 Optima 3 the bottom zone with 96 fuel rods is
used in the analysis.

The purpose was to determine which fuel type that is most reactive in the disposal canister, the resulting
k. are shown in table 8.

Table 8 — k. for different fuel types (6=0.0002)

Fuel type Kt

W15x15 1.0852
KWUI15x15 1.0844
F15*15AFA3G 1.0888
15x15AGORA 1.0878
W17x17 1.0855
AA17T*17 1.0853
F17*17 1.0856
S17*17 HTP 1.0825
17x17 HTP 1.0828
17x17 HTP M5 1.0862
17x17 HTP M5 monobloc 1.0856
17x17 AFA3G 1.0853
AA 8x8 0.9569
Exxon 8x8 0.9509
KWU 8x8-2 0.9635
ANF 9x9-5 0.9705
KWU 9x9-5 0.9716
KWU 9x9-Q 0.9661
Atrium 9A/B 0.9726
Atrium 10B 0.9738
Atrium 10 XM 0.9743
Atrium 10 MOX 0.9038
GEL1S 0.9709
GEI12S 0.9779
GE14 0.9741
GNF2 0.9686
Svea 64 0.9814
Svea 100 0.9879
Svea 96 0.9881
Svea 96 Optima 0.9849
Svea 96 Optima 2 0.9889
Svea 96 Optima 3 0.9959

It can be seen that the most reactive fuel assembly type in disposal canister geometry is F15x15AFA3G
for PWR and Svea 96 Optima 3 for BWR. These fuel types cover all fuel types including MOX-fuel
and will be used as reference fuel types in this study.

To check if there is a burnup dependence of the reactivity difference kg was also calculated as function of

burn up for the BWR-fuel types and for F15x15AFA3G and F17x17. The result is presented in figures 2
and 3.
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Figure 2 — koz of BWR- fuel assemblies.
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Figure 3 — ko of PWR- fuel assemblies.

It can be seen that Svea 96 Optima 3 is the most reactive BWR-fuel and F15x15AFA3G is the most
reactive PWR-fuel type over the whole burnup range.
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6.3 Material composition

6.3.1 Nodular cast iron

The Fe-content in the nodular cast iron in the disposal canister insert could vary between 90% and 95%
according to the specification in table 2.

In order to analyze the sensitivity of the composition of nodular cast iron calculations were made for the
nodular cast iron compositions in table 2. The disposal canister geometry was as described in section 6.1
except for the nodular cast iron composition, which was varied. The results are shown in table 9 and
figure 4 for PWR and BWR

Table 9 — k. for different nodular iron composition (6=0.0002)

Material composition Kesr
Iron Carbon Silicon PWR BWR
0.9000 0.0600 0.4000 1.0898 0.9974
0.9223 0.0474 0.0303 1.0880 0.9968
0.9423 0.0374 0.0203 1.0887 0.9955
0.9623 0.0274 0.0103 1.0886 0.9951
0.9823 0.0174 0.0003 1.0878 0.9938
1.15
1.1
4 & = = 5
Keft 1 05 o BWR
o PWR
1
0.95
0.90 0.92 0.94 0.96 0.98 1.00
Iron content in insert

Figure 4 — koyas function of iron content in the insert.

It is seen that the reactivity increases if the iron content is decreased. The reason for this is the iron is
replaced by carbon and silicon. These materials contribute to the reactivity.

In order to cover possible compositions of the nodular cast iron the following composition is used in the
design case: Iron 0.9, Carbon 0.06 and Silicon 0.04. With this assumption the criticality analysis covers
nodular cast iron with compositions: Iron >0.9, Carbon <0.06 and Silicon <0.04.

6.3.2 Density in the insert

The nominal density of nodular cast iron is 7.1 kg/dm’. The influence of variations of this density was
investigated. The disposal canister geometry was as described in section 6.1 except for the nodular cast
iron density, which was varied. The results are shown in figure 5.
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Figure 5 — koyas function of density in the insert.
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It can be seen that the reactivity is relatively independent on the insert density. A slight increase of ke
with increasing density can be seen in the PWR-case and a slight decrease in the BWR-case. In order to
cover possible variation in the nodular cast iron density 7.3 kg/dm’ is used for the PWR-case and 6.9
kg/dm’ for the BWR-case in the design model.

6.3.3

Steel in the compartment tube walls

Variations in the steel composition in the compartment tube walls and the lid were investigated. Three
cases were investigated, see table 10.

Table 10 - k. for different steel composition in the compartment tube walls (6=0.0002)

Case Fraction of Kesr
Iron Carbon | Silicon Manganese | Phosphorus Sulfur PWR BWR
1 0.9600 0.0100 0.0134 0.0160 0.0003 0.0003 1.0886 0.9963
2 0.9757 0.0022 0.0055 0.0160 0.0003 0.0003 1.0888 0.9959
3 0.9800 0.0001 0.0034 0.0160 0.0003 0.0003 1.0886 0.9953

It can be seen that case 1 with the lowest iron content gives the highest reactivity for BWR-case. For the
PWR-case no significant change in k. is observed.

In order to cover possible compositions of the steel in the tube walls the composition according case 1 is
used in the design case. With this assumption the criticality analysis covers steel with compositions: Iron

> 0.96, Carbon <0.01 and Silicon <0.013.

6.3.4

Density in compartment tube walls

The nominal density of the steel in the compartment tube walls is 7.85 kg/dm’. The influence of
variations of this density was investigated. The disposal canister geometry was as described in section 6.1
except for the nodular cast iron density, which was varied. The results are shown in figure 6.
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Figure 6 — kyas function of density in the tube walls.

A small reactivity decrease with increasing density can be seen. In order to cover possible variation in the
steel in the tube walls the density 7.7 kg/dm’ is used in the design model.

6.3.5 Bentonite

Variations in bentonite composition give small or no changes in the reactivity of the disposal canister.

6.3.6 Earth crust

Variations in earth crust (rock) composition give small or no changes in the reactivity of the disposal
canister.

6.4 Location of the disposal canister

The objective with this section is to identify the most reactive location of the disposal canister.

6.4.1 Encapsulation plant

In the encapsulation plant the disposal canisters are loaded with fuel assemblies in dry conditions. The
worst situation from a criticality standpoint occurs if the disposal canister is filled with water during this
process. Two situations could occur.

1. The disposal canister is filled with water. The rest of the surrounding space is dry. Neutrons
leaking from the disposal canister could be reflected back to the disposal canister by the concrete
in the walls of the room.

PWRksto=1.0860+0.0002
BWR:kst6=0.9926+0.0002
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2. Both the disposal canister and the surrounding space are filled with water. Neutrons leaking from
the disposal canister could be reflected back to the disposal canister by the water.

PWRkepto = 1.0872+0.0002
BWR: kgt = 0.9942+0.0002

6.4.2 Storage room

After the disposal canister is loaded with fuel assemblies, it is filled with argon and the disposal canister
lid is welded on the disposal canister. The disposal canister is put in a transport cask and transported to a
storage room. K. is less than 0.4 for both PWR- and BWR-case for an infinite number of disposal
canisters in transport casks.

6.4.3 Transport

From the storage location the disposal canisters are transported in a transport cask to the repository.

During transport the disposal canister is protected by the transport cask, which presently is being
developed. A preliminary design of such a cask was done. (Source: SKBdoc 1038365, ver 1.0.
Confidential information. Available only for the Swedish Radiation Safety Authority.) This preliminary
cask consists of a cylindrical steel container. The inside diameter is 106 cm and the steel thickness is 16
cm with 8 cm neutron shielding outside. The neutron shielding is made of resin compound, which is a
plastic material.

In normal conditions the disposal canister is leak tight and the atmosphere in the disposal canister is dry
argon. In this case with no water present the effective neutron multiplication factor is less than 0.4 and the
system is indeed sub critical.

The worst situation from a reactivity standpoint will occur in an accident situation if the transport cask
and disposal canister are damaged, the cask is submerged in water and both the cask and disposal canister
are filled with water.

In this case the kest6=1.0952 + 0.0002 for PWR and k.ytc =1.0012+ 0.0002 for BWR.

The canister-cask is a double barrier system and it is presently not clear if this situation needs to be
considered.

6.4.4 Disposal

At the repository the disposal canister is deposited in the rock. The disposal canister is surrounded by 35
cm thick rings of bentonite. After some years it is assumed that water has leaked into and filled the
disposal canister.

A disposal canister deposited in the repository surrounded by 35 cm bentonite and filled with water gives
Kerto=1.0888+0.0002 for PWR and kepto= 0.9959 +0.0002 for BWR.

To study the effect of interaction between deposited disposal canisters in the repository an infinite number
of disposal canisters were modeled with centre to centre distance of 6 m. The disposal canisters were
surrounded by 35 cm bentonite and the space between the disposal canisters was modeled as rock
according to table 6.
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kesto= 1.0886+0.0002 for PWR and k.s+6=0.9951 £0.0002 for BWR.

The results show that the interaction between disposal canisters is insignificant.

6.4.5 Summary

The results are summarized in table 11.

Table 11 — k. at different locations (6=0.0005)

Situation Ketr
BWR PWR

Accident in the 0.9942 1.0872

encapsulation process

area

Storage of several <0.4 <04

disposal canisters
Transport accident 1.0012 1.0952
Disposal canister in 0.9959 1.0888
final disposal

It can be seen that k¢ is highest in the transport accident situation. Since the disposal canister transport
cask is under development and it is not clear that the analyzed transport accident needs to be considered,
this situation is not further analyzed in this report.

Instead the final disposal location is used as the design case.

6.5 Position of fuel assemblies in the disposal canister

The fuel assembles are located in compartments in the disposal canister insert. There is a gap between the
compartment wall and the fuel assembly so the fuel assembly location in the compartment could vary.
The fuel assemblies located in the centre of the storage compartments is an ideal situation.

BWR

Different locations of the fuel assemblies in the compartments were investigated see figure 7. The
assemblies are shifted 9.9 mm ((160-140.2)/2) in x and y directions towards the centre respectively away
from the centre.

Centre In Out

Figure 7 — Assembly locations, centre, in and out.
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The resulting k. are shown in table 12.

Table 12 — k. at different assembly locations (6=0.0002)

Location | Kt

Centre 0.9969
In 1.0069
Out 0.9440

Public 4.0 Approved

From reactivity standpoint the worst case is when the assemblies are located towards the centre of the
disposal canister.

PWR

Different locations of the fuel assemblies in the compartments were investigated see figure 8. The
assemblies are shifted 10.25 mm ((235-15x14.3)/2) in x and y directions towards the centre respectively
away from the centre.

In Out

Centre

Figure 8 — Assembly locations, centre, in and out.
The resulting k¢ are shown in table 13.

Table 13 — k. at different assembly locations (6=0.0005)

Location | Kt

Centre 1.0888
In 1.0985
Out 1.0573

From reactivity standpoint the worst case is when the assemblies are located towards the centre of the
disposal canister.

6.6

The manufacturing tolerances of the disposal canister are shown in table 1. The purpose with this section
was to check the influence of the tolerances on the reactivity in order to find the combinations of
measurements within the tolerance limits that will give the highest k.

Disposal canister manufacturing tolerances

6.6.1

The centre to centre distance between the compartments was varied. The results are presented in table 14.
The wall thickness between compartments for each c-c distance is also shown in the table.

Centre to centre distance between compartments
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Table 14 — k. at different c-c distance between compartments (6=0.0005)

c-c distance Wall thickness between Kesr
(mm) compartments including the
Compartment tube wall (mm)

PWR

366.4 131.4 1.0904
370 135 1.0888

373.6 138.6 1.0871

BWR Kegr
206 26 1.0014
210 30 0.9969
211 31 0.9942

The trend indicates that the minimum distance between the compartments will give the maximum k.

6.6.2 Compartment size
The compartment size was varied. The results are presented in table 15.

Table 15 — k. at different compartment sizes (6=0.0002)

PWR Kegr

2299 1.0932
235 1.0888

240.1 1.0829

BWR

156.2 1.0031
160 0.9959
163.8 0.9874

It can be seen that the minimum compartment size gives the highest k.

6.6.3 Compartment tube wall thickness

The compartment tube wall thickness was varied, with nominal c-c distance between compartments. The
results are presented in table 16.

Table 16 — k. at different tube wall thickness (6=0.0002)

PWR Kefr
11.25 1.0887
12.5 1.0888
13.75 1.0889
BWR Kefr
9 0.9961
10 0.9959
11 0.9949

The variations in k.grare small compared to the statistical spread (6=0.0002) of the result except for BWR
where an increased wall thickness gives a decrease in K.
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6.6.4 Insert diameter

The insert diameter was varied. The results are presented in table 17.

Table 17-k. at different insert diameters (6=0.0002)

. keff
Insert t
nsert diameter (mm) PWR BWR
949 1.0888 | 0.9959
949.5 1.0889 | 0.9961

The variations in k.gare small compared to the statistical spread (6=0.0002) of the result. This means that
the variation insert diameter does not give a significant change in k.. The variations that can be seen in
k.t in the table are caused by the statistical variations in the calculation method in the code. The increase
of the insert diameter gives insignificant changes to k.

6.6.5 Copper shell thickness

The disposal canister geometry in this case was:

Table 18-k at different copper thickness (6=0.0002)

Kefr
Copper thickness (mm) PWR BWR
48.7 1.0887 | 0.9964
49 1.0888 | 0.9968
49.3 1.0889 | 0.9972

It can be seen that changes in copper shell thickness within the tolerance limits give insignificant
variations in K.

6.6.6 Compartment length
Table 19 — k. at different compartment lengths (6=0.0002)

PWR
Compartment length (mm) Kegr
4433 1.0886
4443 1.0888
4448 1.0885
BWR
Compartment length (mm) Kefr
4453 0.9960
4463 0.9959
4468 0.9952

It can be seen that changes in compartment length within the tolerance limits give insignificant variations

in Kefy.
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6.6.7 Disposal canister length

Table 20 — k. at different disposal canister lengths (6=0.0002)

Kefr
Disposal canister length (mm) | PWR BWR
4832.25 1.0886 | 0.9951
4835 1.0888 | 0.9959
4838.25 1.0889 | 0.9949

It can be seen that changes in disposal canister length within the tolerance limits give small variations in

Kefr.

6.7 Dependence on temperature

The compartment temperature was varied. The results are presented in figure 9.
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Figure 9 — koyvs. temperature in a disposal canister.

It can be seen that the reactivity decreases with increased temperature.
Max k. is achieved at 4 °C or 277 K.

6.8 Design case

Based on the above analysis the disposal canister design case was established:

The most reactive fuel assembly is used: F15x15AFA3G for PWR and Svea-96 Optima 3 for BWR

The fuel assemblies are radial located towards the centre of the disposal canister.
Assemblies are axially located at the centre of the disposal canister

The disposal canister is filled with water.
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The temperature is 277 K.

The disposal canister is surrounded by 35 cm bentonite.

The boundary condition is vacuum.

The disposal canister data on the tolerance side that gives maximum reactivity:

Minimum c-¢ distance between compartments (364 mm for PWR and 206 mm for BWR)
Minimum compartment size (229.9 mm for PWR and 156.2 mm for BWR)

Nominal insert diameter (949 mm)

Minimum Fe content in the nodular cast iron (90%)

Nominal compartment tube wall thickness (12.5 mm for PWR and 10.0 mm for BWR)
Nominal copper shell inner diameter (952 mm)

Gap between insert and copper shell modeled as water

Nominal copper shell thickness (49 mm)

Nominal compartment length (4443 mm for PWR and 4463 mm for BWR)

Nominal insert length (4573 mm)

Nominal length of copper disposal canister (4835 mm)

The k. for the design case for 5% enriched fresh fuel is

PWR: ko= 1.1041 £ 0.0002
BWR: kegto=1.0232 + 0.0002

This design case was used to determine the loading curves.
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6.9 Variation with enrichment

In order to assess the dependence of k. on the initial enrichment k¢ was calculated varying the
enrichment. The design model was used. The results are shown in figure 10. This information is used
when the loading curve is developed in section 10.
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Figure 10 — kyyas function of initial enrichment.

From figure 10 it can be estimated that k.;= 0.94 (0.95 with allowance for calculation uncertainties) is
achieved at the enrichment 2.4% for PWR and 3.5% for BWR. This corresponds to the highest
enrichment that can be stored without burnup credit.

6.10 Variation of the number of fuel assemblies

To assess the effect of partly loaded disposal canisters calculations were performed with 3, 2 and 1 fuel
assemblies the disposal canister. The design model was used and the empty locations were filled with
water of 20 °C (293 K).

The purpose with these calculations is to find ways to create margins to handle fuel that not meet the
burnup requirements in the loading curve.

The results are shown in table 21.

Table 21— k.4 for partly loaded BWR-disposal canister (6=0.0002)

Case No of fuel assemblies Kesr
1 12 1.0232
2 11 0.9709
3 10 0.8941
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Figure 11 — Empty positions in case 2 and 3.

From these results it can be concluded that unirradiated BWR-fuel with 5% U-235 enrichment can be
stored in a BWR-disposal canister with two central positions left empty.

Table 22 — k. for partly loaded PWR-disposal canister (6=0.0004)

No of fuel
Case assemblies Kerr
1 4 1.1041
2 3 1.0713
3 2 side by side 1.0474
4 2 diagonal 1.0091
5 1 1.0026

Figure 12 — Empty positions in case 2, 3 and 4.

From these results it can be seen that for PWR one unirradiated fuel assembly in a disposal canister with
5% U-235 enrichment will result in k. >0.95. The dependence of the enrichment for a disposal canister
loaded with one fuel assembly was investigated. The results are shown in figure 13.
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Figure 13 — ko as function of enrichment for a disposal canister with one PWR fuel assembly.

The results indicate that one fresh PWR fuel assembly with enrichment up to around 3.5% U-235,
depending on the uncertainties will result in k. < 0.95 in a disposal canister.
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7 Burnup Credit - Selection of nuclides

In previous reports /1/ and /2/ and in the sections above it was shown that “fresh fuel”-assumption could
not be used in the disposal canister for final repository. Credit for the reactivity decrease due to the
burnup of the fuel is necessary to meet the criticality criteria. In this section it is investigated if the burnup
of the fuel will give enough decrease of the reactivity to meet the reactivity criteria.

In the irradiation process around 1300 isotopes are created in the irradiated fuel.
All isotopes cannot be represented in the models and it is needed to establish a limited set to use in
burnup credit. To select which isotopes to credit the following requirements could be established as
criteria:
1. The isotopes should contribute to the reactivity decrease
The importance of different isotopes has been assessed in several studies. The reactivity worth of
different isotopes varies with fuel design, initial enrichment, operational history and cooling time.
The important nuclides seem, however to remain the same.

2. Knowledge of nuclear data of the isotopes

Nuclear data such as neutron cross sections and half-life have to be well known in order to be able to
predict the isotopic contents in the fuel.

3. Knowledge of their chemical form, physical form and characteristics, solubility and volatility

Subcriticality in the final repository needs to be verified for very long time periods. During this time it
has to be certain that the isotopes are stable in the fuel.

4. The calculated isotopic content in the irradiated fuel should be verified
The calculation of isotopic composition in irradiated nuclear fuel should be verified by comparison
with experimental data if the nuclides are used in burnup credit. This provides a robust basis for

disposal canister design and disposal.

If these criteria are accepted, the following nuclides could presently be used for burnup credit in final
disposal canisters. The basis for the selection is found in /6/.

Set 1: Actinides
U-234, U-235, U-236, U-238, Pu-238, Pu-239, Pu-240, Pu-241, Pu-242, Am-241, Np-237

Criticality calculations are performed with credit only for the above limited number of isotopes to assess
if burnup credit is sufficient to control reactivity. If not selected fission products could also be credited.

Set 2: Actinides + fission products
U-234, U-235, U-236, U-238, Pu-238, Pu-239, Pu-240, Pu-241, Pu-242, Am-241, Np-237

Mo-95, Tc-99, Ru-101, Rh-103, Ag-109, Cs-133, Nd-143, Nd-145, Sm-147, Sm-149,
Sm-150, Sm-151, Eu-151, Sm-152, Eu-153, Gd-155
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8 Calculations of ks vs burnup

Burnup dependent cross sections were created for F15*15AFA3G for different enrichments and
irradiation histories using SAS2. The irradiation was simulated in reactor conditions. Specific power,
cycle history and reactor condition from table 7 were used.

The moderator density was set to correspond to the core exit temperature. The temperatures of fuel and
materials during irradiation are based on typical plant data.

The enrichments 3.0%, 4.0%, and 5.0% U-235 were analyzed for PWR and 4.0%, 4.5%, and 5.0% for
BWR.

The decay time was one year after the last cycle.

In Starbucs burnup calculations are made for each zone in a fuel assembly. Based on the cross sections
generated with SAS2, problem specific cross sections are generated as input to a 3D Keno V.a-model and
ke could be calculated for a specific disposal canister model.

In this case the design case model of a PWR disposal canister, according to section 6.8 was used.

The resulting k¢ function of burnup is shown figure 14 for actinides (set 1).
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Figure 14 — kyyas function of burnup, PWR, actinides only (set 1).
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Figure 15 — kyyas function of burnup, BWR actinides only (set I).

The k ¢ shows a almost linear behavior with the burnup. Fit of straight lines to the calculated points give
the following slopes shown in table 23 and 24.

Table 23 — Slopes of the burnup curve for PWR (set 1)

Enrichment Slope
(%U-235) | (dk/'MWd/kg)

3.0 -0.0046

4.0 -0.0044

5.0 -0.0042

Table 24 — Slopes of the burnup curve for BWR (set 1)

Enrichment Slope
(%U-235) (dk/MWd/kg)
3.0 -0.0059
4.0 -0.0055
5.0 -0.0051

Diagram for actinides and fission products (set 2) is shown below in figure 16.
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Figure 16 — ko as function of burnup, actinides and fission products PWR (set 2).
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Figure 17 — keyas function of burnup, actinides and fission products BWR (set 2).

Fits of straight lines to the calculated points give the following slopes shown in table 25 and 26.
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Table 25 — Slopes of the burnup curve for PWR (set 2)
Enrichment Slope
(%U-235) | (dk/MWd/kg)

3.0 -0.0064
4.0 -0.0060
5.0 -0.0058

Table 26 — Slopes of the burnup curve for BWR (set 2)
Enrichment Slope
(%U-235) | (dk/MWd/kg)

4.0 -0.0073
4.5 -0.0068
5.0 -0.0065
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9 Uncertainties

9.1 Disposal canister

The results above are based on the most reactive location of the disposal canisters during handling and the
most reactive location of the fuel assemblies in the disposal canister. The disposal canister geometry is
modeled with measures on the tolerance side that gives the highest reactivity. No correction factor for
tolerances in the disposal canister measures is needed.

9.2 Specific power

The effect of different specific powers (power densities) during irradiation was investigated in /7/. The
results show that the predicted k-value increases if lower specific power is used. In this study a relatively
low power density of 14 MW/assembly was used for PWR compared to the Ringhals 2 value which in
average is 17 MW/assembly and Ringhals 3/4 18 MW/assembly which will be increased to 20
MW/assembly. For BWR 3.8 MW/assembly was used compared to the Oskarhamn reactors which have
3.2 MW/assembly for Oskarhamn 1 and 4.8 MW/assembly for Oskarshamn 3 which will be increased to
5.6 MW/assembly

9.3 Integral burnable poison

BWR- and some PWR-fuel assemblies contain integral burnable poison. In /8/ it is shown that
multiplication factor for fuel containing Gd,0s is always lower than the multiplication factor for fuel
without Gd,0; throughout burnup. Burnable poison was not modeled in this study why no additional
uncertainty is needed.

9.4 Burnable poison rods

In initial PWR-cores in Ringhals burnable poison rods were used in about 60 of the 157 fuel assemblies.
The poison rods are made of stainless steel, borosilicate glass and zircaloy. In /9/ it is shown that the
presence of burnable poison rods give higher multiplication factor compared with fuel without poison
rods throughout burnup. The burnable poison is depleted during the first cycle. If the burnable rod cluster
not is removed after the first cycle a significant portion of the reactivity difference is shown to be due to
the displacement of moderator. The reactivity difference is shown to be up to 3%Ak. This has to be
considered when fuel assemblies that have contained burnable poison rods will be compared with the
loading curve. No general uncertainty is therefore needed to cover this effect.

9.5 Declared burnup

The declared assembly average burnup is based on the plant heat balance, measurements and calculations
of the power distribution in the core. Based on uncertainties of the measurements and calculations the
uncertainty in the burnup prediction is estimated to be within 6gy=2% for BWR and 26py=3.65% for
PWR. (Sources: OKG 2008-05-26, reg nr 2008-14670 and Ringhals 2007-10-19, 1960160/1.1.
Confidential information. Available only for the Swedish Radiation Safety Authority.)

With the diagrams in figures 14-17 the reactivity value of the uncertainties in burnup was calculated. The
results are shown in table 27.
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Table 27 — Uncertainty in burnup (265y) for BWR

Burnup BWR
(MWd/kgU) | Uncertainty Actinides Actinides and fissionproducts
MWd/kgU) | 5% U-235 | 4.5% U-235 | 3% U-235| 5% U-235 | 4.5% U-235 | 3% U-235
10 0.4 0.0020 0.0022 0.0023 0.0026 0.0028 0.0029
20 0.8 0.0041 0.0044 0.0047 0.0053 0.0055 0.0058
30 1.2 0.0061 0.0065 0.0070 0.0079 0.0083 0.0087
40 1.6 0.0082 0.0087 0.0094 0.0105 0.0110 0.0116
50 2 0.0102 0.0109 0.0117 0.0131 0.0138 0.0144

Table 28 — Uncertainty in burnup (265y) for BWR

Burnup PWR
(MWd/kgU) | Uncertainty Actinides Actinides and fissionproducts
MWd/kgU) | 5% U-235 | 4% U-235 | 3% U-235 | 5% U-235 | 4% U-235 | 3% U-235
10 0.4 0.0015 0.0016 0.0017 0.0021 0.0022 0.0023
20 0.7 0.0030 0.0032 0.0034 0.0042 0.0044 0.0047
30 1.1 0.0046 0.0049 0.0051 0.0063 0.0066 0.0070
40 1.5 0.0061 0.0065 0.0067 0.0084 0.0088 0.0094
50 1.8 0.0076 0.0081 0.0084 0.0105 0.0110 0.0117

9.6 Axial temperature distribution in fuel assemblies

Due to the higher temperature and lower moderator density in the top of the core more Pu-239 will be
produced than in average. This could lead to a non conservatism if the calculations were done using
average core temperature.

In this study for PWR the core exit temperature and the corresponding water density was used. The axial
distribution of isotopes will thus not require any additional uncertainty.

For BWR the axial void distribution and not the temperature distribution is important for the Pu-239
production.

9.7 Axial void distribution in BWR-assemblies

In this study the core exit void content and the corresponding water density was used. The axial
distribution of isotopes will thus not require any additional uncertainty.

9.8 Axial burnup distribution (end effect)

The burnup for each assembly is normally given as an assembly average value. This value and the initial
enrichment are used to verify the reactivity of the fuel assembly.

It is shown in several reports (e.g. /10/) that ”end effect” can occur because of the axial burnup
distribution in the reactors which is a consequence of the axial power distribution in the reactor. This
leads to a situation there the end zones in the fuel get lower burnup due to the axial neutron leakage and
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lower local power. If this is considered the reactivity of the assembly could be larger than compared to the
case when the assembly has a uniform burnup distribution.

The consequence is that the given average burnup might not be a good parameter to assess the assembly
reactivity. The axial burnup distribution has to be considered. The end effect can be defined as:

_ (with axial burnup distribution) (uniform axial burnup)
Akend eftect™ Kefr - Kegr

PWR

To determine the end effect in the disposal canister for PWR fuel axial burnup distributions from 15 cores
from Ringhals 2, 3 and 4 were studied. In addition 9 cores from the Great- and Frej-projects were studied,
see appendix 4. The fuel types are 15x15 and 17x17-fuel with burnup from 10 MWd/kgU up to 65
MWd/kgU. Initial enrichments are 3.2 — 4.95% U-235.

From this population a number of distributions were chosen for analysis. Distributions with the highest
and lowest peaking factors (F), with the lowest burnup in the bottom node, with the lowest burnup in the
top node were selected, this because the end effect is highly dependent on the burnup in the top and the
bottom nodes. A bounding burnup distribution was constructed by reducing the burnup in the bottom and
top node by 20% while keeping the assembly burnup constant. The resulting distributions are shown in
figure 18.
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Figure 18 — PWR axial burnup distributions.

These axial burnup distributions were used in the fuel in the disposal canister model. The design case
model of the disposal canister, according to section 6.8 was used.

The k. was calculated for each distribution at burnup from 10 to 50 MWd/kgU.
The calculated k. was compared to the k. for a uniform burnup distribution at each burnup step. The

difference in k. between the k.¢ with axial distribution and the kg with uniform distribution (end effect)
is shown in figure 19 for actinides.
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Figure 19 — The end effect as function of burnup for different axial burnup distributions for PWR
(actinides, set 1).

It can be seen that the end effect is negative up to 45 MWd/kgU. At burnup above this value a correction
of the k. due to the end effect is required.

For actinides and fission products (set 2) the results for the bounding axial burnup distribution is shown in
figure 20.
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Figure 20 — The end effect as function of burnup for different axial burnup distribution for PWR,
(actinides and fission products, set 2).

It can be seen that the end effect is negative up to 40 MWd/kgU. At burnup above this value a correction
of the k. due to the end effect is required.

The dependence between the end effect and the decay time of the fuel is evaluated in section 9.15.

BWR

To determine the end effect in the disposal canister for BWR fuel axial burnup distributions from 18 cores
from Oskarshamn 2 and 3, Ringhals 1 and Forsmark 1, 2 and 3 were studied, see appendix 4.
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From this population a number of distributions were chosen for analysis. Distributions with the highest
and lowest peaking factors (F), with the lowest burnup in the bottom node, with the lowest burnup in the
top node were selected, this because the end effect is highly dependent on the burnup in the top and the
bottom nodes. The resulting distributions are shown in figure 21.
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Figure 21— BWR axial burnup distributions.

These axial burnup distributions were used for the fuel assemblies in the disposal canister model. The
design case model of the disposal canister, according to section 6.8 was used.

The k. was calculated for each distribution at burnup from 10 to 50 MWd/kgU.
The calculated k.¢ was compared to the k. for a uniform burnup distribution at each burnup step. The

difference in k. between the k.¢ with axial distribution and the kg with uniform distribution (end effect)
is shown in figure 22 for actinides.
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Figure 22 — The end effect as function of burnup for different axial burnup distributions for BWR
(actinides, set 1).
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It can be seen that the end effect has a positive value and a correction of the k. due to the end effect is
required.

For actinides and fission products (set 2) the results for the bounding axial burnup distribution is shown in
figure 23.
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Figure 23 — The end effect as function of burnup for different axial burnup distribution for BWR,
(actinides and fission products, set 2).

It can be seen that the end effect has a positive value and a correction of the k. due to the end effect is
required.

BWR-assemblies normally have lower enrichments in the end zones, which will reduce the end effect.
This is not credited in this analysis.

The dependence between the end effect and the decay time of the fuel is evaluated in section 9.15.

9.9 Control rods

Normally during operation control rods in both BWR and PWR are not inserted in the core. The effect of
inserted control rods has therefore not been evaluated.

9.10 Horizontal burnup distribution

In this case the design case model of a disposal canister, according to section 6.8 was used.

In the assembly a horizontal gradient of the burnup could be generated if the assembly is located in an
area with a power gradient. This means that one side of the assembly could have lower burnup than the
average which in some cases could give a reactivity increase in the disposal canister. It is assumed that
the burnup could vary 10% from the average at one side of the assembly with the same average value.
The assemblies are located with the lowest burnup towards the centre of the disposal canister, see figure
24. This configuration gives the highest k-value.
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Calculations of k. in this configuration were done for different burnup. The results are shown in tables
29 and 30, where the difference in kg between the cases with a horizontal burnup distribution and the
case with a uniform horizontal burnup distribution are shown.

Table 29 — Effect of radial burnup gradient for BWR

Burnup Actinides Actinides and fissionproducts
Nominal | Gradient | Difference | Nominal | Gradient | Difference
MWd/kgU | Keir Kefr AKegy Kefr Keit Akt
15 0.9580 0.9596 0.0016 0.9231 0.9253 0.0021
30 0.8816 0.8834 0.0018 0.8272 0.8309 0.0036
45 0.7926 0.7974 0.0048 0.7268 0.7316 0.0048

Table 30 — Effect of radial burnup gradient for PWR

Burnup Actinides Actinides and fissionproducts
Nominal | Gradient | Difference | Nominal | Gradient | Difference
MWd/kgU | K Kefr Akt Kefr Kefr AKegy
10 1.0633 1.0643 0.0010 1.0298 1.0300 0.0003
20 1.0210 1.0222 0.0012 0.9705 0.9728 0.0022
30 0.9794 0.9814 0.0020 0.9151 0.9179 0.0028
40 0.9375 0.9403 0.0028 0.8618 0.8660 0.0041
50 0.8968 0.9013 0.0045 0.8119 0.8170 0.0051

Horizontal burnup distributions increase k.¢. This needs to be considered as an uncertainty factor when
developing the loading curve.

(It should be noted that the radial difference in the burnup from the average is = 10% in the calculations
which is higher than values reported in sources: Ringhals 2007-10-19, 1960160/1.1 and OKG 2008-05-
26, reg nr 2008-14670. Confidential information. Available only for the Swedish Radiation Safety

Authority.)

9.1

Demolition of fuel assemblies

Two cases of total demolitions of the fuel in the disposal canister were calculated. The design case model
of a PWR- and BWR disposal canister, according to section 6.8 was used, except for the homogenized

parts.
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1. In each of the compartments the fuel assembly materials including the material in the compartment
walls are mixed homogenously with the water in the compartment. Calculations were done for different
amount of water in the compartments. The results are shown in figure 25 for PWR and BWR.

1.2
1 SPWR
OBWR
R |
< 0.8
] /?k_ -
0.4
0.2 0.4 0.6 0.8 1
Relative water content in the compartments

Figure 25 — ko in disposal canister with homogenous fitel/water mixture in the compartments.

It is shown that max kg is achieved when compartments are completely filled with water which is
homogenously mixed with the fuel assembly and compartment wall materials. The max k.g=o= 0.8496+
0.0003 for PWR and k.gto= 0.7660+ 0.0003 for BWR which are less than the design cases for PWR and
BWR respectively. No additional uncertainty is needed to cover this case.

2. All materials in the four fuel assemblies are homogenously mixed with the water in the compartments
and the steel in the insert. In this case the resulting ks is <=0.5 for both PWR and BWR No additional
uncertainty is needed to cover this case.

9.12 Calculation uncertainty

The average value and the standard deviation of the k. calculation in KENO are calculated from a
number of neutron generations or iterations. In these cases the calculations were done with 3003 neutron
generations. This is used to estimate the upper one sided tolerance limit. The constant K=1.72 is picked
from /11/. The standard deviation is generally 0.0005Ak or less. The 95/95 upper one sided tolerance limit
is then calculated 0.0005x1.703=0.0009Ak.

The average value of k¢ for 59 calculated experiments is 0.9993 which means a bias of -0.0007Ak. The
standard deviation of the 59 cases is 0.0046Ak, see appendix 1. This value is used to estimate the lower
one sided tolerance limit on 95%/95% -level. The constant K=2.026 is picked from /11/. Statistical
uncertainty for the lower tolerance limit is then 0.0046x2.026= 0.0093Ak.
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9.13 Manufacturing tolerances

9.13.1 Disposal Canister

The manufacturing tolerances of the disposal canister are discussed in section 9.1.

9.13.2 Fuel assembly

For the fuel assembly nominal values have been used. The effects of the tolerances have been evaluated
in this section.

The tolerances for F15x15AFA3G and Svea 96 Optima 3 are given in table 31. (Source: SKBdoc
1173564, ver 1.0. Confidential information. Available only for the Swedish Radiation Safety Authority.)

Table 31 — Nominal values and tolerances

Parameter Svea 64 Optima 3 F15x15AFA3G
Nominal value Tolerance Nominal value | Tolerance
Fuel rod diameter (mm) 9.84 +0.04 10.72 +0.04
Pellet diameter (mm) 8.48 +0.013 9.294 +0.012
UO, density (g/cm?) 10.7 +0.1 10.7 +0.11
Rod pitch (mm) 12.768 +0.04 143 +0.04
Active fuel length (mm) 3690 +12.2 3658 +7

The calculations in this section were done with the design model according to section 6.8, with 277 K in
the disposal canister.

Calculations were done for the nominal value and for several values around the nominal value for all
parameters in table 31. A least square fit of a straight line was done to get the slope of the line. The slope

value was used to calculate the uncertainty in reactivity due to variations within the tolerances for
respective parameter.

Fuel rod diameter

The effect on the reactivity due to change in the fuel rod outer diameter was calculated for BWR and
PWR using the design models. The resulting k.g-values are shown in figure 26.
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Figure 26 — k.yas function of the fuel rod outer diameter.

Linear fits with straight lines to the calculated points give a slope of - 0.0348 Ak/mm for PWR and
-0.029Ak/mm for BWR. A +0.04 mm tolerance deviation gives en reactivity change of Ak +0.0014 for
PWR and Ak +0.0012 for BWR.

Pellet diameter

The effect on the reactivity due to change in the pellet diameter was calculated for BWR and PWR using
the design models. The resulting k.gs-values are shown in figure 27.
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Figure 27 — kyyas function of the fuel pellet diameter.

Linear fits with straight lines to the calculated points give a slope of - 0.0149 Ak/mm for PWR and
-0.0285 Ak/mm for BWR. A +0.012 mm tolerance deviation gives en reactivity change of Ak +0.0002 for
PWR and +0.013 mm tolerance deviation gives en reactivity Ak £0.0004 for BWR.

U0, density

The effect on the reactivity due to change in the UO, density diameter was calculated for BWR and PWR
using the design models. The resulting k.g-values are shown in figure 28.
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Figure 28 — kyyas function of the UO; density.
Linear fits with straight lines to the calculated points give a slope of - 0.0075 Ak/mm for PWR and

-0.0118 Ak/mm for BWR. A £0.11 mm tolerance deviation gives en reactivity change of Ak +0.0008 for
PWR and +£0.1 mm tolerance deviation gives en reactivity Ak +£0.0012 for BWR.

Rod pitch

The effect on the reactivity due to change in fuel rod pitch was calculated for BWR and PWR using the
design models. The resulting k.gvalues are shown in figure 29.
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Figure 29 — ko as function of the fuel rod outer diameter.

Linear fits with straight lines to the calculated points give a slope of - 0.0579 Ak/mm for PWR and
0.028 Ak/mm for BWR. A +0.04 mm tolerance deviation gives en reactivity change of Ak +0.0023 for
PWR Ak +0.0011 for BWR.

Active fuel length

The effect on the reactivity due to change in the active fuel length was calculated for BWR and PWR
using the design models. The resulting k.-values are shown in figure 30.
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Figure 30 — kyyas function of the fuel rod outer diameter.

Linear fits with straight lines to the calculated points give a slope of 5x10°° Ak/mm for PWR and
-8x10° Ak/mm for BWR. A +7 mm tolerance deviation gives en reactivity change of less than Ak
+0.0001 Ak for PWR and +12.2 mm tolerance deviation gives en reactivity change Ak £0.0001 for BWR.

The uncertainties are summarized in table 32.

Table 32 — Summary of the uncertainties
Parameter Uncertainty
PWR BWR
Fuel rod diameter | 0.0014 | 0.0012
Pellet diameter 0.0002 | 0.0004
UQO; density 0.0008 | 0.0012
Rod pitch 0.0023 | 0.0011
Active fuel length | 0.0001 | 0.0001

The square root of sum of squares of these uncertainties is Ak, =0.0020 for BWR and 0.0028 for PWR.
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9.14 Isotopic prediction

PWR

There are several sets of radiochemical analyses of irradiated fuel samples that could be used to verify the
calculations. Measured data have been calculated with the sequence SAS2 /Origen —S reports in /12/, /13/
and /14/. Isotopes with no measured data are excluded in the analysis.

The comparisons are shown in table 33.

Table 33 — PWR comparison between measured and calculated nuclide contents /14/

Measured/ Standard-
. No of | calculated . .
Nuclide deviation
samples | (average) S(X)
X
Ag-109 N/A N/A
Am-241 28 0.919 0.204
Am-243 16 0.934 0.105
Cs-133 3 0.976 0.009
Eu-151 4 0.926 0.532
Eu-153 4 0.966 0.048
Gd-155 4 1.287 0.124
Mo-95 0 N/A® N/A
Nd-143 14 1.012 0.013
Nd-145 14 0.996 0.009
Np-237 18 0.952 0.086
Pu-238 52 1.068 0.1
Pu-239 56 1.008 0.042
Pu-240 56 1.008 0.028
Pu-241" 56 1.045 0.048
Pu-242 52 0.987 0.051
Rh-103 1 1.269 N/A
Ru-101 0 N/A® N/A
Sm-147 9 1.001 0.039
Sm-149 9 1.002 0.221
Sm-150 9 0.934 0.018
Sm-151 9 0.777 0.059
Sm-152 9 0.751 0.142
Tc-99 9 0.844 0.194
U-234 32 0.962 0.113
U-235"° 56 1.018 0.03
U-236 56 1.008 0.037
U-238 56 1 0.005

Tfissile nuclides, ¢ Insufficient data

To assess the effect of the results in table 33, the correction factors (X) for all nuclides were used when
calculating the k.. In this case the design case model of a PWR-disposal canister, according to section
6.8 was used.

The results are shown in figure 31.

Svensk Kirnbriinslehantering AB



1193244 - Criticality safety calculations of Public 4.0 Approved 46 (65)
disposal canisters

0.01
m
& Actinides o /
0.008 O Actinides + fission products /
o_—]
& 0.006
Q
- E//E]
o
°

0.004
ca/

0.002

0 5 10 15 20 25 30 35 40 45 50
Burnup (MWd/kgU)

Figure 31 - PWR difference in k.; between calculations with and without nuclide correction factors.

I can be seen for actinides that the calculations with correction factors give a higher k¢ of around
Ak=0.003 over the whole burnup range. For actinides + fission products Ak increases from 0.003 at 0
burnup to 0.009 at 50 MWd/kgU.

In /14/ different methods to assess the influence of the spread in the measured/calculated values are
presented. Based on the statistical distribution of the values and the standard deviation the
Sensitivity/Uncertainty methods were used to assess the uncertainty in kg due to the spread in the X-
values in table 33.

In Sensitivity/Uncertainty method the sensitivity of k. of variation of the correction factor for each
nuclide is calculated. The variation in k.¢ for each nuclide by changing the correction factor £2 ¢ vas
calculated. The variations in kg for each nuclide were combined statistically to get the statistical variation
on the total kg The results are presented in table 34.

Table 34 — PWR k. in uncertainty calculations (+20)

Burnup | Actinides | Actinides
(MWd/kgU) Ak and
fission
products
Ak
10 0.0113 | 0.0143
20 0.0108 | 0.0138
30 0.0110 | 0.0140
40 0.0117 | 0.0147
50 0.0116 | 0.0146

Adding the values from figure 31 to the uncertainty values in table 34 correction factors for the
uncertainty in nuclide calculations are calculated, see table 35. These values are used when developing
the loading curve.
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Table 35 — PWR correction factors to K.

Burnup Actinides | Actinides
(MWd/kgU) Ak and
fission
products
Ak
10 0.0162 0.0195
20 0.0158 0.0206
30 0.0194 0.0244
40 0.0210 0.0280
50 0.0220 0.0320
BWR

Public 4.0 Approved 47 (65)

There are several sets of radiochemical analyses of irradiated fuel samples that could be used to verify the
calculations. Isotopes with no measured data are excluded in the analysis.
Measured data have been calculated with the sequence SAS2 /Origen —S report in /15/.

The comparisons are shown in table 36.

Table 36 —- BWR comparison between measured and calculated nuclide contents /15/

Measured/ Standard-
. No of computed e
Nuclide deviation
samples (average)
X S(X)
U-234 22 1.002 0.026
U-235 30 1.020 0.034
U-236 30 1.012 0.027
U-238 30 1.001 0.004
Np-237 18 1.011 0.088
Pu-238 30 1.075 0.175
Pu-239 30 1.021 0.061
Pu-240 30 1.009 0.048
Pu-241 30 1.047 0.097
Pu-242 30 0.995 0.125
Am-241 22 0.961 0.110

Note that there are no experimental results for fission products in the BWR-case.

To assess the effect of the results in table 36 the correction factors (X) for all nuclides were used when
calculating the k.. In this case the design case model of a BWR-disposal canister, according to section

6.8 was used.

The results are shown in figure 32.
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Figure 32 —BWR difference in k.; between calculations with and without nuclide correction factors.

I can be seen for actinides that the calculations with correction factors give a higher kg of around
Ak=0.004 over the whole burnup range.

In /14/ different methods to assess the influence of the spread in the measured/calculated values are
presented. Based on the statistical distribution of the values and the standard deviation the
Sensitivity/Uncertainty methods were used to assess the uncertainty in k.gdue to the spread in the X-
values in table 37.

In Sensitivity/Uncertainty method the sensitivity of k. of variation of the correction factor for each
nuclide is calculated. The variation in k. for each nuclide by changing the correction factor +2 ¢ vas
calculated. The variations in kg for each nuclide were combined statistically to get the statistical variation
on the total k.i. The results are presented in table 35.

Table 37 —- BWR k. uncertainty calculations (+26)
Burnup Actinides
(MWd/kgU) Ak

15 0.0074
30 0.0105
45 0.0166

Adding the values from figure 32 to the uncertainty values in table 37 correction factors for the
uncertainty in nuclide calculations are calculated, see table 38. These values are used when developing
the loading curve.

Table 38 — BWR correction factors to k.
Burnup Actinides
(MWd/kgU) Ak

15 0.0114
30 0.0145
45 0.0206

Since there are no measured data for fission products for BWR the uncertainty factor is estimated for this
case.
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9.15 Long term reactivity change

Calculations of the long term change of reactivity were done. In this case the design case model of a
BWR and a PWR-disposal canister, according to section 6.8 was used. A uniform axial burnup
distribution was used.

The results are shown in figure 33 for actinides. It can be seen that the reactivity decreases during the first
100 years, which mainly is due to the decay of fissile Pu-241 with a half life of 14.4 years and buildup of
Am-241 and Gd-155 (from Eu-155, half life 4.7 y). After around 100 years the reactivity will increase due
to the decay of Am-241 (half life 433 y) and Pu-240 (half life 6560 y). After around 20 000 years the
reactivity decreases again after the Am-241- and Pu-240- decay completes and Pu-239 decay dominates.
The red line in the figure 33—38 represents the maximum K.
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Figure 33 — PWR long term reactivity change for different burnup, actinides (set 1).
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Figure 34 — BWR long term reactivity change for different burnup, actinides (set 1).

Compared to the reactivity level at 1 years decay time the reactivity is always lower than the 1-year value
for higher burnup. For lower burnup a correction factor has to be used to account for long term reactivity
change. For 10 MWd/kgU a value of Ak g0 0.008040.0007 for PWR needs to be used. For BWR Ak pto
0.0048+0.0007 should be used at 15 MWd/kgU.
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The results for actinides and fission products (set 2) are shown in figure 35.
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Figure 35 — PWR long term reactivity change for different burnup, actinides and fission products (set 2).
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Figure 36 — BWR long term reactivity change for different burnup, actinides and fission products (set 2).

Compared to the reactivity level at 1 years decay time the reactivity is always lower than the 1-year value
for all cases. No factor has to be used to account for long term reactivity change for actinides and fission
products.

To assess the axial effect (end effect) over long decay times the calculations were repeated with the
bounding axial burnup distribution for PWR. In figure 37 the results are shown for actinides (set 1). I the
diagram results from the model with uniform axial burnup distribution are compared with results using
the bounding axial burnp distribution.
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Figure 37 — PWR kg vs. decay time for bounding and uniform axial burnup distribution, actinides (set I).

For 30 MWd/kgU the uniform distribution gives higher k. over all decay times. For 50 MWd/kgU the
bounding distribution gives Ak= 0.003 higher k. than the uniform distribution at one year decay time.
This is consistent with the results of section 9.8. I can also be seen that the relative end effect increases
with decay time. The absolute level is always below the 1 year value, so no additional correction factor is
needed to account for the decay time dependence of the end effect when developing the loading curve.

In figure 38 the results are shown for actinides and fission products (set 2). I the diagram results from the
model with uniform axial burnup distribution are compared with results using the bounding axial burnup
distribution.
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Figure 38 — PWR k5 vs. decay time for bounding and uniform axial burnup distribution, actinides and
fission products (set 2).
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For 10 MWd/kgU the uniform distribution gives higher k. over all decay times. For 30 MWd/kgU the
bounding distribution gives Ak= 0.001 lower k. than the uniform distribution at one year decay time.
This is consistent with the results of section 9.8. The end effect will however be positive after 7 years and
varies with decay time. The absolute level is always below the one year value, so no additional correction
factor is needed to account for the decay time dependence of the end effect when developing the loading
curve.

For 50 MWd/kgU the bounding distribution gives Ak= 0.018 higher k¢ than the uniform distribution at
one year decay time. This is consistent with the results of section 9.8. I can also be seen that the relative
end effect increases with decay time. The absolute level is always below the 1 year value, so no additional
correction factor is needed to account for the decay time dependence of the end effect when developing
the loading curve.

9.16 Change in geometry due to burnup

The calculations have been done with the assumption that the fuel geometry is nominal. The question is
what will happen to the geometry during irradiation. Important measures are the fuel rod outer diameter
and the pitch between the fuel rods. A reduction in rod diameter or an increase in fuel rod pitch will
increase the reactivity.

The fuel rod pitch is controlled by the spacers and the pitch in the spacers is judged not to change during
irradiation. The fuel assembly can, however be bent which could affect the pitch between the spacers. It is

judged that bending of a fuel assembly between two spacers not will result in increased pitch.

Results from measurements of the fuel rod diameter on irradiated 17x17 fuel are presented are shown in
table 39.

Table 39 - Diameter change due to irradiation

Fuel type Burnup (1;::2::::_ Measured | Reduction
(MWd/kgU) (mm) (mm) (mm)
17x17 62 9.5 9.48 0.02
17x17 60 9.55 9.51 0.04
17x17 57 9.5 9.44 0.06
Svea 100 40 9.62 9.59 0.03

(Source: Hotcelldata utbréant briansle, Hakan Pettersson, Vattenfall Briansle 2007.)

It is assumed that 15x15-fuel will be changed in the same way during irradiation. From section 9.13 it can
be seen that change in rod diameter gives a reactivity change of -0.0348 Ak/mm. A reduction of the rod
diameter of 0.06 mm will the increase the reactivity by Ak =0.0021. This value is increased 50% to
account for uncertainties in the slope value. Ak.;=0.0031 will be used to correct for burnup effects when
developing the loading curve.

For BWR change in rod diameter gives a reactivity change of -0.029 Ak/mm. A reduction of the rod
diameter of 0.03 mm will the increase the reactivity by Ak =0.0009. This value is increased 50% to
account for uncertainties in the slope value. Ak.;=0.0014 will be used to correct for burnup effects when
developing the loading curve.

The active fuel length increases during irradiation. This length increase could be 10-25 mm. In section
9.13 it was shown that changes of this order of magnitude give insignificant reactivity changes.
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9.17 Defects in the disposal canister

Different types of defects in the disposal canisters were investigated. Two types of defects were
postulated. One was rectangular hole between the central locations in the disposal canister, the other was
several circular holes in the disposal canister see figure 39 and 40. In the models the holes are filled with
void. Water in the holes will decrease the reactivity.

In the BWR-disposal canister two different defects were simulated:

1. One rectangular hole in the disposal canister with the measures 30x800 mm and a length of 4463 mm.

2. 17 cylindrical holes with a diameter of 20 mm and a length of 4463 mm.

Figure 39 — BWR disposal canister defects.

In the PWR-disposal canister two different defects were simulated:
1. One rectangular hole in the disposal canister with the measures 30x620 mm and a length of 4443 mm.

2. Nine cylindrical holes with a diameter of 60 mm and a length of 4443 mm.

Figure 40 — PWR Disposal canister defects.
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The results are shown in table 40.

Table 40 — k. at different defects in the disposal canister (6=0.0005)

Case Keit Keir
(6=£0.0003) | (c=%0.0003)

BWR PWR

Design case 1.0232 1.1041

Rectangular hole in

the disposal canister 1.0251 1.1072

Circular holes in the

disposal canister 1.0246 1.1063

It can be seen that the defects could increase the reactivity with up to 0.003 Ak.

9.18 Uncertainties in the burnup curve fit

In figures 14 to 17 linear fits to the calculated points were done. The calculated points have a spread
around the fitted line which will give an uncertainty in the predicted value if the fitted line is used. This
uncertainty is assessed by comparing the difference between calculated values and values predicted by the
fitted line. The differences are presented in the table 41.

Table 41 — Calculation of differences and uncertainty factors

BWR
Actinides
Burnup 5.0 % U-235 4.5 % U-235 4.0 % U-235
MWd/kgU (Calculated valus|Predicted value|DifferenceCalculated valus|Predicted value|Difference|Calculated valus[Predicted value/Difference
15 0.9580 0.9523 -0.0057 0.9306 0.9234 -0.0073 0.8995 0.8922 -0.0073
30 0.8816 0.8755 -0.0061 0.8467 0.8415 -0.0052 0.8081 0.8044 -0.0036
45 0.7926 0.7986 0.0060 0.7537 0.7597 0.0060 0.7118 0.7167 0.0049
Root of sum of squares| 0.0103 0.0107 0.0095
Actinides and fissionproducts
Burnup 5.0 % U-235 4.5 % U-235 4.0 % U-235
MWd/kgU (Calculated valus|Predicted value|DifferenceCalculated valus|Predicted value|DifferenceCalculated valus[Predicted value/Difference
15 0.9231 0.9243 0.0012 0.8959 0.8957 -0.0002 0.8639 0.8646 0.0007
30 0.8272 0.8258 -0.0014 0.7932 0.7925 -0.0008 0.7546 0.7563 0.0017
45 0.7268 0.7273 0.0005 0.6887 0.6893 0.0006 0.6493 0.6480 -0.0013
IRoot of sum of squares| 0.0019 0.0010 0.0023
PWR
Actinides
Burnup 5.0 % U-235 4.5 % U-235 4.0 % U-235
MWd/kgU (Calculated valus|Predicted value|Difference|Calculated valus[Predicted value|Difference Calculated valus[Predicted value|Difference
15 0.9580 0.9523 -0.0057 0.9306 0.9234 -0.0073 0.8995 0.8922 -0.0073
30 0.8816 0.8755 -0.0061 0.8467 0.8415 -0.0052 0.8081 0.8044 -0.0036
45 0.7926 0.7986 0.0060 0.7537 0.7597 0.0060 0.7118 0.7167 0.0049
Root of sum of squares 0.0103 0.0107 0.0095
Actinides and fissionproducts
Burnup 5.0 % U- 235 4.5 % U-235 4.0 % U-235
MWd/kgU (Calculated valus[Predicted value|Difference [Calculated valus|Predicted value|Difference [Calculated valus[Predicted value|Difference
15 0.9231 0.9243 0.0012 0.8959 0.8957 -0.0002 0.8639 0.8646 0.0007
30 0.8272 0.8258 -0.0014 0.7932 0.7925 -0.0008 0.7546 0.7563 0.0017
45 0.7268 0.7273 0.0005 0.6887 0.6893 0.0006 0.6493 0.6480 -0.0013
IRoot of sum of squares| 0.0019 0.0010 0.0023

The roots of the sum of the squares of the differences of the k¢ are used as uncertainty factors in the
loading curve.
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Based on the cases calculated for different initial enrichments, the burnup dependence and the
uncertainties factors a loading curve was developed. All factors are shown in tables 42 and 43.

Table 42 — Burnup requirements for different enrichments, PWR

Actinides and

Actinides .
fissionsproducts

Enrichment 5.0 4.0 3.0 5.0 4.0 3.0
Uncertainties

Uncertainties in fuel data 0.0028 | 0.0028 | 0.0028 | 0.0028 | 0.0028 | 0.0028
Uncertainties in burnup curve fit 0.0009 | 0.0054 | 0.0061 | 0.0128 | 0.0175 | 0.0169
Statistical uncertainty in KENO 0.0009 | 0.0009 | 0.0009 | 0.0009 | 0.0009 | 0.0009
Bias in benchmarking 0.0007 | 0.0007 | 0.0007 | 0.0007 | 0.0007 | 0.0007
Calculational uncertainty 0.0093 | 0.0093 | 0.0093 | 0.0093 | 0.0093 | 0.0093
Uncertainty and bias in nuclide calculation 0.0224 | 0.0200 | 0.0174 | 0.0279 | 0.0249 | 0.0208
Uncertainty in burnup 0.0078 | 0.0060 | 0.0036 | 0.0083 | 0.0066 | 0.0040
End effect 0.0032 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
Horizontal burnup distribution 0.0045 | 0.0025 | 0.0012 | 0.0039 | 0.0028 | 0.0015
Long term effect 0.0000 | 0.0000 | 0.0037 | 0.0000 | 0.0000 | 0.0028
Defects in the cansister 0.0030 | 0.0030 | 0.0030 | 0.0030 | 0.0030 | 0.0030
Change in geometry due to burnup 0.0031 | 0.0031 | 0.0031 | 0.0031 | 0.0031 | 0.0031
Sum 0.0586 | 0.0536 | 0.0516 | 0.0727 | 0.0715 | 0.0658
kefr in base case 1.1041 1.0594 | 0.9951 1.1041 1.0594 | 0.9951
Sum kegr 1.1627 | 1.1130 | 1.0467 | 1.1768 | 1.1309 | 1.0609
Limit vaule 0.9500 | 0.9500 | 0.9500 | 0.9500 | 0.9500 | 0.9500
Need of BU-cred 0.2127 | 0.1630 | 0.0967 | 0.2268 | 0.1809 | 0.1109
Bu coefficient (dk/MWd/kgU) 0.0042 | 0.0044 | 0.0046 | 0.0058 | 0.0060 | 0.0064
Burnup requirement (MWd/kgU) 51.1 36.8 20.9 39.3 30.0 17.3

On the bottom line the burnup requirement for different enrichments are seen.
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Table 43 — Burnup requirements for different enrichments, BWR
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Actinides Actinides and fissionsproducts
Enrichment 5.0 4.5 4.0 5.0 4.5 4.0
Uncertainties
Uncertainties in fuel data 0.0020 0.0020 0.0020 0.0020 0.0020 0.0020
Uncertainties in burnup curve fit 0.0103 0.0107 0.0095 0.0019 0.0010 0.0023
Statistical uncertainty in KENO 0.0009 0.0009 0.0009 0.0009 0.0009 0.0009
Bias in benchmarking 0.0007 0.0007 0.0007 0.0007 0.0007 0.0007
Calculational uncertainty 0.0093 0.0093 0.0093 0.0093 0.0093 0.0093
Uncertainty and bias in nuclide calculation 0.0151 0.0120 0.0100 0.0197 0.0104 0.0088
Uncertainty in burnup 0.0062 0.0038 0.0028 0.0058 0.0036 0.0024
End effect 0.0207 0.0032 0.0000 0.0233 0.0069 0.0017
Horizontal burnup distribution 0.0018 0.0017 0.0012 0.0029 0.0020 0.0010
Long term effect 0.0005 0.0037 0.0058 0.0007 0.0015 0.0019
Defects in the disposal canister 0.0030 0.0030 0.0030 0.0030 0.0030 0.0030
Change in geometry due to burnup 0.0014 0.0014 0.0014 0.0014 0.0014 0.0014
Sum 0.0719 0.0524 0.0466 0.0715 0.0427 0.0354
kefr in base case 1.0232 | 0.99854 | 0.97388 1.0232 | 0.99854 | 0.97388
Sum ke 1.0951 1.0510 1.0204 1.0947 1.0412 1.0093
Limit vaule 0.9500 0.9500 0.9500 0.9500 0.9500 0.9500
Need of BU-cred 0.1451 0.1010 0.0704 0.1447 0.0912 0.0593
Bu coefficient (dk/MWd/kgU) 0.0051 0.0055 0.0059 0.0066 0.0069 0.0072
Burnup requirement (MWd/kgU) 28.3 18.4 12.0 22.0 13.3 8.2
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Based on the information in tables 42 and 43 loading curves can be developed. A loading curve combines
all the points of initial enrichments and burnup requirements that will produce k.=0.95 in the disposal
canister including uncertainties. The loading curves are shown in figure 42. If the assembly initial
enrichment/burnup is on the right side of the curve, the assembly is accepted to be loaded in a disposal
canister. The loading curves cover all fuel types analyzed in section 6.2.
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Figure 42 — Loading curve for the disposal canister, PWR-fuel.
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Figure 43 — Loading curve for the disposal canister, BWR-fuel.

It should be noted that the maximum enrichment should be used to check the criteria, which is the value
used should contain margin for manufacturing tolerances in enrichment. The burnup value should be the
best estimate assembly average burnup.

In the figure 44 all PWR fuel assemblies (2517 assemblies) stored in Clab at end of 2007 are plotted
(combinations of initial enrichment and average assembly burnup). Each assembly is represented by a x.
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In the same diagram the loading curves are shown. The fuel assemblies that appear on the right side of the
limit curves will result in a k. < 0.95. It can be seen that all PWR-assemblies except three stored in Clab
at the end of 2007 could be accepted for storage in disposal canisters for final storage using burnup credit
for actinides only (set 1). Using set 2, actinides and fission products the margin increases and all
assemblies meet the criteria.

For future fuel the burnup target for 4.6% enriched fuel is 53—-58 MWd/kgU depending on reactor, which
gives an acceptable margin to the set 1 loading curve.
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Figure 44 — Loading curves for PWR compared to the Clab-inventory 2007-12-31.
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Figure 45 — Loading curves for BWR compared to the Clab-inventory 2007-12-31.
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11 Conclusions

This study, based on state of the art methods and an assessment of the uncertainties, shows that burnup
credit is an acceptable way to control the reactivity in the disposal canisters using a minimum set of
nuclides, actinides only (set 1). If selected fission products also are credited (set 2) more margin is
achieved.

For assemblies that not meet the criteria in the loading curve the number of assemblies in the disposal
canister can be reduced in order to reduce the reactivity. Another possibility is to combine the fuel
assembly that does not meet the criteria with fuel assemblies with lower enrichment and high burnup. In
this case specific analyses have to be performed.

For the BWR- case fresh fuel with 5% U-235 enrichment can be loaded in the disposal canister if two
central compartments are blocked, that is the number of fuel assemblies is reduced from 12 to 10.

For the PWR-case fresh fuel with enrichments up to 3.5% U-235 can be loaded with sufficient margin to
the criticality limit assuming only one assembly in the disposal canister. For enrichments above 3.5% U-
235 burnup has to be credited. For 5% enriched fuel a burnup of 21 MWd/kgU is needed if actinides are
credited and 15 MWd/kgU if actinides + fission products are credited assuming one assembly in the
disposal canister. If the unlikely event occurs that some fuel assemblies will not meet these requirements
special arrangements have to be developed, e.g. special material in the insert or reconstruction of the fuel
assemblies. Fuel assemblies that have contained burnable poison rods have to be analyzed separately.
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Appendix 1 — Calculations of criticality experiments
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Case no Case Enrichment Description Calculated| Standard
designation (%U235) Ker deviation
1 p2438x05 2.35 No absorber plates 0.9978 0.0016
2 p2438x17 2.35 Boral absorber plates 0.9973 0.0010
3 p2438x28 2.35 Stainless steel absorber plates 0.9957 0.0016
4 p2615x14 431 Stainless steel absorber plates 0.9976 0.0017
5 p2615x23 4.31 Cadmium absorber plates 1.0006 0.0017
6 p2615x31 431 Boral absorber plates 1.0010 0.0016
7 p2827u2a 2.35 Uranium reflector 1.0020 0.0014
8 p282712a 2.35 Lead reflector 0.9994 0.0015
9 p2827non 2.35 No reflector 0.9953 0.0015
10 p2827u2b 431 Uranium reflector 1.0008 0.0016
11 p282712b 4.31 Lead reflector 1.0098 0.0009
12 p3314a 4.31 0.226 cm Boroflex absorber plates 1.0021 0.0015
13 p3314b 431 0.452 cm Boroflex absorber plates 1.0014 0.0013
14 p3602n2 2.35 Steel reflector. no absorber 1.0036 0.0013
15 p3602non 4.31 Steel reflector. no absorber 1.0060 0.0017
16 p3602s4 431 Steel reflector. borated steel absorber plates 1.0030 0.0014
17 p3602b4 4.31 Steel reflector. Boral absorber plates 1.0042 0.0016
18 p3602c4 4.31 Steel reflector. cadmium absorber plates 1.0038 0.0012
19 p3926u2a 2.35 Uranium reflector 0.9983 0.0017
20 p392612a 2.35 Lead reflector 1.0011 0.0014
21 p3926n2 2.35 No reflector 0.9924 0.0018
22 p3926uda 4.31 Uranium reflector 0.9998 0.0019
23 p3926l4a 4.31 Lead reflector 1.0047 0.0019
24 p3926nob 431 No reflector 0.9997 0.0016
25 p4267a 431 No soluble boron 0.9964 0.0011
26 p4267b 4.31 2550 ppm soluble boron 1.0008 0.0013
27 p4267c 431 No soluble boron 0.9978 0.0012
28 p4267d 4.31 2550 ppm soluble boron 0.9951 0.0016
29 pnl194 431 Hexagonal lattice. narrow pitch 1.0050 0.0017
30 ft214r 4.31 Flux traps. no voids 0.9935 0.0016
31 ft214v3 4.31 Flux traps with voids 0.9956 0.0011
32 bawl231a 4 Core I - 1152 ppm soluble borom 0.9945 0.0010
33 bawl231b 4 Core I - 3389 ppm soluble borom 0.9972 0.0009
34 bawl273m 2.46 Core XX - 1675 ppm soluble boron 0.9974 0.0014
35 bawl484a 2.46 Core IV - 84 B4C pins 0.9930 0.0011
36 baw1484b 2.46 Core IX - No B4C pins 0.9933 0.0016
37 bawl484c 2.46 Core XIII - 1.6 wt% Boral 0.9963 0.0019
38 bawl484d 2.46 Core XXI - 0.1 wt% Boral 0.9900 0.0017
39 bawl 645t 2.46 Triangular pitch. pitch = pin O.D. 1.0055 0.0010
40 bawl645s 2.46 Square pitch. pitch = pin O.D. 1.0026 0.0012
41 bwl645s0 2.46 Square pitch. pitch =1.17*pin O.D. 1.0018 0.0012
42 bnwl810a 2.46/4.02 |[Core 12 - No Gd fuel rods 0.9985 0.0015
43 bnwl810b 2.46/4.02 [Core 14 - 12 Gd fuel rods 0.9973 0.0016
44 bnwl810c 2.46/4.02 [Core 16 - 16 Gd fuel rods 0.9981 0.0014
45 el96u6bn 2.35 0.615 in. pitch. 0 ppm soluble boron 0.9951 0.0017
46 epru615b 2.35 0.615 in. pitch. 464 ppm soluble boron 0.9970 0.0013
47 epru75 2.35 0.750 in. pitch. 0 ppm soluble boron 0.9968 0.0011
48 epru75b 2.35 0.750 in. pitch. 568 ppm soluble boron 1.0005 0.0010
49 el96u87c 2.35 0.870 in. pitch. 0 ppm soluble boron 0.9961 0.0016
50 epru87b 2.35 0.870 in. pitch. 286 ppm soluble boron 0.9971 0.0016
51 saxu56 5.74 2 lattice pitches. SSclad. 0.56 in. pitch 0.9906 0.0018
52 saxu792 5.74 2 lattice pitches. SSclad. 0.792 in. pitch 0.9967 0.0012
53 w3269a 3.7 Ag-In-Cd (0.330 in. O.D) absorber rods 1.0031 0.0010
54 w3269b 3.7 Ag-In-Cd (0.330 in. O.D) absorber rods 1.0035 0.0015
55 w3269¢ 2.72 Ag-In-Cd (0.403 in. O.D) absorber rods 0.9933 0.0010
56 ans33bp2 4.75 Cruciform box. polyethylene 1.0001 0.0012
57 ans33bb2 4.75 Cruciform box. polyethylene 1.0089 0.0011
58 ans33bh2 4.75 Cruciform box only 1.0134 0.0011
59 ans33h2 4.75 No absorbers 0.9990 0.0014
Average 0.9993
Standard deviation 0.0046
K(59) 2.0260
95%/95% LTL 0.0094
Bias 0.0007

62 (65)
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Fuel type
Parameter AA 8x8 Exxon KwWuU ANF KwWuU KwWU Atrium 9A | Atrium Atrium GE11S GEI12S GE14 GNF2 Svea 64 Svea Svea 96 Svea 96 Svea 96 | Svea%6
8x8 8x8-2 9x9-5 9x9-5 9x9-Q 10B 10 XM 100 Optima Optima | Optima
2 3
1 1 1 1 1 1 2 2 3 2 2 5 4 6 7 8 9 10 1
Niumber of fuel rods 64 63 62 76 76 72 72 91 91 74 91 92 92 64 100 96 96 96 96
Fuel rod pitch, medel (mm) 15.8/16.0 | 16.26 16.25 14.53 14.45 14.45 14.45 12.95 12.95 14.38 12.95 12.95 12.95 15.8 12.7 12.7 12.6- 12.78 12.77
5/16.3 12.75
Fuel rod outer diameter (mm) 12.25 12.34 123 10.59 11 11 11 10.05 10.28 11.18 10.26 10.26 10.26 12.25 9.62 9.62 10.3/9.62 | 9.84 9.84
Fuel rod inner diameter (mm) 10.65 10.66 10.66 9.11 9.66 9.66 9.67 8.84 9.054 9.76 8.98 8.94 9.06 10.65 8.36 8.36 | 8.94/8.36 | 8.63 8.63
Cladding thickness (mm) 0.8 0.84 0.82 0.74 0.67 0.67 0.665 0.605 0.613 0.71 0.64 0.66 0.6 0.8 0.63 0.63 | 0.68/0.63 | 0.605 0.61
Cladding material zr2 zr2 Zr2 zr2 zr2 Zr2 zr2 Zr2 zr2 Zr2 zr2 zr2 zr2 zr2 Zr4 Zr2 Zr2 zr2 Zr2
Pellet diameter (mm) 10.44 10.26 10.44 8.93 9.5 9.5 9.5 8.67 8.87 9.55 8.81 8.76 8.88 10.44 8.19 8.19 | 8.77/8.19 | 8.48 8.48
UO2 density (g/cc) 10.41 10.5 10.45 10.36 10.45 10.45 10.55 10.55 10.6 10.56 10.56 10.5 10.53 10.5 10.5 10.5 10.52 10.6 10.60
Active fuel length (mm) 3712 3720 3680 3712 3680 3680 3680 3680 3690 3690 3690 3680 3680 3680 3750 3600 3710 3710 3690
Nunber of water rods 1 2 5 5 9 9 9 9 17 9 8 8 0 0 4 4 4 4
Water rod outer diameter (mm) 12.34 15 14.02 13.15 24.9 24.9 24.9 24.9
Water rod inner diameter (mm) 10.66 134 13.42 11.59 23.38 23.38 23.38 23.38
Water rod cladding thickness 0.84 0.8 0.3 0.78 0.76 0.76 0.76 0.76
mm
(Char)mel outer measures (mm) 138.6 138.6 138.6 138.6 138.6 138.6 138.6 138.6 138.6 | 137.36 | 137.36 | 137.36 | 137.5 139.6 139.6 139.6 139.6 140.2 140.2
Channel inner measures (mm) 134 134 134 134 134 134 134 134 134 134.06 | 134.06 | 134.06 | 134.2 137.4 137.4 137.4 137.4 137.4 137.4
Channel wall thickness (mm) 23 23 23 23 23 23 23 23 23 1.65 1.65 1.65 1.65 1.1 1.1 1.1 1.1 1.4 1.4
Channel material Zr Zr Zr Zr Zr Zr Zr Zr Zr Zr Zr Zr Zr Zr Zr Zr Zr Zr Zr
Central cross inner width (mm) 5.6 29.7 29.7 29.6 29.6 29.60
Central cross wall thickness 0.8 0.8 0.8 0.8 0.8 0.8
(mm)
Central channel outer measures
(mm)
Central channel outer measures 37.05x37. | 35x35 | 35x35
(mm) 05
Central channel wall thickness 0.725 0.725 0.8
Central channel material Zr Zr Zr
Source . Clab96 — Dataunderlag for kriticitetsberakningar, Agrenius Ingenjorsbyra AB, augusti 1991

. PB - 82-99 - Vattenfall- Clab - Verifikationa av kriticitetssidkerheten vid férvaring av nya brénsleyper

. AiC-1334697-1 Data for final storag for lead test assemblies for Ringhals 1

.2006 R21D Forsmark 3 GNF2

. 2008 R23E Forsmark 3 GE14

. BK 91-705 Svea 64 for Ringhals 1 - Mekanisk konstruktion

. BK 90-205, ABB Atom Svea-100 med 12.7 mm stavdelning for Oskarshamn 3

. BLB 00-050 - Mekaniskt datablad for nukleér och termohydraulisk design O1 €24 (Svea 96S Optima/L)

. BLB 98-122, rev 1 - Mekaniskt datablad for nukledr och termohydraulisk design B1 €23 och B2 ¢19 Demo (Svea 96S Optima)
10. BTK 00-144, rev 2 Mekaniskt datablad for nukleédr och termohydraulisk design SVEA-96 Optima 2 i Oskarshamn 3

11. BTK 04-246, rev 1 Mekaniskt datablad for nukledr och termohydraulisk design O3 e21 Svea 96 Optima3

O 00N Nk Wik —
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Fuel type
Parameter W15x15 | KWU15x15 | F15*15AFA3G | 15x15AGORA | W17x17 [ AA17*17 [ F17*17 [ S17*7THTP | 17x17 | 17x17 [ 17x17HTP | 17x17
HTTP | HTP M5 M5 AFA3G
Monobloc
Reference 1 1 2 3 1 1 9 4 5 6 7 10
Numbler of fuel rods 204 204 204 204 264 264 264 264 264 264 264 264
Fuel rod pitch (mm) 14.3 14.3 14.3 14.3 12.6 12.6 12.6 12.6 12.6 12.6 12.6 12.6
Fuel rod outer diameter (mm) 10.72 10.75 10.72 10.77 9.5 9.5 9.5 9.55 9.55 9.5 9.5 9.5
Fuel rod inner diameter (mm) 9.48 9.3 9.484 9.505 8.36 8.36 8.36 8.33 8.33 8.36 8.36 8.36
Cladding thickness (mm) 0.62 0.725 0.618 0.6325 0.57 0.57 0.57 0.61 0.61 0.57 0.57 0.57
Pellet diameter (mm) 9.20 9.11 9.294 9.33 8.19 8.19 8.19 8.17 8.165 8.192 8.192 8.192
Cladding material Zr4 Zr4 M5 M5 Zr4 Zr4 Zr4 Zr4 Zr4 M5 M5 M5
Active length (mm) 3658 3658 3658 3658 3658 3658 3658 3658 3658 3658 3658 3658
Density UO2 (g/cc) 10.22 10.46 10.52 10.52 10.45 1045 | 10.45 10.45 10.45 10.52 10.55 10.52
Number of guide tubes 20 20 20 20 24 24 24 24 24 24 24 24
Material in guide tube Zr4 Zr4 M5 M5 Zr4 Zr4 Zrd PCAmM PCAm | PCAm PCAm Zr4
Guide tube outer diameter (mm) 13.87 13.86 14.1 14.1 12.24 12.09 | 12.05 12.24 12.24 12.24 12.45 12.45
Guide tube inner diameter (mm) 13.01 13 13.05 13.05 11.44 11.18 | 11.25 11.3 11.3 11.3 11.45 11.45
Guide tube cladding thickness 0.43 0.43 0.525 0.525 0.4 0.455 0.4 0.47 0.47 0.47 0.5 0.5
Number of instrument tubes 1 1 1 1 1 1 1 1 1 1 1 1
Material in instrument tube Zr4 Zr4 M5 M5 Zrd Zr4 Zrd PCAmM PCAm | PCAm PCAmM Zrd
Instrument tube outer diameter
(mm) 13.87 13.86 14.1 14.1 12.24 12.09 | 12.05 12.24 12.24 12.24 12.45 12.45
Instrument tube inner diameter
(mm) 13.01 13 13.05 13.05 11.44 11.18 | 11.25 11.3 11.3 11.3 11.45 11.45
Instrument tube cladding
thickness 0.43 0.43 0.525 0.525 0.4 0.455 0.4 0.47 0.47 0.47 0.5 0.5

Source.

. CLAB 96 - Dataunderlag for kriticitetsberakningar, Agrenius Ingenjorsbyrd AB, augusti 1991

. Areva FF DC 02916 Transport and reprocessing document for racload SSPK od Rinfhals 2 fuel assemblies 15x15SAFA3GAA
. Areva A1C-1332397-0 NP fuel assemblies delivered to Ringhals 2/31/07

. Fuel type data for final storage - PWR - Siemens HTTP Ringhals 3 2000-06-16
. Areva A1C-1313665-4 Reprocessing information for Framatom ANP fule assemblies delivered to delivered to Ringhals 3/4

. Areva A1C-133864-0 NP fuel assemblies delivered to RH 3/24/07

. Fuel type data for final storage - PWR - reload 18 / SUPW Ringhals 4

. ABB BR 91-446 Criticality calculations: PWR Compact canisters (Clab 96), 1991-10-28

0. Fuel Typa Data for Final Storage - PWR - Reload 18 / SUPW Ringhals 4 17x17AFA3

1
2
3
4
5
6. Areva A1C-1333871-0 NP fuel assemblies delivered to RH 3/25/08
7
8
9
1
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Data for axial distributions Appendix 4
. No if fusel No of axial
Reactor Cycle id assemblies | . . . .

in core distributions
o1 eoc30 |eoc 31 |eoc 32 |eoc 33 |eoc 34 448 2240
02 eoc30 |eoc 31 |eoc 32 |eoc33 |eoc 34 444 2220
03 eoc22 |eoc 25 |eoc 26 |eoc 27 |eoc 28 700 3500
F1 eco24b | eoc25 |eoc26 |eoc 27 |eoc28 676 3380
F2 eoc23 |eoc24 |eoc25 |eoc26 |eoc27 676 3380
F3 eoc20 |eoc21 |eoc22 |eoc24 |eoc25 700 3500
R1 eoc28 |eoc29 |eoc30 |eoc31 eoc32 648 3240
No of BWR distributions 21460
R2 eoc29 eoc30 | eoc31|eoc32 |eoc33 157 785
R3 eoc22 eoc23 | eoc24 | eoc25 |eoc26 157 785
R4 eoc22 eoc23 | eoc24 | eoc25 |eoc26 157 785
R3 Great c1 c2 c3 c5 c5 c6 |c7|c8 |c9 157 1413
R4 Frej c1 c2 c3 c5 c5 c6 [c7|c8a|c8b 157 1413
No of PWR distributions 5181

(Source: Previous references 23—25 to this document. Link in SKBdoc.)




Ansodkan enligt kdarntekniklagen

Toppdokument
Begrepp och definitioner

__ Sékerhetsredovisning
for drift av slutforvars-
anlaggningen

Bilaga SR
__ Sakerhetsredovisning |
for slutférvaring av
anvant karnbrénsle

Bilaga SR-Site
Redovisning av sékerhet

~ efter forslutning av
slutforvaret

| Bilaga AV
Preliminar plan fér avveckling

Bilaga VP

Verksamhet, organisation, ledning
| och styrning
Platsundersokningsskedet

Bilaga VU
— Verksamhet, ledning och styrning
Uppférande av slutférvarsanlaggningen

Bilaga PV

— Platsval — lokalisering av slutférvaret
for anvént karnbrénsle

Bilaga MV
— Metodval — utvérdering av strategier och system
for att ta hand om anvént kérnbransle

| Bilaga MKB

Miljokonsekvensbeskrivning

Bilaga AH

L— Verksamheten och de
allménna hansynsreglerna

Introduktion

Forlaggningsplats

Krav och konstruktionsforutséttningar
Kvalitetssékring och anlaggningens drift
Anlaggnings- och funktionsbeskrivning
Radioaktiva &mnen i anldggningen
Stralskydd och stralskarmning

Sikerhetsanalys

Repository production report

Design premises KBS-3V repository report
Spent fuel report

Canister production report

Buffer production report

Backfill production report

Closure production report

Underground opening construction report

|_Ramprogram for detaljundersdkningar
vid uppférande och drift

FEP report

Fuel and canister process report

Buffer, backfill and closure process report
Geosphere process report

Climate and climate related issues
Model summary report

Data report

Handling of future human actions
Radionuclide transport report

Biosphere analysis report

Site description of Forsmark (SDM-Site)

Comparative analysis of safety related
site characteristics

Samradsredogorelse

Metodik for miljokonsekvens-
beddmning

Vattenverksamhet
Laxemar-Simpevarp

Vattenverksamhet i Forsmark |
Bortledande av grundvatten

Vattenverksamhet i Forsmark Il
Verksamheter ovan mark

Avstamning mot miljomal



	Kapitel 8 Säkerhetsanalys
SKBdoc 1091141 ver 3.0
	Criticality safety calculation of disposal canisters,
SKBdoc 1193244 ver 4.0



