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Although spent nuclear fuel is planned to be disposed after reprocessing and vitrification of high-level radioactive waste (HLW),
feasibility study on direct disposal of spent nuclear fuel (SF) has been started as one of the alternative disposal options to flexibly
apply change of future energy situation in Japan. Radionuclide inventories and their release behavior after breaching spent fuel
container should be assessed to confirm safety of the SF disposal. Especially, instant release fractions (IRFs), which are fractions of
radionuclide released relatively faster than those released with congluent dissolution with SF and construction materials after
breaching spent fuel container, may have an impact on safety assessment of the direct disposal of SF. However, detailed studies on
evaluation / estimation of IRF have not been performed in Japan. Therefore, we investigated some foreign safety assessment reports
on direct disposal of SF by focusing on IRF for the safety assessment of Japanese SF disposal system.As a result of comparison
between the safety assessment reports in foreign countries, although some fundamental data have been referred to the reports in
common, the final source term dataset was seen differences between countries in the result of taking into account the national
circumstances (reactor types and burnups, etc.). We also found the difference of assignment of uncertainties among the investigated
reports; a report selected pessimistic values and another report selected mean values and their deviations. It is expected that these
findings are useful as fundamental information for the safety assessment of Japanese SF disposal system.

Keywords: direct disposal of spent nuclear fuel, safety assessment, source term, instant release fraction (IRF), fission gas

AN

BTy 7y RIS HaF

=3

release (FGR)

1 #E

1.1 F&#

DRETIE, FHEREORLE TR TRAET DL
IVISSPEBEIR D T T A EUR R —E D TRU BEEM %, Hi
T 300m LAUROEHE h R 95 = & TR E1T 5
CENERTED LN TWA[L]. —HF THITOZ XL X —
FEARGHE[2]3 L OBy AR S 3] TIE, R D =1
X —BUROHE RO L7 EITE U TR A =R & He R
L1z, e ORI AT Y 3 OV THRE - BFge
THITEIRENTEY, ZO0E2E LT, #HAFRE
LIRS 2 & e < EERRHE Iy (DU, EEAL
FEWVD) TAEFHERFETFTLNTNS.

RS AT a DO EDE LT, EELSY AT A
DO EAAIEASIME R T D 720120, ¥ AT A D25
DUERFTRTHD. BEFMIBWTL, AnEOHD
REHL M P ZRR B S AT A B DB RIS L ViR (P

Evaluation of source term parameters for spent fuel disposal in foreign countries —
(1) Instant release fraction from spent fuel matrices and composition materials for
fuel assemblies by Masanobu NAGATA (nagata.masanobu@jaea.go.jp), Takahiro
CHIKAZAWA, Kuniaki AKAHORI , Akira KITAMURA and Yukio TACHI
k1 ASTATEOE N B AR 1 IS B S A

Japan Atomic Energy Agency

T319-1194 2RISR AN B[R AT AT 2 4-33
*2 =T U T ARAEM Mitsubishi Materials Co.

T330-8508 iy Rk I U 7o Efidb4RHT 1-297
(Received 19 December 2015; accepted 25 April 2016)

UIADMSREMNTEL) L, #DWNEY T DM ERE & H
JE oD T K AN B L 72 A I - TRk~ B (M
TERETR A~ SN D) BREORE, fbi, HbREsg,
R, [LFIBRESE (LI, ZNOERIHLTY—R %
—Al\H) EHEICL, S5, TNHBAMOLETERE
ETBATT 23T VARG T 20ERHDH. L Leh
5, HAFEREID Y — 2 2 — NZET AEN TOREH] &
LTI, Wk 16 SR ICEREN 1 7 v D a2 2 N HlRO 7212,
— BRI DN T A A AR & B L RS
(NAGRA) D% EME[4]% B ERINZ W=D T 5 [5].

T, REWTIE, bARENCIIT DB DR
F7 v a v OfETE L TOEHEL ORI E T 5 2
EEAME L, RNFICET 53 EOBIREROL ST
i 2 SR & L, FREBREIO Y — A X —AZDW0
THRAERL LU LIERARETDH. 22T, HABR
BEO Y — R 2 — ML, A RIHEIRA IO IS N ERER
~HUHEN D TBRREH ) (B B RREHOREE R 1T B Y A &
NTCWRWEEMEE 3SR &, REIMZ
T E D TREIVEME) (A BEREHORE & O
TRV LE 5 B) D 2 SOZEBIC KB SN D Z &7
— & S GERIERIE), RECiE, EiRo o b Thk
i) CER L.



ATy 7= RIS June 2016

1.2 KERBLTLIEE

FEOMNE TR STV D EEELS OBERIE, MDA
EIC k> TEVRRD DD, EAMRENIAEE bE
LTS, e THRENRASESE LT, KBS-3 &
AN 2SN T b D, Zhud, 1983 4FICA Y =
—T UREIREL - BESEE PR AL (SKB L) AMEZR LR
THO[B], AV=—FTrBLONT 4T NOEHELY
oY=y NTRASNTWS.

KBS-3 M3 XI[7]% Fig. 112, AFEREZE AT S
72O DX v = A ZME[7]% Fig. 2[R9, A EREHES
BIL, F¥ =A% LI 2 HEHOLSEHROFIZE A S
No. Fx=AXE, HETICEED D WVIZAKEHE SN
Ty MHIZRWT, JBEFICEES (N2 b A b
ERETOINZHLTEREIND. IHIL, INHOEEE
TH7200HNEE, v =X EEZICETICHEDE S
5, Z0ZET, NIRRT (fx=2%, k) LXK
BN T (EIR) A DEREZEANY T VAT AatE
YD, WHEEOMH CiADKERRIT D72 < &b 1,000 4L
FHERFCE D L&, EOMREIRL, JEEOREEM

Sl

Cushioning

Fig.1  The Swedish KBS-3 repository concept [7]
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Fig.2 The reference design of the canister in the KBS-3
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(a)Typical microstructure of unirradiated UO,, (b)Irradiated at low
power (<45kW/m), (c)Irradiated at high power (>50kW/m),

(d)Magnified view of “ (c) ” (T: tunnels, B: gas bubbles)
Fig. 3 Typical microstructure of unirradiated and irradiated
U0, fuel [8]
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(T: tunnels, B: gas bubbles, M: metal alloy)
Fig.4 Segregation of metallic fission products from UO,
fuel [8]
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U0, XL ks DANERR & B Wik OB % Fig. 51
AT REESEIREERE L9 B &, U0, XLy kO ERHE
TIE Pu-239 NEEEL L, TRONE BITHNZTHZ &
TR & B0 D EBEE L Sz Y SRR & PRI D
AR TS (Fig. 5(a)). Z OREIETIE, UO, Dk bz
DAL T 5 & & BITH< OBMARKILNER L, 72
SRR DY b & < 72 5 [9].

DT v A YEEE OBRE SR AR D AR EA
Wi, b SO aeMBEICH RPN S Z 8
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WIS ER S (Figs(b)), = OEMBEERIEFIC G
B AR E £ D Z L1272 5[9).
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SAEE A Fig. 6 129 . MU O U0, XL > M, ik
RPESHFE VAL, 2t bl Ty MR
OUEIN (crack) 284+ 5. 20720, RiFICRET S
T H AR L OERMER DO —E1E, ZO0UENEN LT
U0, L h EHEE L ORORE~E BITBITT 5[4]
(u% OVENREBBZRBRLETE Yy vy L)), 2ok
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g.5 Structure of a UO, type spent fuel pencil: (a)scanning
electron microscope image of an area close to the
sheath, (b) sectional view of the sheath through an
optical microscope [9]
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Fig.6 Schematic illustration of the distribution of

radionuclides within a fuel rod [4]
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Table 1 Projects of interest for spent fuel disposal
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GFRL, PREEEE, WA, S£AHETH %)
R B L DR E 7 L

(BEfiA R b, KISEFE %)
BRI R T A — Z R EDE 2 07 LR
IRT A — B BRIED RN

3 REHRR

HEXNRD I, ATz—FT v, 74T RBIOH
FED 3 HEE, EHBEREE TR TEELY TR
HATEE L, RSB ORBREBIEL BRI 20455
AT DOLEFMUEHED TND., AL ZABLOT AV D
2 5 ENE, PERMIEEE BB FALEE LTV, ST
EHLICIRI L TR Y, & LV-VEEIRO N 7 A E{LIRS
EERHBEREIE L b2 a2 LIl TS, 7T R
WHUE, TR COMAFREE LI L TSR, [Fko

RABERL J7 5 & U CIEEEL Y O TR R 2Rl 21T > T
. Wwa.
country implementer name of project (publication year) 6, R
BREA I EZ R & L CAECHmmIc I o T 58
Sweden | SKB SR-Site (2011) fElX, C-14, CI-36, Se-79, Sr-90, Tc-99, Pd-107, Sn-126, 1-129,
Finland |POSIVA TURVA-2012 Safety Case (2012) Cs-135, Cs-137 THHo7=. TN HD IRF ZEH LI=fE R %
NWMO/ Adaptive Phased Management Table2 1279 (HEEZ R Y =7 MILEFMHDO T A —
Canada | \pcp - Fourth Case Study (2012) - i .
Project Opalinus Clay (EN2002) 2 EBIELTORNEHARGR) . IRFBEICHY D4 H
Switzerland | Nagra (2002) BHIIC ST, RIS R B IR ORISR BERE S &
France ANDRA Dossier 2005 Argile (2005) LB, REI TS,
USA DOE/ Yucca Mountain Project (2008)
OCRWM 3.1 R T—3
+SFS (Fuel Stability under Repository ' =7~
conditions.2001-2004) HERFEREIOLEE EELST 278 CTh Y, AsrEE
*MICADO (Model Uncertainly for the N o Sl Jots A
Mechanism of Dissolution of Spent FIL, AT = =7 B B R Bt (SKB 41)
Fuel in Nuclear Waste ThD. BHOLZEFML, 74N A~ G5 T
B¢ | FURATOM T Repositry.2006-2010) E ARG L LRl & (SR-Sit) [11]TH 5
-FIRST-Nuclides (Fast/Instant e » A ER -Site) [11] :
Release of Safety Relevant RAAREVIATE U7z KBS-3 BES T 2. i S IREHI858L
Radionuclides from Spent Nuclear T
Fuel.2012-2014) P RNBFZHIIAI L, TNERBOF ¥ = A X ITHATH.
¥y =2 OEETAE, ftEs S (L7 7 LR)
Table 2 Selected IRF values for typical radionuclides in foreign safety assessment reports
Tl ol Finland Canada Switzerland America E
project SR St (2011 TURAZ0IZ | 4 case sty EN2007 (2002) Vcallowrtan | possiez00s (2005)
Container Iif 1,000 (pin hol 100 1,000 (Pessimisticall -
ea] 114,000 (corsggonodegmage) 1,000 (Pessimistically) 10,00(5 (Bséssl:gﬁsdgﬁjg)) 10,000 10,000 (Pessimistically)
(CUL) C02)
T ’ 2 | A BWR-UO: CANDU-UO BWR-MOX BWR-UO:
i BWR-UD,* PWR-UO,? ot PWR-UO; (Natural U) BWRUOz | PWR-UOz | pyp vox PWR-UO; Ewsjﬂgi L
0.4MWdlk 8MWdlk EQ;N 3Rg dik B BTy
Target 40.4MWd/kgU 44 8MWd/kgU MWad/kgU 48GWd/tHM Max75;
bumup (Max60) (Max60) - ’ 2tk (Set 65GWd case for MOX) PasomanTy | 3950wt | 4sowd
39-47MWd/ng (Max80)
FGR 19 43 Max11 flofSeings 5 1 8 : : '
(%) (calculated) (calculated) - (Fro%XPIE) (caligu;?;estéi\llsllue (From PIE) | (FromPIE) | (From PIE) TSRS TSRS D SR
uc 8.6 1n 9.2 55 2.7 10 10 10 - 15 15
%C| 57 13 7.6 8.2 6.0 13 10 15 — 7.1 123
9Se 0.29 0.65 0.38 0.4 0.6 9 4 15 - 71 123
0y 0.25 0.25 0.25 1.0 — 1 1 1 0.09 — —
RF | ¥Tc 02 02 02 10 2 2 2 0.1 6.8 9.9
[%]" | 107pg 0.2 0.2 0.2 10 = 2 2 2 = 6.8 99
12650 0.03 0.03 0.03 0.01 0 9 4 15 — 7.1 123
129] 1.9 43 25 5.0 4.0 9 4 15 11.24 6.8 9.9
155Cs 19 43 25 5.0 40 5 4 10 — 7.1 123
187Cs 1.9 43 25 5.0 4.0 5 4 10 3.63 7.1 123
Representation licl late with FGR: /Standard Il of the above : i lhe/a bovﬁ (edxcep[ Il of the above :
e | e ol FGR eS| e e | S0 MO | ayt e vt s ¢ O | AOUSINE | -Setvabe orsnsvty s
uncertainty - Other nuclide :Best estimate & Upper/Lower value (Log-uniform) (usn?f : rL'an)perllower value 9 mun (Triangular) (About 2 times the reference value)

1 : Including the release from fuel and structural materials
%k 2 : It encompasses the MOX
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3.1.1 BHOER
13 EoEMHEFIFRS L OEFEERET 5. FEIT
BWR & PWR TH b, #4825 T U0, 1 LT MOX #4
BHEHWTNS. 20780, IREHES RO FEIHIZ PWR(UO,),
PWR(MOX), BWR(UO,), BWR(MOX)® 4 DIz KB & 5.
2%, MOX OfEAEBEHABIIEED 1 WL FTh5H.
PWR J#AEHT Ag-In-Cd &4 % & efiliiitez 5 ATk, M
513 Ag & Cd OREPERINIE N AR S D728, Y —A %
—LFHHIZBW T ZORBHFEB SN TWNDS
3.1.2 BfgEa oRY bYEHE
&@4VNVLU@%% , 7% =— KN ORIGEN-S % Al
%ﬂ%Awwmﬁ&%mfﬂ’imbfwéna
SR&mTi TR A5y % G D T RE e 2, 8, R
H%%@@ﬁ,%ﬁgkioﬁﬂ%ﬁ®@w_;of
BWR I, BWRII, BWRII, BWR-MOX, PWR I, PWRII,
PWRII, PWR-MOX ® 8 2D 7L — 7255 T35
(BWR-MOX 33 £ O PWR-MOX 14, jtﬁfs/\rbx UO, Jk kL7
NOBEDO MOX REN A ETe). L7z-T, ZhbaE AT
2F ¥ =AHYG, WEMINRLRD STEOX A TNRET D
GMBIZED B\ . A VR NV, ZoXA TE
W SILTWS., E5HIT, ¥y = RAZRERCTHLT
LU7-NE % £ 52 £ T, BWR $v=2% (4 ff), PWR
Fy=RAY 4FE) BIOE8EOXY=AX XL TD
REMBERHHL D, £, BEIOMRIESEL, REbE
R, BREHE G IR O, W£%%E®Cm¢PWRK%
D Ag-In-Cd D 4 SDREBIZ /3T T, ZRENDA
VAR MY REELTWA. Crud DERITEHHENTEDS
T, —RBEAKEOBAT - T 22 7 v K (158 72
D>, Fig. BONZART K O oMbl & & LoD 0 XA Tk
72\ [12].
3.1.3 IRFOBELEDERS
Bl & UCHul D B/, v v 7B L OSSR
WARTES DA5HE, T v A W& R D C-14, Crud I8
N5, PWR il (Ag-In-Cd £4) & EN I
O—HE L, IRFEREDE X HFNRR D 4R 20 A (17
THR) ELTUTOLIICREINTNDH[L3]. FxDFE
ZHFOFAIBRT .
CI-36, Se-79, 1-129, Cs-135, Cs-137
Sr-90, Tc-99, Pd-107, Sn-126
Ni-59, Ni-63, Zr-93, M0-93, Nb-93m, Nb-94
H-3, C-14, Ag-108m, Cd-113m, Sn-121m
£7-, BREEO IRF 1L, WIRTRA)ZHEAL LTEHE
SN 53]

IRE = (FGGB' Iuo2 )+ I cru 1

TOT

- -
— —

35

YO Y — A S — LG - (1) B RES K OREER 7> b OBRR U R O R

IRF @ BZEHE D W IRE il Y 2R (-)
: ¥ v 7 & Grain boundary ([ fFE/ET HAEHE A

X2 b Y DOEIE()

R X = AZANOBRBIPICEEN DA N

I U (mol/canister)

: Crud O¥EfEA X b U (mol/canister)
XX S RFCEENDIEREA NN

(mol/canister)

Thb.

7272 L, PWR 4+ o> Ag-108m 3 L O Cd-113m, v
S a A BEE D C-14 [ZHOWTIE, Q)DL BEA
YRy N VIEEMA DR — 2 L LTREA SRS,

IRF B EDEZ T NERD 4 FHZHOVWT, ThEhO#
2 FF L FICd~ 5.

(1) I-129, Cs-135, Cs—137, CI-36, Se-79

T BITRFIF N OIRER DL T THBEMER SV TH
L END, Fx v IROMERAIRIE(LT S, SR-Site

TIE, ZOA X2 b UVEIS (Fees) ZHBEFH S E LT
W5, MAT, BEHOZh bEEOBITEY, R
AEREH A (Kr, Xe %) DR 24 v MU EISET
 DEESNET A I ER (Fission Gas Release fraction of
inventory; FGR) & #HBI¥ % L% %, IRF & FGR % BE-S
HT RELTWVD. FGRIE, —MRANCHRBEE R m < 2D &

ﬁk#égﬁf%@ HRS Hh DREHR DN B
ﬁ‘f) NG, WFLERFOBRMTHHEEIIVI 2L —a

VHEMTON TWAEERF R T T H 5.

Johnson and Tait [14], Johnson and McGiness [15]<° Johnson
et al. [16]1%, WEIATONTZX v v 78 L ORERLR A
PRy MY ORIERBROME R A, Table 3 12T E8BY,
FGR Lxfit S 2D TEH L TWVWH16]. T HITEI
1980~2000 41, ZERROM A FEEIEUE A W Tz
1R HERBR OFER[17-26] TH D. Table 3 1T~ 1 BLOCs
IZDOWTC, ¥y v 7BIORERRRAOA Ry M) F—X
D> TVD B D% Fgeg & FGR OBIfR & L THEHLL, Fig.
TITRT. Zho kv, CSEBIVI D Feegld, FGR & IED
HBEZFF2Z L2MAZ, ZO%HAD FeeeFGR 1% Cs B LW
HZDWTENTEN, K13 B LU L1172 > T 5. SR-Site
TIEZOIMREXZFFL, ZIOERED IRF (Fgep) %, FGR

W DEEERLDZETHREL TN,

ZD=w, T, BEOLSIERIREN O FHEIZIS s
FGR %, Westinghouse Sl FH 21— K STAV7.3 (2L > TR
W, RIZ, FGRIZET DR Z TS L, RAEAIT IRF 252
ELTWS., KitRHa— ROERICHZ-TiE, ZOFHE
fill & SERMIE A bee U, FGR FHAEE A I % L CHEda £
2%DFEFHICINE D = & BFERR L TV 5 [27].

LAFHE L FGR #HHIZ, A% Ol AFEREI AT b E
B, TNOORMECRABER A HET 50 & LT, BWR
IZOWT 6 7 —Z, PWRIZOWT 4 - —2DEE10 7 —
ABREL, FXITOVWTHEME L7z, FGR AR D —H4]
% Fig. 8 IR T[27]. THiE, A — % & 3 54 (BWR)
DB EXRI R E LTERTERRE TH L. 77 7o 8030k
PRBAALTD FGR & RBERE DBIMRZ R L, ZREEY A 7 i
BT 2 SBEEEOILNS 01X, BEHES R O REHE O SE R
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luoz
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Table 3 Gap and grain boundary (GB) leaching data for PWR UO, fuels [16]

Fuel I.D. Burnup FGR CsGap CsGB SrGap SrGB TcGap TcGB | Gap | GB C Gap

(GWd/tiHM) (%) (%) (%) (%) (%) (%) (%) (%) (%)
PWR (Ringhals) 43 1.05 ~1
ATM-103 (PWR) 30 0.25 0.2 0.48 0.11
ATM-104 (PWR) 44 11 1.2 0.1
ATM-106 (PWR) 43 74 2 0.5 0.03 0.13 0.1 8.5
ATM-106 (PWR) 46 11.0 2.5 1.0 0.13 0.01 0.01 1.2 8
ATM-106 (PWR) 50 18.0 6.5 1.0 0.07 0.05 0.12 15 7.6
CEA (PWR) 22 0.1 03
CEA (PWR) 37 0.2 06
CEA (PWR) 47 0.5 2.3
CEA (PWR) 60 2.8 1.0
PWR-HBR 31 0.2 0.8 0.024 0.03 0.008 0.001
PWR-TP 27 0.3 0.32 0.012 0.04 0.002
PWR-HBR 31 0.2 0.284 0.33
PWR-TP 27 0.3 0.4 <0.01 0.076 3.0
ATM-101 (PWR) 28 0.2 2 4 2-7
MOX 12-25 Not 10-12 1t02

reported
CEA-MOX 47 7 3.2
25 MWd/kgU £ TEEDTHE LT D[28]. & 62, K7 —

Fry7 LEERHFRDI/CAUANUNER [%)]

0 5 10 15 20
Fisson Gas Releace fruction [%]

Fig. 7 Gap and grain boundary release of 1-129 and Cs-137 as

a function of FGR (data from [16])

PLEIZ L o T, RIEEE & FGR O RIGRAE LT 2#ifA &R 7.

OB — AT, FROBBRIEELEZEL, BEEY
A 7V 5 [\ % B COEEEEEE 54 5MWdlkgU & 725 & O h
5, 7 [AZ#T 58.6MWd/kgU & 722 b DETEIBELT
FGR Z#HE L, PWR IZxIT ARIBROFE TIX, HRBEE 70

A D FGR FHREAL G L AERAENRED S, IREHES (R BLL
TFGR A & LTI L (Fig. 9 [12]), =225 BWR
12315 FGR DRFE L LT, ik & OB RS 45k
HTW5D. E£72, PWR OBE bREDOFELZHNWTWD.
SJFIAEIZEE S FGR OfEIZ TRRO & BV Th 5 [12].
BWR %8t FGR M (1.9 +1.13)%
PWR JAKFD FGR EE (4.3 +3.11)%

I B FGR OFEME L FGR & DAHBIMEIC ES W\ T
RESNTZ IRFEO—E% Table 4 (ZR"7. | BLUCsiZ
DWW, Fig. 7 TRULET—XLUSNS, BT 3MEaT
% CANDU JF (FE/KHF) BREHZ L 28T — & [10] (&)
BT, ¥y vy 7BIOMERRTOA X N EIE
MFGR L& L7 oT=Z Einh, ASFAIIC Fege= FGR X 1
ELTWD. Se 22T, JlEE 2+ & Ebns
Te IZOWTKx v 7B LU OA X R UHE
A OFERED FGR D 10~13%TH >7= 2 & 5 5[29], Foes
= FGRX0.15, ClIZ oW T, AP RENE BV iR
BT — & BNIFERT, Zhvdh CANDU JFRE% v 7o 55k
FER[0]25%E L L, Feee=FGRX3 & LTW5.

ml STt T TTTTA I 01z + Cycle 1
1 Case2 | — .
! Reactor type:BWR | = Cydte 2
! ’ 1 £ o1 Cycle 3
! (Oskarshamn 3) ! -% Cycle 4
1 Fuel design: e e * Cycle 5
' SVGA96 ! e - Cycle 5 EOL
1 ; . s+ Cycle &
' (gg)tlmaoZ : % 006 Cycle 6 EOL
' (*°U-5%) ' Cycle 7 EOL
1 Analysis tool: |8 oo
! Westingh 1o -
. ghouse ! @
1 =]
Lo STVERS | ooz

2

D -t

Rod Average Burnup [MWd/kgU]
Fig. 8 Example of the fission gas release fraction at the end of each cycle for an equilibrium core [27]
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H

i 585888

Number of BWR assemblies
Relative cumulative frequency (%)

g

]

as 1 15 2 25 3 as 4 45 5
FGR (%)

Fig. 9 Example of the number of assemblies in different FGR
intervals and relative cumulative frequency of FGR in
the assemblies (BWR type) [12]

(2) Sr-90, Tc-99, Pd-107, Sn-126

FGR & OAHEAN R WEEFE D IRFE &2 4% v = R & SEH72
FEHEEL Table 51279, 25O IRF I, FGR & B
5 Z 138, Table 3 (R T X v v 78 KOS SRR
DA Xy NV EGOFEREL T EEE S LTREINT
W5, SrBXO Tz oW T, Table 3DF vy v 7B IW
FEERIR DA R R Y & 2T 0.25%, HEHEE 1%
ELTWS. E£72, To B LU P ITfaR U RIET B8
238 27280, W 2RI > TV D, Sn-126 IO T
X, IRHIERAS OB H A 72 < B R AU A 00 & 3 15
BNTWB[22]Z &0, Fgeg DI KIEZ, MHBAED
10fFLELTVD.

(3) Ni-59, Ni-63, Zr-93, Mo-93, Nb-93m, Nb-94

I B ORI, RFIHIEIE LT Crud IZEEN DA v
Ry M) OREDSEFRINT S EREL, BHEA R0 b
U DFERER[12]D 5 H, Crud FdA 2 kY & LTE
BENT-MEERIZ, IRF OHEEE L FFIREZHE LTV
% (Table5).

(4) Ag-108m, C-14, Cd-113m, Sn-121m, H-3

IS ORRRIL IRF O E OBRIZH B2 B0 #7388
RERETH D, Ag-108 IZOWTIE, PWR TIEEA vy
kU OKES DY Ag-In-Cd HIBIRRIZE F 4L, T OB GEEE
BT 5 &L, BWR TIHRERD HEET D81 X
N U DD HD 44~48%73 Crud 12, 1%FEENX v v 7 L ik
RLFUCIFEE L, TR ORBEERHT S E LTS, L
L7 G, £ EETe Ag-108 D& A X2 kU DK
3 Ag-In-Cd filfHIFEICHRTH DO THDLZ EnD, 228
FEDF ¥ =2 Z |16 L TOREEIL100% & LT 5. C-14

i, BBk~ N U 7 2D OO, Do gEE )
Lt b EE L TWA. Yamaguchi et al.[31]533 66 L 7=,
PWR i A REE (IRBERE 47.9GWd/t) 2> HERE L 7= 4%
ZHWERBROREE (Table 6), #E®E O LI F DA
R R VEIRE, WBEELKROBEA X N OK 1T%
Tholz. Zhaxb el Crud DA > U EISZE 20%
CIGEL, BRI E Uiz, 72, Table3 TRENBC D
ARy MVEIGORKEN T%THDHZ b, U0, 2
Ly M bOBREREE 10%E L. Zhbi, Q)AL
OHFHIME SV IRF & LCEAEINTWS. H-3 1, £
AR RYDIZEAE (>996 %) K~ NY 7 2
AR L, TOBITERNEWNZ 0D, e~ FY 7 20
SN EA N b RN EREL TWD
[13]. Sn-121m iE, R~ b U 7 206 OBfREf 4y & Crud
WEENDA X2 MU BRI & LTED R, e
~ N7 AE OB % Sn-126 OFAE LRI T EE
Z, WEH0.03%, AEBAIHE 0.1%% 52 TW\5.

3.2 7435 VF

Ay =—7 LA UL ERAEREO2EZ BEHLST 5
ZEMEE S TR Y, A5 E M EARIT POSIVAHTH 5.
B OREFMMEEL, It hha MBI 5%
REETAME: (TURVA-2012) [32]Tdh 5. Mmpiiai, 2w =
—F U TEHEN TS KBS3 & & FIERETH S, *
¥ = A X OFmIL 1,000 FLFEESNTEY, Fr=2%
FEHERFICIE, v =X X NDBBRRFICHI TR TS b &
LTW5. 2012 4RIZ, BUIZxE L TAAF VA ML EHD
R G 21T->TRY, 2015 40 11 AIZBUNIZ L D
R Al RS STz
3.2.1 #MHomEE

g, FHETh AT 6 EOEME A RET 5.
¥ BWR, FRINAY PWR (EPR) B L Utm o784 PWR
(VWER) TH Y, %58 TlT U0, BREL O B % VTN 5.
3.2.2 #iEA oAV MY EHE

TURVA-2012 O 7 LR— M LiuE, Y —AZ— LD
KGR L LT BEMABREL, L7 7 LY AA XU b
U EFE LT 5[33].

B = — FIIRBHE AR OO L > TR D.
OB D%k & ORZFEIL ORIGEN-S % HVM[34], Zr,Nb,C & d
FIZT B a A PICART ZEEFEIE Serpent % FVWCEHE
ER[35], AglZHOWTIEA T =—F 2 (SR-Site) DE-E#E

Table 4 Selected IRF values for radionuclides correlated with FGR in SR-Site (data from [13])

BWR canisters

PWR canisters

whole canisters

radio-
nuclides average(%) desvtﬁart]i(z)&rl}r(%b ) average(%) desvti%rt]i(?)%r(%b) average(%) desvti%rt]i(?)&rl]r(%b)
(FGR) 1.9 11 43 3.1 - -
Cl-36 5.7 3.3 13 9.3 7.6 6.4
Cs-135 1.9 1.1 4.3 3.1 2.5 2.1
Cs-137 1.9 1.1 4.3 3.1 2.5 2.1
[-129 1.9 1.1 4.3 3.1 2.5 2.1
Cd-113m 1.9 1.1 - - - -
Se-79 0.29 0.27 0.65 0.47 0.38 0.32
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Table 5 Selected IRF values for radionuclides uncorrelated

D3y 7 2 FRESE

with FGR in SR-Site (data from [13])

. average values in whole canisters
radion- best estimate
uclides (%) upper value (%) | lower value (%)
Ag-108m 100 - -
C-14 9.2 11 8.5
Cd-113m 100
H-3 100 - -
Mo-93 1.2 1.8 0.51
Nb-93m 1.7 2.6 6.5x10°
Nb-94 1.8 2.7 6.4x105
Ni-59 1.2 1.7 0.16
Ni-63 1.2 1.7 0.14
Pd-107 0.2 1 0
Sn-121m 0.019 0.087 3.2x10%
Sn-126 0.03 0.1 0
Sr-90 0.25 1 0
Tc-99 0.2 1 0
Zr-93 9.2x104 0.0014 6.3x106
Table 6 Inventory of C-14 in a zircaloy crad [31]
Hull
Hull specimen -
specimen without ST
oxide film
C-14 5 4 4
* 1.2x10 9.9x10 2.0x10
(By™
*1:Value per 35mm length of hull specimen
RIBIMBEEE TS, FHREIL, FREICRRTE S

TVWDHERBEEAEEEBLZY 2T, Thb LRE#E

(U AR, EAREIRS) OMAEmIcERSh, K
ICT 7> lton BTV DL T 7 LU AL R R L
LCHIEL T A, FHEXISRE LIREEE O#HIX BWR
{22\ T 45~55MWd/kgU, PWR (EPR, VVER) 22\ T
45~57TMWd/kgU TH 5.

3.23 IRFOBELEDEZS

TURVA-2012 1281 D EEHIWEIRELD Y — 2 & — 4 L A
A YRR O & % Fig. 10 1R 37[33]. ARSI X
TUE, A LRy M VIT A OOBRRERN LR, Fh
b, BENSHT LB~ N 7R, Urhiads, 20
B D 3 EHR L, ZNENOEI SR S
HALRY M) EEDETLOOHEKZLTHEE4-5Th
5.

Wil & UClul 5 B, A v =—TFT v LT
TH DN, Crud » 5O HIFEE ST, Ag-108m, Be-10,
C-14, CI-36, Cs-135, Cs-137 ,1-129 , Mo-93, Pd-107, Se-79,
Sn-126, Sr-90, Tc-99 @ 13 #%ff (12 ;£k) & LT\ 5[32].

EREEEICI o T O A X b U ARk %A Table 7

(R fil A AR & Bk, Sn-126 13 B R TRodimanL L ¢
BV Table7 12 b RFEH TH 523, FHLOSCHIZ IRF 23 0.01%
LT 5.) 1TRT[33]. TURVA-2012 T, IRF
W2 B9 2 FRiRET VAR — b % 2008 412 RNT-2008 [35] & L
TABLTEY, KOO IRFIZOWTIE, Ihz
BKEE T 5[32]. 7272L RNT-2008 1%, AV =—F D
SR-Site DRIH 7' 1Y =7 FThH % SR-97 X° SR-Can [ZH1F

June 2016

Release rate 10 7/y

Fuel (UO,)
matrix

Instantaneous release

>

Release rate 10° /y

Release rate 10°/y

Fig. 10 Conceptualisation of the source term as inventory
components used in the assessment of radionuclide
release scenarios [33]

DIRETNA[14, 36] 2 3 IC5 I H L TR Y, ERMICA Y =
—TUICBT D IRFEREDEZFEBEIEL TS 2L,
FRHLE 72 23BRT— 273, U AGEEH OB 72 KL D D
BRI EZRZ TOWRWATERELRH D L DB X2 G, A
WARSFRIZR PN 2 N TV DS 5 5.

TURVA-2012 (23T E Ot & I 2 72212 D0 T
PLFIZik A,

Ag 2DV TIE, PWR il D 5 D IZ DV T SR-Site
WA 100% & LTV D23, BB~ U 7 X060 IRF (IZ
DWTIE, SR-97 [141ICH 1 B HELHE 3% (FEELE 6%) 12
PREFRI7ZR I 2 % 5% & LT\ 5.

Be I%, SR-Site [11]*°> RNT-2008 [35] TidB#rE i H o> x4
E LTS, TURVA-2012 CltBi i s L <
5. LnL, 0O IRF ORILE UTHA R T — %

CUHREE) 1372<, B> R D 7 25O IRF Z4&5F 72
REME 5% & L, Vv A EES0F O EEH Hic
X Be BMFEELZRNE LT, &1 2 hVICHT 2 IRF
%5%& LT 5. Mo b TURVA-2012 (Z33\ N CHRE i k%
FEL XNDN, BT —FRKENLEEM 5%& L, X5
IZ SR-Site [L1JIZF WV THE E 417z Crud oA X b Y
EREFBRH EMBEMT WS, 2L, BEOEREA
Ry R Y FHIIZEWT Crud DA Xy b ) BEEE &
NTWRNZ®, REFHE LR~ MY 7 250D 5%
FOHEZELTND.

FGRIZ2OWTIE, AEOMHFERE 2 x4 & L TE%
1ToTWD. ANF A b 2 58 (PWR) Ofii FHERE (rod
PRBERE 43~61 MWd/kgU) % H\VY, Kr-85 &#~—F—& LT
FGR ZHIE L7=f B [37] % Fig. 11 |2, A/LFA b 1 54

(BWR) Ofi FHE#EE (rod BRBERE 37~55 MWd/kgU) %
AV, WEE y BIRIEIC L - T FGR % 3l L 7= 7% 5[38] &
Fig. 12 189, ZOFER, FGRIZ 1~ %E o720, =
NHORERIT, BIRER LY I 2 b— g VEFRICEBT
Db AEBRRER L R%ECTHY, AU =—F 1 SR-Site
[11] T S = BKIFREND FGR (fda< 4.5 %) & ki
LTEWNZ EMnD, FGRAREM & LTHRMH L TWRW[32].
E FGR M3 B A & LT, BREHT L - TN %
22 BAL DA U ATHEE 2 2561 T D,
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Table 7 The reference inventory of the radionuclides released as IRF in one tonne of uranium (tU) at 30 years after

discharge from the reactor in TURVA-2012 [33]

Total inventory Partitioning of activity [%]
) ) Harf-life at 30 years
Radio-Nuclide [a] cooling time Fuel matrix IRF of all Zirconium Other metal
[GBq/tU] components " alloy Parts
Ag-108m 4.38x10? 2.50x10* 100.0%
Be-10 1.51x10° 1.26x102 95.0% 5.0%
C-14 5.70x10° 1.61x10? 22.4% 5.5% 12.1% 60.0%
CI-36 3.01x10° 2.63x10° 73.6% 8.2% 18.2%
Cs-135 2.30x10° 3.43x10’ 95.0% 5.0%
Cs-137 3.01x10" 3.46x10° 95.0% 5.0%
129 1.57x107 1.91x10° 95.0% 5.0%
Mo-93 4.00x10° 2.26x10" 1.4% 0.1% 0.2% 98.3%
Pd-107 6.50x10° 9.72x10° 99.0% 1.0%
Se-79 3.27x10° 4.67x10° 99.6% 0.4%
Sr-90 2.88x10" 2.23x10° 99.0% 1.0%
Tc-99 2.11x10° 8.48x10? 99.0% 1.0%

1) IRF:instant release fraction. The percentage are calculated as a ratio of the IRF activity and the total activity, wheres, in Table 7-8,
the percentages represent the IRF of the activity of the component class in question.

10
A
A
8 A
&
g s
L g A
&
2
2 4 A A
& A
P A A A A
ﬁm i Y rviy
0 -
40 45 50 55 60 65

Rod Burnup [MWd/kgU]

Fig. 11 FGR measurements on SVEA-96 Optima rods (PWR

type) [37]
15 10
a 8
g
10 g
- 6
g 8
& = |
L E 4
L
st g |1 |1
=]
L1 22
"—30 8 025 a8
Bundle &verage Bundle &verage
E xposure (MWdkgU) Exposure (MWdkgU)

FGR
Fig. 12 FGR measurements on GE14 rods and rod internal
pressure (BWR type) [38]

rod internal pressure

3.3 A%

ERFEREI O LR BEAST 5B THY, Aoy FEhik
FRIT D F X RIR R Y & PEFERT (NWMO) THh 5.
NWMO & 1 F FBUIE, BEHALS DT B B 2

39

(Adaptive Phased Management; APM) %17 5 Ji#t% 2007 4
WCHRE L, K90 BHEOUSTET 2 BIE L TWD . ZOHI
FIRRT O et L AR — 113, Forth Case Study (4CS) [8] TH Y,
B OBEE D RIB E TV 5.

fEREBREHT, AMEDEE, NEDRFESCTHER S h DL
AT EMHEN 2 FEICE A S, HIT 500 m OFEfE
A A ISR F 7 UK RIS HRE L 725 FLICE B S
5. Fio, Wora T FOREPIZI 100 %ELE O ERE S

N4 N R ZE L, (EERAOLSEHEDZEM
IR RBELOE AV MROEAMEHZ L VORI LS.

BIfEIX, Fifth Case Study (5CS) ZFEMiL TRV, EARD
HATHBOIEE RETT 5 & & bIg, WNBEOmEE oY
A NEBETTHD.

3.3.1 #EOES

25 KoMz EaT 5. FRITETh A RIEKIE

(CANDU J#7) THY, U-235 DRz R VR 7
DAL > b EFAWTWS. ZOFEICHV B 5 8kE
EOMITBRE N RV EEN, —AR k& SiF, B
10cmX £ & 50em 2D LD TH 0, BAKFEH OREHMEA IR
LD LT & D BRBERE DSRIKAFIREE & LR TIR <,
N2 RVORERSAEE & U TR 4 & £ 725 ORFHE A £7
D.

3.3.2 #fEqM UAY MFHE

A 2 R UIE, 220MWh/kgU (=9.2GWd/tU)% 30
ERBEILT-H DIZOWT ORIGEN-S # W TEHEE T
V5 [39].

3.3.3 IRFOBELEDERA

Fourth Case Study (Z331F A Bie A% FE D IRF % Table 8
[40]iZ7%3". Table 8 H1¢> PDF Attributes TE (2 5 X 41 5 £ fE
D IRF O/NEFRTH Y, IEBIATI DV TR BT
Yy, 45 HIREE(R 22, SHEOERL A0 12DV TR E AN AT 8,
AT 2, —KEO A IOV T FIRAE & _EfRE %
RLTW5. Fourth Case Study TiE, X+ v 78 XU
KFRNARTE T DO B 2 RIS R L LT 5. 248
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Table 8 Instant release fractions for CANDU fuel [40]

June 2016

Element PDF Type PDF Attributes PDF Bounds [

Ac constant 0. n/a = /
Ag uniform (0.0, 0.001) n/a g 10 p— =
Am constant 0. n/a E aPickering /
As normal (0.006, 0.0015) 0.0023, 0.03 % X Darlington ‘ffu
Bi normal (0.006, 0.0015) 0.0023, 0.03 e ONon-OFG af ®
C normal (0.027, 0.016) 0.0005, 0.075 s / K
Ca constant 0. n/a § s
Cd normal (0.006, 0.0015) 0.0023, 0.03 § f’[ s .
Ce constant 0. n/a 2 [a
Cl normal (0.06, 0.01) 0.01,0.2 i / =
Co uniform (0.0, 0.001) n/a g / oY 4
Cr constant 0.0 n/a F A Oy °
Cs normal (0.04, 0.01) 0.015, 0.20 w 7 '3. L & K
Eu constant 0. n/a - . A
Hg normal (0.04, 0.01) 0.015, 0.20 o s s mails bt 3
| normal (0.04, 0.01) 0.015, 0.20 10 o a0 40 50 60 ¥
La constant 0. n/a Peak Linear Power Rating (kWim)
Nd constant 0. n/a
,\';‘,') gg:‘;{:m f)o.o, 0.001) 2;2 Fig. 13 FGR as a function of peak linear power rating for
P normal (0.006, 0.0015) 0.0023, 0.03 CANDU fuels [40]
Pa constant 0. n/a
Pb normal (0.006, 0.0015) 0.0023, 0.03
Pd lognormal (0.01,2) 0.0005, 0.05 22
Po normal (0.04, 0.01) 0.015, 0.20 3% 0<> *
Pr constant 0. n/a = 20 [
Pu constant 0. n/a 5 13 | ®137Cs, <42kW/m |
Ra normal (0.025, 0.008) 0.001, 0.05 c > ! #137Cs, >42kW/m |
Rn normal (0.04, 0.01) 0.015, 0.20 g 16 1 01291, <42kW/m
Sb normal (0.006, 0.0015) 0.0023, 0.03 E 14 i ©1291, >42kW/m
Se normal (0.006, 0.0015) 0.0023, 0.03 g R 4
Sn uniform (0.0, 0.001) nla e ot~
Te normal (0.006, 0.0015) 0.0023, 0.03 \2 10 o O XA‘(.;O/((/E//
Th constant 0. n/a < =
Y] constant 0. n/a N 8 oe e O
Y constant 0. n/a 2 6 ° e

*PDF attribute are (mean, standard deviation) for the normal PDF, and S 4 (% Q, (’,/ O

(geometric mean, geometric standard deviation) for the lognormal PDF w ) -

and (geometric (lower limit, upper limit) for the uniform PDF. 2 e

0 = 1 1

AHIICB VT, & BICERIOR Y 1A% Z21T\, Cs, 1, C, Cl, 0 1 2 3 4 5 6 7 8 9 10 11 12
TeBEOT 7 F= FEAEERE L LD, Ak, BT Gaps&HERALFTIUA ‘/-|~'J (%oftotalinYentory)
577 F= KO IRF Y &L S THEY, Rk g.14 Measured-gaps and grain boundary inventory of Xe
HTh 2. as a function of those of 1-129 and Cs-137 (data from
BRI A% 2 BUEFRARIC SV T Y, R = — [10D
SR-Site TR X h17- Stroes-Gascoyne [10]<° Tait & [30]ic & FHBAMEAIENZ L2 HIH(Z, FGR OREREEZ ED TV
% CANDU JFgkkl & iV =3Bk — & (2 hin %, Johnson & 2. 2072, FRBRKER[10]2 6105 b it 7 — 2Tk
[14-16,41]ASHEER U 7= R A SFHREL 2 5 2 & L 7=k — & U CHEEHWEE 21TV (Fig. 15), # OY¥) L EHER % IRF
ICOWCHA L, F&RIIC CANDU JEREN & IV 7= 3tBrgs ORCEICHW TV S[40]. 72721, 150 Cs S DR IER
EPEEOT—2FTHDHE L TN D, TR, IRFAHOE2E (EREBLOTRE 2525
FGR (22 CiX, CANDU JFEE IV 72 ikl % 5 9 2T, FGRFFEEM42]25E L LT D, ZEFM DX
i LT 5. CANDU JFREMED B — 7 #ii /1 & FGR 0 B E SNDBHIZHOWT, IRF OREDHALE L FIZRT .
Bf% % Fig. 13 (27797[40]. FGR %, MEHED ©°— 7 #jH ) CsB LT HT2W T, Fig. 15 FIC R FH4IME 1 =3.9(Cs),
28 42kWIm LT Gt 1%L FCTH D28, Ll ECiTad 360D TIRF=4%E Lz, HEERFECONTL, o=
N DR A A LTS, £77, ORIGEN-SI2L% A  19(Cs),24(NTH DD, ZHOHDORIL /25T — 4 8
v b )RR E FEMAXIIZ L D BEBEIO 55 200 14 J LD W10]728, Ziva 360 (RDRE SV RV &%
YR al—a UEERND IRFEZEETARLO—FEE L MTDLSa T T ERETHEEREL T LD, #
T, FGR MFE &, i SN TWH[42]. LivLZanb, ZIE 1 DA 0.024/(360)¥2=0.0013 & L To=013 L/h &<
Stroes-Gascoyne [10]IC & % kBt S (CANDU 4Eikkt, ity D ERFE (RFOIEXLSEXRT VF L TH D LE) L,
77 29~50 kW/m, JRBEE 430~1,100 GJ/kgU) LV, IH X THICEBOREES ML TREME A ZB L To =1 &
WM CsIZOWNT, Xe HADKHEIG & ¥ v v 78 LU LCW%. IRF ® LML, AiR[42]0 FGR # AR ORK
BIRF DA Ry b ) ESORBR AR U7/ R (Fig. 14),  NfE, TER{EIX Stroes-Gascoyne [10]1Z & 2 HlTER:H: D e/
E— 7 BRI 42kWIm BL R OBRERCIE, Xe iR &y TEZ D LITEE L 0.015~0.2 D& 5- 2 TV 5[40].
v 7 ERERRIR P OA Xy NV EIE E ORI 11 o C I, B ORI MR VBB TRAE L7V 2 &b,
HERALND OO, B— 7 FRH) 28 42kWim LT, Fig. 15 \ZR 94 1 LAFEERZ o BB L, IRF © LR
DX ) IRAREMEN NS Z L, CBIVSIIZFGR & ® i, HELEMEIC L, BEVERZED 3% (30) DiR% LR

F
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L7=fE & LT 5[40].
CHZOWTIE, Fv v 7B IR AT DA X
UE|G L FGR & OFEBME[R0]1 2 8ak L2 b b, skt L
T A R EREL D ©— 27 S TR BEE MR b D & mn D
DITw->TEY, HHNRT =2 BFELRNI LD,
T OFBIEITRTFE T, B OR R 2 RSFRIHIET L,
SENE 0.06, FEAERZE 0.01 D IEHIS A 23 LTV 5[40].
Tc 1% Ru,Rh,Pd (&) OXEENVEZIETET 520D T
Fu sl L TEEHRIN TV, Tl UO, BB IZ4& B
(B4&) & UTHET D & OMA[43]%°, CANDU k% A
VWV RRBR[10]46 KUY, MBOKAFBREE & FH V7o iR R 14, 41]
WZBWT, TOMHEMMBD T/RNIWI EhD, TOEE
FIEARENE L & %, Garisto and Gierszewski [44]D L B 2 —
FERARAL, SMFEEE 0.01, SMTEHER 2 OxPKIE
AR L LTuW B[40

Pu, Am DR CT 7 F=FxHk (T ¥ /4 RiHkx
ETe) X, UO, BRI FRfIE MR b & L THITIAA T
WA EDRALICEH L-3F, IRFIZ0 & LTWAL40].

Proposed

8
137
6 . Normal Distribution a) ©*’Cs
1
2
8
6 b) 129|
4
4]
2 2
o
5 .
Q)
€ c) 90Sr
=3
Z 4
2
8
6 d) C
4
2
0

0 1 2 3 4 5 6 7 8 9
Combined Gap and Grain-boundary inventory

10 11 12

Fig. 15 Distributions of the measured combined gap and
grain-boundary inventories of Cs-137, 1-129, Sr-90
and C-14 [10]

3.4 R4 R

fRFREO—IBIL, WHEIIA XY RBIUT IR
FAERLL Wz, TOWRTERTIHmL~L
BERDH T AREE (HLW) ZRE LT\ 5. BIfEILAL
BEGEA M L TR Y, A%FBETHHERAFRE (SF) 1%
AT D8 THD. £z, T LAUVIESEREEY

(ILW) & OPFEAS HEHE STV 5. Ay EhFE R
A A ADBEFIEAE L FEIFBIFIC L o TR S 7 il B
Y EPALFHLA (NAGRA) ThD. KHOLEFMH
#3513 Project Opalinus Clay (EN2002) [4]C&H 5.

AT AE AR L OMEAEREHL, s 5V ITfo
Fy = AXIZE A, #IT 400~900m |ZAKEERE S
EBHOFEOZERIZR b A P THYDESN S, SR
¥ v = A X OPAORBEF EOFAaH 10,000 4E, FHHLSF v =

Table 9 Example of recommended

A DEEOFE EDFHFA 100,000 FETH Y, KEOBRE
TH L,000FELHEL TN D.

LA EZ L — EBUF~ 2 &4, 2010 4FLAREIT,
P NRERE 2 B (SGT-E2) ZBHMAL, M1 k
DR AT % R TH 5.

3.4.1 MHomEE

5 ORI IR R KO 2 R85 5. J%0% BWR
L PWR TH Y, Wil T U0, 8LV MOX 2 VTIN5,
DD, AU x—T L ARRICREBHE G RO L LT
13 PWR-UO,, PWR-MOX, BWR-UQ,, BWR-MOX ® 4 {2 K
BlEB. 72721, BWR-MOX DOIAMREIT D727,
PWR-MOX |25 8 TR S LT 5.

3.4.2 BFEA VAL

PRBIER & O b A AR DWW TIT AL A PSHIZ &
% BOXER =— K%, 7%V O#EHM (=2 FE—2x, AX
—H—%) T2\ T ORIGEN2 #HWCHE LT 5.
% 72, BWR-UO, (XA KEE 48GWd/IIHM, PWR-UO, iX
48,55,65,75GWd/tIHM, PWR-MOX i 48,65GWd/tIHM (2>
WTC, &7 —R & HITREHI LiER &, B L% 40 4F1%
IZDOWTHE STV 5 [45].

3.4.3 IRFOBELETDERA

Project Oplinus Clay [4] ClX, ¥+ v, fEfkIRB L)
U AEECE D R B R S L CHY o T
W5, ZEFHMEIZHAV SR IRF REMO—E % Table 9
[hata

AT = —F OB L RRRICE v v 778 L O%E RIS
BENDIEMEEBERINEZE X, D IRF & FGR & OFf
BMaEZERL, BESLUT IRF BENDEEL LTND.
FD7=®, PWR-UO, PWR-MOX, BWR-UO, D\ T, %
NENUIZ—DDFGR T LTWD. £, REEEIDIS T
72V DR OB, 2D OBRERIHIC OV T
MEIZFH L T 5.

FGR DR EIZEE L TIE, BN CIT i 728K IR o H
TR R IV 2 FGR FEJIT — & D72 03y b, R
RSB IED B B ORERE & FLT 20 <D —2R
ERELLTVD. O, BEFIL A — MIFLH s
% FGR BIEDIHFRITEE THDH. EN2002 Tk,

IRF values of key
radionuclides for UO, fuel in EN2002 [4]

; IRF Value [%] (from fuel)
Nuclide t[a/]Z BWRUO, | PWRUO, | BWRUO, | PWRMOX
(48GWd/tIHM) | (48GWItHM) | (75GWd/IHM) | (48GWd/tIHM)

3 1.23x 10’ 1 1 1 1
%Be 16 x10° 10 10 10 10
e 573 x10° 10 10 10 10
*cl 3.0x10° 13 10 25 15
se 1.1x10° 9 4 25 15
9Ogy 2.86x 10 1 1 1 1
®Tc 2.1x10° 2 2 17 2
07pg 6.5 x 10° 2 2 17 2
265 23x10° 9 4 25 15
129 157 x 10" 9 4 25 15
5cs 23x10° 5 4 25 10
¥cs | 3.02x10 5 4 25 10

*1: Assessment calculations were performed using an IRF of 2%
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Kamimura et.al. [46]537% L 72 ABF ORI I # & FGR & O
FHBEYE (Fig. 16) ZZ8F, BEor BRI A DR ZEET
T OBERPIRBR T DIREICRE S EEBIND Z LICHEH
LTW5. PWR-UO, BREHZ DWW T, BREHEAIRRRGHOHR
VB E 2K T 2 7 O O BRI SO It 217 - 78Rk
1%, EHBREEE S 40GWAAHM = Tl%, FGR 254 1%LL
TTHDZ LATNDIEH, FEPREEED 40~50 GWd/tHM
TH 1~2 %, 60 GWA/tHM LL =T FGR I 3%LL T & D
48] Z 51 LT 5. BWR-UOREHZ DWW T, R
BEFE DY S0GWA/tHM IZB W T FGR 11 3~5 % TH o712 &
[49], PWR-MOX BKEHZDWTIL, BERBERE OBk 2
BT — 232 Lnb o0, RbAENRT—2 & LT
Hallstadius and Grapengiesser [50]iZ & % #Brik R & 2818,
PIPRBERE 45~50GWA/tHM (23 T FGR 2349 5% T % Z
LR, FDFGR LRI —T7%5E|Z LT\ 5. BWR-MOX
PREHZDWTIE, BRONZERT —X[B11L Y, mREEE
fLizE b 725 FGR @ EHEMA PWR-MOX RELDI5A &
U CTHRECH D Z &2 MR LTV DD, e Lo
FGR IFED TRV, T b DfE#RE S &2, EN2002 T
I, ETY, BRBFEESR IS K OYABEE 50D FGR Z IR D X 9 IT3%
ELTWND.

PWR-UO, (48GWd/tHM)

BWR-UO, (48GWd/tHM)

D BAE 1%, EBIRIE 2%
R BE 5%, FEBIAIIE 10%

June 2016

600

400

200

Rim width (um)

40 60 80
Rim burnup (GWd/tU)

100 120

Fig. 17 Rim width as a function of burnup Data take from
Koo et al. [52]

IHROHDERAE S LT, EN2002 TIE, MEBRBEE IS
C7=V AfEEEHF DA X b U EIR %, Table 10 DX H T
FHE L7=[15].

LEROERORF IS E AT TEAAEED IRFHREDE
Z 7 ELLTIORT.

Table 10 Fraction of the total gas inventory in a fuel rod that
is present in the pores in the rim region of UO, fuel

PWR-MOX (48GWd/tHM) : & EL{E 8% [15]
PWR-MOX (65GWd/tHM) : fx Bl 15%
Fraction of Fraction of
; total FG total FG
30 Average Rim roduced produced
burnup burnup prodt :
! present in pores present in pores
_ (GWd/t'HM) (GWd/t'HM) in the rim in the rim
L] O UO2 (best estimate) (bounding)
_ ® MOX o
= . 48 65 2 4
g 20 0 55 72 3 8
3 & 58
& " e 65 84 6 13
8 © o®y 1O 75 %8 8 17
5 éd
g 10 O
- :K—\Q . °‘ (1) Cs-135, Cs-137
A7 x—7 1 SR-Site & FIERIZ, Fv v 7B IUNRELRL
~ o8 RoA b UElE L FGR OBR (IRFIFGR=1:3) DB
0 0000 Dy RZFRER LTV 5[16]. LarL72A3 5, Poinssot et al.[53]43
100 200 300 400

Maximum LHR [W/cm] experienced above 10 GWd/tjym

Fig. 16 FGR as a function of linear heat rating (LHR)
Data take from Kamimura et al. [46]

U LFEI O AR EEEN OV TIE, Koo B[52]iC & - Tk
HENRREEZSHLTWS. U AFEREERO BT 2%
BEIE L, ZORMETH DI L > b OSEBRBEE DK 1.3
fEL720, U ATEHIRO RETHIREEEE & JEAIIE, Fig.17 IZ
AT & RBIEOMERSH S Z & (REEE TR Eq.)
&, EBIOME 2R/ Eq.(2) MAREn7z[52]. T oHEE
Wi, VU AEEES R RME) 1%, TFHEREEER
50GWd/tHM TiZ# 50 m TH Y, 75GWdIHHM TiH9 170
um 7%, Fiz, EPMA ZH\WTU AT O Xe &
BLERE, U LEED Xe DA X2 U EIE L BT
PRBEEIC B IEOMBR S D 2 LR Ehi.

BT LT 2R8bZELTWD

FGR 2% 1%L F O T ;u v hUEIS L FGR
MNEBETHY, FGR NEL 2o Tk A0 A
Ry N YR IUZ EHAN L 7200 [20]. T AL U0, H
TBIT D Cs DPLEIRED, B RN A DILEAREL &
RT/hEWZ & EAET 5[53].
PRBEEEAS 25 7> 5 43GWAAHM E CTHIN$ 5 Rk Cs &
IRF 2380095728, 43GWAIAHM L EClaidgibHimic
HZU5[18]. ZORKE LT, BREEEOHIMICE b7
I BB BEBE X v v T OMENE 2 b5 [53].
EN2002 H{&%, CANDU JFBREHC & 2 3B R[10]I2k
W, fERBIR DA Ry N By v T OZFUTERT
DIVRICER L, BREEEOHINIZE $725T Cs @ IRF
HEINT 5 LWV SRR Z I Y AL TRV 4]
ZOEHIBEZOL L, BREEE 48GWIAHM DLEIZE
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VT, BWR-UO, ® FGR5%IZ% LT IRF3%, PWR-UO, D
FGR1%IZ%F LT IRF2% & L, IRF:FGR=1:3 DEME L v B
SFRRERE L LS. Fiz, FBBEEICSIT S Y A
O FGR (HERHEIL 2% TH Y BWR & PWR Tiii) %
IRF & LTk L, &&MiC, BWR #kHIEIT D IRF &
5%, PWRIAEHZIIT D IRF % 4% & L7=[4].

(2) 1-129

FGR &t B (IRF:IFGR=1:1) %278i#%& L Tk, =D
B, | BLUOEESRY ADJLEREOBFR E —F L T
B[B3lE DEZHLKFFLTWA. £72,Cs DA LR,
Xy TINO ORIV bFESRLN S Ot Z N E L
TW5. HRILT—# & LT Fig. 18 [Z/x MBI % 2615, BWR
{2 2T FGR5% D & & D IRF % 65%& RAEY, U AGEI
DEF 2N L T 9%, PWR IZHOWT b FEREDE 2 57T 4%
LERELTWDHIA]

25

= /
a
E @ upper bound
g'?
2E 15
==
A best fit
= 10
%. 5 "
§ )///
0 ] 5 10 15 20
Fission Gas Release [%]
Fig. 18 Gap plus grain boundary release of 1-129 as a function
of FGR [15]
(3) CI-36

BAKIFRENE Fl\W 2 Cl ORI T — 2 BFIEL 7202 &
N, AU x—F 2 SR-Site &I[EFRIC, RILT—% & LT
Tait et al.[30]1Z & 5 CANDU JAikEt D7 — # (IRF:FGR=3:1)
ZZEFTWS. 72721, CANDU BB DR i3k m
BREHZEERTEL, FfREZOETEHRMT D2 LD IRF
DB KRFGICHRND Z L HEE LT, Johnson and
McGiness [15] 23 fe7x L7z BERMETdH 5 48 GWA/tHM &
BWR (22U T 13 %, PWR (22T 10 %O % 2243 -

DOFEME LTWBA].

4) c-14

REFS L w RnB D C-14 DOBRISHEICET 57 —Z 1%
AT =T ORFLLAE T RE SN TRV E2 D
ZTOREREFREL, FRERNDT, U0 BRIz oW T
IRF%Z 10%& LT\ 5.

WRERE 7> & D C-14 OBRRFHUHIE, D2 < DE & FERIZ
Yamaguchi et al.[31] & 3ZFRf L, BRb#EREF oA 2 kU E|
ATHD 20%0, BBIER L OFIERH L0 b
BEnsE%E %, ZNEIRF & LTW5. itk
TEREIL, AL A RE LTV B [4]

(6) Fofukxiz

Z DMOEFED IRF 12OV T, H-3 Z B % Johnson et al.
[B41DT— % % L2, Johnson and Tait [14]D 7 7' 1 —F|Z
BEVERE LT 5. 7233, Johnson and McGinnes [15]1, &
ERRLFUCRVEME A4 & L CHFET 2 Pd & T & BRIEfHEZ
FRIZE DD Z LoV TEEEb LW E & 2TV A [4].
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3.5 FAUA

IHETIE, BETERFRE OB LA TH D
T TBEN DY, BL~VIVEIRO T 7 AELIRE A
LCWDR, S%FEAET HHERFBREHIOWTIE, BUER
BT 50580 TCRBEAEBELGTHIHHTHDL. 2
@ﬂ YEMEERIIKETRLF—4 (DOE) ThD. EHEE

S DFTENIA G F RO L RN D 2y A~ T T U
E(wm)k%bh,:ﬂifﬁﬁéﬁﬁﬁ%é“%My
Analysis Report (SAR)” [55]23AB & T\5

7 A B R X OME A EBEHL TAD ¥y =2% & X
T omEM, REM, W MEHRRLIERICEASR,
S 52, NI AT LR, SMUIDS = > 7 VA4 T
BRENDSGy (BEFE) /Sy r—VICEAShD. N
v =T HT 201~488 m O OYEICKEER &S
5. ASEOEREE, REMREKERETHY, Bk
FETHDLEWVWOIFBERT S, FLENTE FT 21, &
ABIOCHEICHZ 27200 R v 7’ o—)L RAREBE I
5. AT VA TSR v = A X OFfm iﬂmwyf%é
7B, AAADEE L RRRICA 7 ZAEULE & OPFHELSY
EZHNTND

2008 EIC v = U LT ALY B O R AT B 3
[551%4T > 72735, YMP (%, ZDHOBHERNRICE H72-T
2009 G S, BRI, BEELS T2 HEHIED S
BPNHOD, WSV A N OBREZE DI B EOBE TR
ERTHD.

3.5.1 #MHomEE

104 RoOEHRFFE2RAT 5. FRIEBWR & PWR A3
HD. TFRTUO, DBV LNTWASD, 5%, Kin
% Pu O—H% MOX BREMET 2 78t ThH v, iz
MOX bW ssxt5 L 72 5.

3.5.2 MNEBZBEA AV MY EE

IR & ORI BT 2 T VR L A — b
(BSC2004) [561IZHW\NC, 3LEERE (17 5E3R) 122\ T A
YR M) OREEToTVND.

3.5.3 IRFOREELZTDEZA
BSC2004 [561123W\ T, BRRFMHIZOWTLL FD L S
EZHNLTND

m%¢@mm [ZIBUNTCs, |, T2 D —E ORAR D B
~ RU T AN Fy » THEBICBATL, TARBEID
IR TERIND.

FERRL AT AR O (BfEA X b U4
%’ﬂbfﬁwéﬁ A EW) BRI E D

MRS 5.

L%i@,(@@ﬁkﬁ%ﬂ)??yﬁ%i@%%ﬁ
R A 2 v %IRF & LTHERYVED.

- R OBEHEMIL IRFIZE D720,

BRI HARRE O X v » 7R L ORERRLRA X b U D
F— &%, BSC2004 [56]I23\\ T Table 11 D XL H IR &
TW5. F£7=, Yucca Mountain ZL435 0072 SR 5 E[57]
TlX, ZEFHIOxER L3 2 iR KOV IRF % Table 12 @
EBUHRELTCWA. Table 11 IR L7eT — & ORILE K
L LT, “Gap and Grain Boundary Inventory Data for
Commercial Spent Nuclear Fuel (MO040SEPGGBID.000)” &
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Table 11 Light water reactor spent nuclear fuel Gaps and grain-boundary inventories [56]

FGR BCs *Tc 0gy |

%) GI(%) GBI(%) GI(%) GBI(%) GI(%) GBI(%) GI(%) GBI(%)
1.1 1.18 1.98x10" -2.30x10° 5.04x102 3.97x102 2.14x10

7.85 7.21x10* 1.17 3.44x10° -7.75x10° 8.70x10° 2.38x102

7.85 8.02x10* 3.67x10* -1.85x10° 4.76x102 3.68x102 5.75x102

7.85 2.23 1.52

7.85 1.55 3.28

7.85 6.24x10*" 5.15
0.59 2.07x10* 1.88x10* 6.63x102 1.97x10% 8.00x102 1.68x10°

0.59 2.78x10* 1.15x10

0.59 7.37x101 2.09
7.4 1.80 9.37x102

7.4 6.96x10* 7.98
7.4 6.48x10* 7.53
11.2 2.57 1.00 1.51x10% 1.54x10% 2.30x102 1.34x10

11.2 2.32 8.22x10°3 1.22x10%

11.2 3.21 1.44

11.2 3.00 1.08

11.2 7.64x10* 7.48
11.2 8.14x10* 9.13
18 4.25 9.34x10* 5.42x102 1.33x10™ 9.70x102 8.65x102

18 5.05 2.55x10° 4.08x10°

18 7.46 1.82x10*

18 1.05x10" 1.23x10"

18 1.10 8.32
18 1.23 8.54

FEIN DT — Xy EREIHINTHER, ZOFEHRIIA
FTERDIZID, A Xy MU EHIE FEZEOFENT
FHATHD. REMPTREEBTNCEIT S Cs,Te,Srl O 4 5%
FEK 2 DR A—H (X, Table 11 IZFEHSNbE LT —F %
I, FGR & DA v _y b Y AFHMEE BN L T
Apex il (B—7Z71fE) 245 %, ¥+ v 7B L OERRLR A >~
2 b EIEORIMAER L% 2 LA D7l % Minimun fi,
BARMERLZE LAY Maximun % O =M1 &
L T2 (Tablel12).

Table 12 Triangular probability distribution functions of IRF
selected in YMP-SAR [57]

137 129 88T 90g,

Apex 3.63 11.24 0.10 0.09

Minimum 0.39 2.04 0.01 0.02

Maximum 11.06 26.75 0.26 0.25
3.6 25 A

ETOMEAFREE LS 5 2 & 2 AT #E LT
DN, FEk, HABEEEZELLEBAONMS AT a v
ELUTHEBY AR L, Z ORI & i EEEsED
EHMEB (ANDRA) BEML TV, 77 AIEITS
BT D22 &M 5 1 Dossier 2005 [58] T 5.

W7 AEUbRR X O A ERENE, S8 O BEREER R
r—VICEANE R, M 500m RGBT KR E &
N5, v =AXOHAMIL 10,000 ELFELTND. A5y
B OEMIY L E R A (Callovo-Oxfordian) T 5.
RIB, TITUATIE, —ELSNET LILEEDE, [k
B2 Z & EAREE T HRWMED S 2 HIFN Y% BIE L
TV,

3.6.1 MHOIEHE

58 KOMEARFIFZRAT 5. RIRAFIEETPWR TH

D, U0, MY U %&Te U0, 5 LT MOX k& FIV T

%, E£7-, BHEIIEET O UNGG 7 (BENEGE o) 3
FOVFLA BB KRS EF OERFREL B R LT D,

75 AT, BAFICHW LN D U0, BB %, RGeS
2L -T 3 >oWEMRITHT, 51, B U 2&T UO,
RS MOX AL &b D Z & T Table 13 12”3 X 5125
LT 5H[59]. UOXL ITFFALER X, EEEILSy DOX5R & /s
% D1 UOx2, UOX3, URE, MOX T 5. F£7-, FLAEFEER
F TV UNGG BUF D FEIE b By DXl 5 & L CRT
fliLTW5.

3.6.2 WEFHBESA RV

Dossier 2005 T3, Table 13 {275 L 7= B4V Dt G %,
fDBEHY) (& L-IVBEROH T AFERS) & XBILT
PEIEM N o r—IZE AL, ZHhEk CU FETER LIRS, &
BT, INHELITICRT O 3FEOBEERICED /i), +
DEATTENTA 2 b YFHEZTT > TV 5 [58].

CU1 BEZEK 1 UOX2, UOX3, URE (UOx 4:f%)
CU2 BEFE(A : MOX
CU3 BEFE(R : FLA 4735 UV UNGG 4Rk}

A Xy N Y Bl S & U725 IE, Be-10, C-14, CI-36,
Ca-41, Ni-59, Se-79, Zr-93, Nb-93m, Nb-94, Mo-93, Tc-99,
Pd-107, Sn-126, 1-129, Cs-135, Ho-166m > 16 #%#& (15 t.3)
ThD. 7B, A2~ VMY 7 LA — b
ANEHENTELT, BROBRCHRIL, FEEREOIEET
NBIOHE 2 — RIIRHATH 5.

Table 13 Categorization of fuel type in Dossier 2005

name burnup (GWadl/t) remarks

UOx1 33 low burnup UO, fuels

Uox2 45 middle burnup UO, fuels

UOx3 55 high burnup UO, fuels

URE 45 fuels containing recycled U
Mixed fuels with uranium

MOX 48 oxide and recycled

plutonium oxide
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3.6.3 IRFOBELEDEZS

RS F [F9T R S 4L D BRIRE AL AL & & %
IRF ®»—'% % Table 14 |Z7~¢. /1 “Reference calculation”
IIHESEE T D, “Sensitivity calculation” 12 fRIT O 7= 6
LB TH L. FAlE LT, SEABFRERORZE
TREMICAFAET DR A BRI AR E L CHli-> TR Y
FDOREEREALIZONVTIE, BLFE LTV,

UO, Bk~ b U 7 A H ikt (grain joints & £ 5t),

7T w7, B"A RBIOMOX BREHFFD Pu 2 7 A X
HOAL LR R ZRSDEMLDA X b YA
VPRI LKA

o A DOHERE B L0, B~ b Y 7 A Ofikhd
PR D BN RLE & 72 0 . £io, REMRHTo
BLTIE 15%NRZEE & 720 .

UV a A YREE OB LRI (zircon & RFD) ICEF
AU 2 TG AR A,

Table 14 IR SN DEHNT A—% (IRF) O ERML L
72%5 ANDRA L AR— MEDOEHRITARR L TWRW®,
AR IRFEREDE 2 I AHATH Y, KM TIHE, HEM
D&%~ T

3.7 BE7ovzy bk

EC (BRMEHA) Tik, TITERINOMFFEHERE M & SN % 5%
D, EBLSIZOWTOMRMB LML TS, Zhb
DOHT, BERFHCHIZEI T 24582V THREL, Enb o
WA DI TSR~ & & bic, BERMAZHREH L TR
5.
3.7.1 Spent Fuel Stability

Spent Fuel Stability (SFS;2001~2004) [60] TiE, \ < D7
DB 35k (LU, Post Irradiation Examination % % L PIE)
OPREHR I RRBR OFERITIE- D&, BB Of0 i
(Fro7, fdbif, 72v 7, VAHEES) 2, &
A E EN D IO B O AIRIBIZ OV THFZE L,
Table 15 (Z/R T X HITHEBE L7z, Z 2 ClE, REHESRT

DRUIMEEIAFAET D FTREMED & 2 BRI 34 278 L,

TO H RN & T2 EIEMR L T 500, AR %
ST DL Fa—F ORIl LTS, LALRnb
ZNEERS (CEANAGRA) D RfEEL LT, AMUNMEBIZ)E
T HEE O A LT O X 5 12H#Ed T\ 5[60].

Fx v 7 IRFICHIV Y THZ &I, FEDa
FAB/FLNTND.
U LZERR L EERRITL - He DARRICER L, #ESNIC
F I RTUBRERT D, b OFEIROENZEN S
EETHZ EIXREETH B,
U LREIR OSSR - AESRRIOER NS ~01um THY
FERMEREDS R E W20, foofEk L v b el < %
i3 5 RIREMED B 5.
Z OFEEPERIL, AU = —F 1 SR-Can [36]IZ3\  THEAL
T =D Lo TNS.
F 7o, W5 OREIN ORI AR 3R] & & b ICAE
(IRF 2Z5(k) T 5 A[REMEICOWTIRD X 9 ICEEH LTV
%. Matzke [61]4 L O* Ferry etal. [62]1%, o #0 H OB
KRR~ G- 2 2B LTI L. EOBRIC I,
PREFOIFPIREE S 1,000 °C BA FIZIUWN T, EREOILHTFREL
Dir (TR F (5 245Im3S) 2 e+ 5 (K(2) . & 51T,
K4y F 2 (KR8 872 @ o TEE Av (Ba/m3)IZZ5Ha L
BRI DM RiaZBRE LIHIEEZIT> 2L T, a
RO QR X 258 % B LI IEBR B D,(1) %X (3)
DEIITEF L.

D,, =12x10 ¥ xF @)
D, (t) =(24£0.6)x10™* x Av(t) ®3)

XE@B)Z L7 7 LA PWR #REL (55 GWd/tIHM) (3
T5HE, TR X DI AFREHI L% 100 FA4R5 Tk
D)X 102 m%s Tdh v, 100 4Ef&E 1% I 3L EEREL A KEf] 0
Bilme L bloha<nntLTns (K(@).

D(t) = (1£0.3)x10*  t <100
D(t) = (3.7+£1.2)x10 %t  t>100%

(4)

INHORFRAE L BT, flix OBRBEEIZOWT,
BRI B ORISR ORRE L A2 31 L7255 R (Fig. 19),
o B0 ALK OFEE, 455% 1,000 FFIZIBVTHR 3%,
10,000 £ THI5 % TH Y, FfEO IRF L, Table 16 12
R X DTS OREGRIFFIIC & b 72 - TEIINT 5 AlBEME
NdH D ENREINTZ[62].

Table 14 Percentage of labile activity in the matrix (data from [59])

CU1 (UOx,) CU1 (UOx; URE) CU2 (MOX)
Reference Sensitivity Reference Sensitivity Reference Sensitivity
calculation calculation calculation calculation calculation calculation
R 45 50 555((LJUO;;) 60 (U_OxS) 48 53
c-id (cons1e?\of]ative) 25% (cons1e€:\nf'ative) 25% (cons1eE\nf)ative) 19%
Cl-36
Se-79
Sn—-126 7.1% 22.8% 12.3% 30.1% 38.9% 77.1%
Cs-135
Cs—137
Other radionuclides 6.8% 20.4% 9.9% 25.2% 35.0% 65.0%
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Table 15 Expected distributions of radionuclides in fuel assemblies and possible modellin Gap proaches [60]

Characteristics and

Components Key radionuclides e
Fuel assembly structual materials
Oxide film typically about 40 to 80 pm thick is formed in
reactor (about 10 % of cladding thickness).The oxide has a low|
. . . solubility; the outer part is porous and; may incorporate
Zirconia 4C (organic™)

nuclides present in Zircaloy as the film grows. Limited data on
Zircaloy indicating preferential release; consider "C as part of
IRF. No data on steels.

Zircaloy, Inconel 14 (organic’), *CI, °Ni, ©Ni

Very low general corrosion rate. Release of all nuclides plus

and steel remaining "*C congruent with the slow corrosion rate
Uranium oxide
Fission gases, volatiles (*%°, ) o
137 135~ 361 79 126a. 1, |G00d data for some nuclides . Assessment through fission
CS, “°Cs, *°Cl, ""Se, “°Sn ).
Gap 1a ] ) gas release measurements
Also C (non-volatile but partially and correlation with leaching experiments. Part of IRF
segregated)
Rim width a function of burnup; good data available. Large
Rim porosit Fission gases, volatiles ('%°, proportion of nuclides in rim region segregated into pores and
P y 137¢Cs, 1%5Cs, %Cl, °Se, '?°sn™")  [secondary phases during restructuring. No experimental data
indicating release. Pessimistically could be part of the IRF;
Release through dissolution when water arrives. FP may also
Rim grains Actinides, FP 9 y

diffuse to rim pores by aSIED. FP inventory may thus be part

Fission gases, volatiles ('%°,

Grain boundaries |¥'Cs, "*°Cs, %I, °Se, '2°sn™)
Segregated metals (*°Tc, '°"Pd)

Limited data. As for rim pores, pessimistically considered part
of IRF,

Actinides, remaining FP and
activation products

Grains

Belongs to MAM, WP4

June 2016

*1 shows that the chemical form or isotope is not clear.

3.7.2 FIRST Nuclides
FIRST Nuclides (2012~2014) [63]CiZ, fFAFEREIOB
BEE SR A ORBEIIKITE LW —T7 7 4 7 —RIZET 5
BEF I E T VAR T 5 L2 AR E LTEBI N,
THEORE SR CITREHREEIAR S TELT, 7 LR
— MO R AT LT
Casas et al. [64]1%, UO, i IR & DIZ S Z A A O
AR DT m 2 & LT, BREFL v FNOERRLH
Ty B Ze YR B U D R T D L RUE L 7o MERRER Y
72T V% U, Cs, Te DR HBBRFE RICHE A Lo, 2 OfER,
Fig, 2012779 & B0 IRIEBI AT O WIENCBR &2 0 A,
F DR IRREN—E L e D AN R EHE N,
AD=RABTEH LS EF L E LTIE, FGR OFHREICHK
BESAGITOWTHE L TWA. 22 TIE, %MD =
DRELBE~ MY 7 Z2ARNOBITOT mEAR, IO 9
OOFERIZEFEEND E L, TNENROET MLOFEFE
%ﬁbfwémﬂ
U-235 D33 L D 7 A%E (Xe, Kr)
B recoil (S Bk)=> knock-out
(FEERIONMI D) ¥ IEE
A BRI T O JEER
cNTovr s
MR R 5 o0
FEERRIN DR L D24
FEERORE
FERLR CONRT VO E

FGR #HEOBIEET VAL, BN A DORINYL S %
£ 7 /UL L 7= Booth JETJWP%Z!K& BN, FRRoTak
AD—HNBEINTHARV. BIRBEIN W71
T ADET IUIZDNTUL, RO L5 ITHRFDREA TN .

Speight [66]1F, FESERIN D H A D HFT-23, FJDOFW\?

BT DHANT VDT v T END T &R0, B
> THIBMR I 528558 L, Booth ET LA WE LT:.
F 72, Van Uffelenet. al. [67]1%, FEdRRINIZIT 2 0 AR+
OIHEEEIZSONWT, H AT ILOBENZEIZB 5L
RE DO ZA T < DA TFEINEBRBEZ EHE L. BT,
Pastore et al. [68]1%, FEibKING L OREmRIFIZOWNT, H

1.E-1

+- - 45 GWd/tIHM

—o— 55 GWd/tIHM

+— 65 GWd/tiIHM

- o=+ 75 GWd/tIHM | 5
) -

L m
Op

+a0

Lsenl
*0

oo

1.E-2

“lelcio

. ik

Integrated fractional release

» OO |

Y =N

(= Fy
‘I.E-S%' o H—t
1 10 100 1000

Time [y]

10000 100000

Fig. 19 Calculated released fraction from grains due to a self

irradiation enhanced diffusion for UO, fuels [62]
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Table 16 Bounding estimates of the IRF of key radionuclides
for a PWR UO, fuel with a burnup of 55 GWd/tIHM

[62]
Bounding IRF values (%)
Nucride After Container failure time
irradiation 1,000y 10,000y 100,000y
“c 10 13 14 16
%cl 11 14 15 17
se 11 14 15 17
) 11 14 15 17
¥5Cs 11 14 15 17

AT VL DOFAEFROR & SORITEIK T 5 AH0 7 7
IR ERNEETAERREL TN

PRBEIC & b7 O REERRLO LRI, H“ﬂWZ®#ﬁE%
NET 5729, FGRIZHWELZ 52X 5T THHN, Zih
BB LI T VITIEFITERECR Y, BITCNZ 52 &
SR CTHD. o), ZNETIS, BESL Yy hD R
U )T OREER LA, MimhiosRIC
L b7 ) BROfRE| & BESER BT DI E OB 4
RATHI[T0)72 EVL O ORRF DR H DB DD, fhdZ£<
DFRFTET NV TITRERRE  (hifimnfi) 2L TERY,
ZOBURA FGR M KICAFIDERE TH D LR L TV

%[65].
HANRT VO RIZOWTIE, White [7TI[IC L > T, #Ed
BINICIIT D T ANRT VR EDFHEET VR RESN, %

D%, Veshchunov [72]%° Pastore [73]iZ & » TH A /X7 L[]
TORESLEIC L b2 D HANT VEREHEOZELASE
IhTnb

LLED X512, flix OBERNBE S LEHED FGR €7
ME, BV 2 e UTTREMEREREN = — R~fLiATe Z &
3.5E-05

3.0E-05
2.5E-05

3 i Sample Description :
g 2008 ! Reactor Type : PWR '
2 L eeos i Burn Up [MWd/kgU] : 60 !
k. ) 1 235U enrichment (wi%] : 3.95 1
g 1OEO 1 Fission Gas Release [%] : 15 !
C OS0E06 T T e
3.5E-19 -
5 OF-06 60 80 100 120
’ Time (days)
QO Uout experimental == == U out fitting @ U core experimenta| s core fitting
(@ U
GE-O07
SE-07
w AE-07
2
£
g 3E-07
2 207
£
< 1E-07
7E-21 - - . v . .
20 40 60 80 100 120
1E-07
Time (days)
Qs out experimental - == 5 out fitting
® Cscore experimental — 5 cOre fitting
(b) Cs
Fig. 20 Example of fitting results of leaching data on U and

Cs [64]
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Gy DY —A 2 — g - (1) R EHS K OMERER 7> b OB i =R O R

T, Bk x 7RIF R, RBERE, B OFRIEIC RIS T D 2 & AVATRE
ThbHEL, —#ilE LT, FRAMATOM-FGR £ /VIZ L5
FIARE R & ERIFE RS, REIOFEEE (U0, Gd,0q #IN,
MOX) CBABEEEIZFRD BT, BV & R Lic Z & 2210
T3 (Fig2l). 72721, —FH T, HEET A biciir
Zﬁf%ﬁfrﬁ%@uﬁ'%%ﬁﬁlffﬂ’é LR, BT VEMFELLEZD

EICL DR ERBEATEY, SRR DBLE
& bS5 [65).

100 -

o uoz ; -
» MOX i o 8
. U02-6D203 PR
® | o8®
10 g o L5
3 ke Va "
-."

Predicted FGR (%)

-mn
Measured FGR (%)
Fig. 21 Validation of the FRAMATOM FGR steady-state
model against experimental data [74]
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4.1 2HoiER
4.1.1 BREBRHEEORE
PREFERIZOWTE, ¥ v 7B L OSSR S RIES
%KifE (C-14, CI-36, Se-79, Tc-99, Pd-107, Sn-126, 1-129,
Cs-135/137 %) #wWRieHUEERE & 72 T/ E & billradt
WOEMAEHL->TWA (Table2) 2%, U AEICEEND
AR R VIZONTIET T AB L AL ZADOHH R
WZBRE Ry & LCTHD > T D

/wwm4mgé@M®@E$M:aihéMWME&
OB NNIENC L > TREL BigoTz, 20T, &
b HSEAICE b D EEREIE, BB O LIC S
N5HCLUTHY, 7TAVIBLOI T X EREETESE
P Eoxtg (EE) L Sh TV

F72, ERBIRIEICE U RO BRI, #E
DGR K o TH RO R ERDIUT R e 5.
AT z—FT, T4V TUR, AL ABIONT T AT,
ARGy RE G BAIE OFEFRFERENCH D Z & b bIBR ik
HIRHE DR ERE LD LI L TV a2, I Tix
CANDU JFsEE CRRD Z o llkdn) 23045 ﬂ%f%é_
LD, BRBFEFH OARHDZ H T D B R O3 E
ICBWTHE & DFEOBS R 7.
4.1.2 IRFBEDEZH

K ED IRF 3 EDOBITHRIL & LT 2 372 3B R
M@ Tho7. 2 51T, #KFR° CANDU 47 O ff A
BRI, vy TR OEA VR MY &
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FMEL7=b D THD. Zhbi, anko &Y, Johnson and
McGiness [15]33 & UY Johnson et al.[16]iZ L » THEMN I T
WABNR, EoicFEiEMs &, |1, Cs, Tc, SriZ DV Tid Gray
et al. [20], Wilson and Gray[24]43 & O Stroes-Gascoyne [10],
CHZOWTI Tait et al. [30]12 L B 3RBRAG LAY, WPAIoRNE
FEOMHENEHR SN A THHIShTWA, £z, Vv
J1a A BEE O C-14 (2O TCIE, Yamaguchi et al.[31]12
L oEERHBR R 2O EREETESB LT
W5,
IRFEREDEZ ST DUOESE LT, FGR & OMBIMEIZ X
STRETHZ L AR MN. L <2 1-129, Cs-135/137 B
L ONCI-36 (28175 IRF & FGR & OFHEEIE, 4 FE @ T3
SN TEY, IRF ZHET 5729012 FGR Ol 217> T
WHEIEZ . L LR s, B2l E FGR #3%E L T
WAHBEIIA T =2—=F L AL AT THY, REShT
FGRIZREZFE LD Z &L TIRFOBREETT > TV BEITA
U r—F DB ThHoT-. TOMOEL TIE, HEICBT
% FGR % EM & OB Z IR & L b b, RIT — X
WBITL2HEMDIEL XY AMEEOFE BB T 572
EL, SISO IRF 2% E T DA ST,
C-14 ZFHlixt R &L T HE~ 1%, i (W FFEHRE) ¥
e A YBE OFRLE D S O (B 2 1X[31]) 23X
BRI LB R, ZAUCHE & PMRTHPHINT 2N A 5 2 & TRIE
LTW5.

RILT — & RS S NZBRORBRFES, FENRET
% FGR N ETe AFEFEMEICHOWTIE, KEi T35,

4.2 TRESEM

KIE D IRF 3% E 2 E T R ENEI,
HLEXD.

4.2.1 BIERICH T HFTEFEOR LY

Xy v 7BIORERRIROA > Y ZIE LT F5R
DL, BABREZEAM LY TV EZOF R
HRICRESEH 2 LTy v IO A 2 MY &3
L, 0%, RV T IVOBREI Ly NG A8 L O
L RIRIER P ~RESE D 2 & TREBIARF DA 2 b
UEIFHEL T D, ZOFEOEE, BEL v F OB
DEGWIC X - TR R OBARIRI AL T 5 5850, B
Wl oy EREE~ b U 7 ADEEfRS % E D K S8 it
BT, i EoREEENELET S .
Stroes-Gascoyne[10]1%, 2RO Cs IREN LB~ R
7 ADRIREDREZROERL T2, BHEO U REEZEH
WGy L L, 2N OFRFIM Y5 & LCCsIREARSIFH L,
a4 Cs AN B ZE LBV THRIREAH 0D 43 & 34T L C
W5, L L, Walkerand Lassman[75](Z L AU, b ok
O Cs B, KSR F M TR < RT3 <
WL o TR T T D2 R — etz &35 Z & AVREN
TERY, FOMETFENBRAMELRVELZEE2H
HRRHTIND.

Fio, BN U TRV T AR B O
SRR STV SRR % <, Bz, &2 FHIREE
RSN T TN T, EOEBITIE U RIER
ENFOEN TN D005, HERE LWL T b,

FICTRHOHEA TH
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4.2.2 V) LRIBOIRY HKiS

U LGEIE OB MWL, 2005 4EE TIZ, AL A
EN2002 35 L T8 7 5 o A Dossier2005 (2 33\ THaidfi ) & &
iz, Lk (2009 L), BREF<L v O FOEE
&V NEIE 2 YD 53T TR AT - L ERAHE S
n[76,77,78,79], BREF2L > hOHULERE U AREIR OB
HZBENCBHE DBV RRWER RIS, ZThbE2%IT T,
A x—F 1 SR-Site 7 17 K TURVA-2012 72 &
2012 FEHIHE OLZ LT TIE, U AEKOF 523
259 THD. LrLAansd, U AFEEBIEME (~0.1um)
PRAEARRL & RALICERESR SN S FLUE R CTH Y, @
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{7257, FOURMEE P OFEK L D < 72 25 w6
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A2y z—7F 2 SRSite TlEvIal—rara—Ri2M
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FE SN DRIKVRBI AN Y m—3 g o (R, RBLaREL,
TRATBRE, MBEES) 2a& S TnAD. AA X EN2002
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WXL DWENRAEEEEEATEY, 6l 21F,
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