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N FTEHALERMRR : Rt O E R H & L EMRE
L3N

HAJFBRIE, HREA 7 AN L7 LR T8 2. 2008 4R *|Z T L e LTV
5o R THENAKRBELZRE L2320, REOEFNKEEIND Z &2 0 . Btz &
DERGEENELDTEAD, SNyrfTiE THIZK 2861 F Y720 ot i re &
I B LB TIHIZ I 5T LD REV,
RFGE  HARFURIZE D L 20084 2 HZET.OTENENL TS, BUE, 7277 4 7iRBRDE 4
Beft (2008 451 A 31 HHLE),

AHEZTIL, AARFBRPAR L T DL HHERBAEE 2, LTOY—RAT 4 v 7 ——
D77 ADT7 7 — 7 LBk X DR E, @ R4 Y Ol — /L A — = FALEE
THICE D27 U7+ 85 DFEAEIT R, @A A 2D PWR BB (BT 12 ) %/
LR L 72 BB O it E—— & T 5, WL O DOBFEIZ OV T, BARFRO
BHAEMEY—FAT 4 v 7 OBEOHNWIZICEND Y | g N E/ NS TWh b ]
BEMENH D, ZHUTRIKRI vEL1 2 90MHE R HEMEICHEE CTH D,

WAL EROMMHEL, SMAEHE FRIZ2 2 bbb, EH3 2L 85H57°45, 22Tk

HEE MR L LTRSS TV,

AWEZITE 2, Sy FTFHLEE T 5 o S dv, RIS IR B FEIC K 5 HIER SR D
HEHREZFHRET D, INOOEEIZIE, NIV T oA (ZEKFE), RF14, 77U E
V8HEBLPNI TR 290D DH, T ORI K AEMBEIT, Ny TR T O
EHN, 7T U ARLKEOFLEE T XV @, T, Ny el T35 o ki b BdRE
& D HER R DO EMFREOFRMIL, 1986 FOF =)V 74 U EMIT LD Z1 L [F UHr
BIZDIEH725 9,

FF

1. 20 FFLL BT THEEBR SV T E 708 7 BT T %, 2008 4FH 2 R 3 iR A3 B A S
NEH>ELTWD, FHEAMEREZ LT 2 & BN E VB MEERE R DD
TREIHH S D, BABIZ L2 KRB, £<ic7 V7 8 Iz 20Tk, 7
NTHHLBBER SN TE72 (72L& 213 Mellinger et al, 1984), & Z TASEETIX, H
ARIFBRDSHEE L B ARBURSTFRT L7, N2 AT AL T30 & oo B 8 2R 3 ARAE 2 fRRE 9
5o LGOKEEROLZ IS8R T 25205, RHEMTHLT-O, HERESRITHEL
B3 5 ([TAEA, 1985), N KOBETHDH, 29 LIEFMIZIE, P F UL, RFE



14, Z7UF Ry 85, T WHE 129 2 ENH B, GEATEND DU SN HONTHE
T5, THHOMMEIC L DMEIT. Ny ELOREEHICE T 2EARE L R
ANBIZBTLRERELEANISED, AREFTIXERREL ROEHICHEAZEL,

AL & b7 D Rt

2. I7— A TIGOKHEINE (1999 4 FHEL T D) &Ny TR T OHE
EERA R (RSB Oktikse, £1 &£ 212077,

[ 1] FRkHEE (TBq)

5 77— 7 T N 7 FT R AL BE T35
Jig i 54 (1999) HEE AR M i &
FUFTL | KUK 80 1,900
HRAR 12,900 18,000
PR 14 RN 19 52
2o 10
7 U7 kv &K 300,000 330,000
85
IUFE 129 | &K 0.0074 0.011
AR 1.83 0.043
IUFE 131 | &K - 0.017
AR 10 0.17
ERHHAT

7 Z A [STOA #%) (Fairlie,Schneider et.al, 2001)
AAR : THEZHEFATREEE] (AR, 2001 )

Ui S B D3 36 LT 7 X F 7L 99 DY — A X — L0, [ OB OBENZ SW T
T—ENPLENTNDEED, T—ENAFTELILDOERE, ZZTIEHEALRY, LLZENHIZ
k AEMBEITERICARDLILDE RIAEN S,



[#£2] b= oEREkEEREE (TBq,/ hYy)

Fifd TT7 — 7 HART | N,rprEAE TS | 77— 7 BAE TS
% a) b) FAREITXRTT D N » AT AL
T HEE R E O
bR
FIFT L | &K 5.1 E-2 2.4 E+0 X 47
AR 8.3 E+0 2.3 E+1 X 2.7
IR 14 KUK 1.2 E-2 6.5 E-2 X 5.4
AR 6.4 E-3 - -
7 U7 k| &R 1.9 E+2 4.1 E+2 X 2.2
85
IFE 129 | &Ik 4.7 E-6 1.4 E-5 %X 3.0
AR 1.2 E-3 5.4 E-5 X 0.045
IUHE 131 | &K - 2.1 E-5 -
AR 6.4 E-3 2.1 E-4 X 0.033

a)7 7 — 7 LT (UP2 & UP3) DOfFALFLSE (1999 42)1560 ko T, it EE(R) &% %,
b) 7S o FTFFALEE T8 O AE AL EEAE /) 800 b o T, HEE I &85,

N o BT T35 OHEE U N e &

3. IS ORI R, S BT LR TI03 4 5 BHC & S o2 E s (&
U7 h 85, 3 UFE 129) EHULAERSY (R FUAERSE 14) (X, 77— 7 B0
TN 1999 > T-REHZ & ENHENH LV . BIEMIC 2 ~ 3Em< 725 LR
LTW5b, BB HBREIOESRBEE(L (Bik) PEEATWAD Z &ITEANE. 21
TR LIV WD, B BB N Od B (ER 2 O KT, T 205 7 AT
B THOMEEREEME (F 1) 2oV TiE, EIKUTOEIZONT, &6 5H
MNMETHD,

® k= UK 129 OREE R, 77— HABL T L X, Ny AT T 0
HeEfl (b Y4720 5.4 E-5TBq) 2K 20 5 KWV & S D, S B B AEE S
RRY BN ET IR, S FTALER TG 038R % [ ER Il - 7o ALBREE A 3R B L T
IRNRY 2 OARREUEERA S 0232, BUREERTIZ G2y TIRR WS SR AALEE T
BNt LEEEZHEA TS EESNDZ L, £ A T Clia v 131
= U # 129 L RERICHHEIKEAEE SN TS Z EnD, RTHICIEE ) Lz EE
DIFET D ONE L7y,

H AW B F 7 LR EHEIL. 77 — 7 BT & X N FTELEE T3 o HE
EME(R Y720 24 TBqg) MK B0 5" << myE, 8, ZIUEEDENTLDOMNC
DUWNTIE, BB TRU,




EREBEEE (LR & MOX™* (T b bBEAETHEB ENZT L F=T L) BREl
¥EREE : T v - TV b= v AREREY

4., BIRBEREE D T U RELE . MOX (T2 b b T S vz 7 v b= &) BREHZ

EHLHH LN EL DRV T — 2 REYE @#“ﬂﬂ%ﬁbmﬁm%am&ﬁé_
END, MEELK T DVLENH L, ABEEIZE Y BT P Ym0 0 6E Y
DT HNX—IREL D70, ZOENFTHRW Ml L 72> TS, ERRBEEY 7
VIREBHE, TERDBRELE D . U T 285 DIEMEENCRmO TH D, 72 & 2 I1F 1980 X
5 90 FERUTHEH SNTRELOBRBEE 1L 2 ~3% 727273, ERBEEREL O Z T 4 ~
5% Thod, mRBEEREHL. 1970 £, KEOENFEEVLEANLKDT, Yk, [F
[ TIBRBERE B0GW A/t DMEHERYTE S 7223, BRI & m 50~T0GWd/ t B —ixRITHh %,

5. MBBEED T VBEHT, 1RO T T U RELE A SFFRNTRS BE S22 &R
TEHDOT, BEMNEZ®EGODLZENTE D, TOIDRTIIBEOFEFICL>T, ]
TR OBRER AR, AFEME, REEOm EICORN D, A H., PR A BT 5 E 2R
&, MHROIFZEAEDRFNIEBEBFEE D ERBEEBEZFH L TnD, 70, HOE
Btz T AEICBN TS 2 b, BRFEEOBANG ZNEZEATHHEEENHZ TV D,
2O LM, OB EZED 2B A KT S5, 8RR o EREBEE Y 7 U BREOI
DML TN =0 NEEE @D TREET X0 RRER IR DX BN TEN BT,
*ARGE : MOX BRELD Z & 245,

6. @;9 (. EIRBEIE D T e MOX BAEHE, EB 66 I <D RLF—
7&1‘3? BOBZHNOIMY T2 2B ET 5, MOX BAEHE, Y4y, =x/L¥
*%1&%@%%‘77 VIRBIR O EMET Y h = A B ED BT HEE LTESLEN
Too LD UEBRBERE ¥ 7 L RBHE, (EAE AR ELE R L TV b=y A&t 3%
VBNV D T, KVRFENICFECARNZERTE 5, L& X7 7 0 AR AT
(Cogema) O igmirill Td 5 Deroubaix ([ZX D&, 77 U ADFEFIFIZHBWTIEL, MOX
BREE (36GW A/ t) L0 oT U RE (4 4GW /) DIE O A, EWIREEE 222 F L CE
KL T&7=&Ev 9 (Deroubaix,1999), MOX BAEHIH 1 EBBNEF D Z 2R HBMEN 2 &)
5. 77 AORHIN RIEE ORREEE 2 36GW d/t £ TIZHIRL T2,

7. P TELNDEBERT RNV —RIL, SREEREOIZI N2 2% K&V, =
FUTERORIFIEIC E > TEDLDTRERETHY . 77 AE A (EAF) X, &4
BERED 7 B CIE e < MOX BB 2325 2 & C, MBAHZES LTWLHZ L&
g% (KA TMOX BB Z VT D FEZE N> TETWLOE, ZANEKEE
ZHID), BT —a y/XTiX, BHTHOBHBGIZHIET H7-O%E T X b 2K
SHLMENRDHY , FEFORFITMOX BB ZEANT L L LFIZBNTY, BiE, &

6



PREBEEEIREL A FEF L T 5, 77 ATk EdF 28 10 ZEOEM{LEZ (9 0 0OMW=90
JiFuTy b)) T MOX BREHZEMA LTV A, Areva HEOHYSRIENT bbb b T,
TR ELDN FLBR R A RO CIE R BEE R 2 A L T %, Zius b MOX BREHT S
I STHABIBEAS T a v iV ihnetfimcx Lo, £/ EAF 28 MOX
ERRBES TV DO, FEICIE Areva HANFALEA kG 2 BT & 52 5720 &
faEmt 5% 2700,

8. HWETIX, LD X5 REHNG | [REBUFIZH IR 7 CE%IEAET D Al AR
BHIFLFL L2 &5 £ L2 (DBERR, 2008), fili/A#F S 7- 2008 4EJE D f /)L ¥ —
HE (116 B) 13, RO L D ITHEm@m L T\ 5,

MGEETHEBR SN D20 LR WHTHURIE O 2B O LISV T, ZhETICHS
liim & TOMMAE LV Ea— L, FLEERADPDL LI LILREVR RN ENOHLE LN & &
L. BEEWEEGE & Z DT RIZZACESNTED LN DD L 25, BRI O 200k
AT 5EIL, BUMEDO L ZA, RIAFR TV, 2O X REENIEkRaIns L Lib,
ZORFRIZBNTAY v FEBETLHDOL L, BUFIZTRHIZOWTHT2bD LT 5,

EIABEEE(LIC & BIER Ly b U ~OBE

9. BEOEREEIIEF NI REFEEICL S TAY v FBRRELRDbOD,
FIAGRB D OfA LRy YU NEL 2D, #3757 A~EC5at X oic,
#HH PWR BREH T OB IR I L CTE 2%, 27— 1%, Frd
B HENTHD 12 FE2FRB L7 AA 20 PWR (INEABFEF47) BREHZ DWW T D
McGinnes (2 X 5 HEEE D 517~ (McGinnes,2002) , McGinnes 1%, BOXER €5 /L
(Parotte,1996) # X' ORIGEN-2 =— R (Croff, 1980) # HW\\TEfEA X kY
FEE L, 2D OHEEE A 1572,



[ 3] HFHLY H LERCEIT 5 PWRBREH OBREEERIFEA X b U (Bg/tHM)

48 GWd/ tHM 55GWd/ tHM 65GWd/ tHM 75GWd/ tHM
B Bq/tHM Bq/tHM Bg/tHM Bq/tHM
FUF UL 4.2E+13 4.8E+13 5.6E+13 6.3E+13
(ZHEAKH)
RFE 14 6.4E+10 7.5E+10 9.2E+10 1.0E+11
i3 36 1.1E+09 1.3E+09 1.6E+09 1.7E+09
77K~ 85 4.6 E+14 5.0 E+14 5.6 E+14 6.2 E+14
(fETE fi)
373 129 1.7E+09 1.9E+09 2.3E+09 2.6E+09

ZRHEFT : McGinnes, 2002

10. RAYOMRELZLERFLIEMEE, 7V 7 b 85 129 % McGinnes 7 — %
X5 TEIAZ L TEELE, FOHBIIKRDO LB THDH, McGinnes 1%, o2 &
S>THAERSNDUELTEIRED MRS V7 v 8m (X, £ TZ V7 b 85 THEET S
HLOLLTHELTWS, LLZ U T by 85 ICHAETHDIX 20%721F T, & 139k
HBEMEOLZENE YT ARSI D I EMBEIN TR, ZHUIZ V7 h 8512
WD McGinnes D7 — X X5 5B AKTHAHIZ LB L TS, £33, 4B
77 D TiL, EEEEZHWTNWD,




[2~7 A, B, C. D, E]

H-3 Evolution with Increasing Burnup
" H-3 (TBq per tonne HM) H-3

-
651
601
551
501
451
401
351

301

burnup (GWdayls/tonne HM 2

35 40 45 50 55 60 65 70 75



-

100

90

80

70

60

50

C-14 Evolution with Increasing Fuel Burnup

 C-14 (GBg/tonneHM)

Burnup (GWdays/Itonne HM)k
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CI-36 Evolution with Increasing Fuel Burnup

M CI-36 (GBq per tonne HM)

BurnuP (GWdays/Itonne HM)
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0.65

0.6

0.55

0.5

0.45

Kr-85 Evolution with Increasing Fuel Burnup

M Kr-85 (PBg/tonne HM)

2.2

1.8

1.6

1.2

. . . . . . . BurnuP (GWdays/Itonne HM)
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I-129 Evolution with Increasing Fuel Burnup

b 1-129 (GBq per tonne HM)

BurnuP (GWdays/Itonne HM)
»
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11. 777 A~E 065005 X 912, RGO OIREE L, RABEEE IR
B L TEL 25, 20 OBREITR I OEEEH TldZe <, 2013 E A EDRHLEED
AW AT CTHRESNS2, Lo THAFEAEBREI P OREERE L, 1 2K
IR SN EZ T 5 2 L IEFRETH D,

12. L2 LT HI2HT=-> TE, WL OO 8 EEE LT 5720, Wigner et
al(2006)I1C k% &, FRHLPR TR TR S L2 BURERIL. LV biF, IFO=mICAEA S
N5,

(a) W AR BE D FE |

(b) MBI (T 72 HIRBEE)

(c) FHLERE COMEAMIW (BH T —, HrE)

13. T 5L, (a) IOV TLEATHDIL TV DREIOKN/31T PWR BREHC, &
ARREIEITFR D D5y (BWRBED & PWRIREIORBIZ K & 2@ 0T 7220, )IZHW\T
13797 A~E TEEEINTWA, LER> TEICHOWTRHANDNETH D, HAROFEE
FVIE A3 AR O B &2 6 42025 204E L L TRV . TOMORRELZEE LT
T Ze 720y (BB BIEKT OB OmAHIMIZ6 ~20 EFTHHZ L ZRELTND),
ZZTIGHEBMAE 11FE—2 U 7 85 B 10.74F) & N U F v A (R 12.3 4F)
OB XZ 1 EH—EET D, 1T b EHoTHEORED LR L,
PRI D, RO NNFEEZHNLOIEL, BROFEFENEDL LWVOHMAIBIRIZT 50 E
INTRWEOTEN, BB TIERWIC LT, MAMIENELS 225 i E NS 20, £+
DHWHFECTHDZ LD, BEOBI L~V EHEET DIIEICR D259,

14. McGinnes (2 X D8ABEEE 48GWAd/tHM  (BEIMI 11 ) o7 —%, 77— 7 DI
(LA R, 36 L OUN 7 BT AL B T35 OHEE U & O ik 2 & 4 12T, PABERE 48GWd/t
DT —HF &5 DI, Ny BT TGN % OEE T E#R I 5 & HEE S Dk
WRBEFE IV D ThH D,

2 778 E, IRFFOEFELRFITDE (1%ARH) MEHINDERLINDEN, 22 TlEE
WCHEBEERDIBIEDOAEZ R E L TNDTZOEE LR,

12



[£4])(A) 77— 7 Ol E(1999 4£). (B) McGinnes (2002 4£) 12 X % 48GWd/tHM
(BHEAR 11 4F) oF—% . (C) N7 iR T35 05 FRALER-4 2 B R B O B VeV A% i AR

R (2 X8D) ZHK

AL A) (B) (@),
F7 — A TY; | McGinnes (2 K D BREBEE IS o T PR AL T
JiH 52 (1999 4F) 48GWd/ tHM @ PWR #& HEE S H &
(T AR EWROEFD | BHEGEEER 114 o7 | (TARREEKROEFD
—
KU F L 8.3 TBq/ v ~25 TBq/ k&~ 25 TBq/ k »
PR 14 18 GBq/ ~ >~/ 64 GBq/ k > 65 GBq/ k >
79 k85 190 TBq/ k> ~230 TBq/ b > ({EIEfH) 410 TBq/ b >
3 7% 129 1.2 GBq/ k> 1.7GBq/ F > 0.068GBqg/ I >

15. U F U LLRSE 14 OERRIZIFIIFR L8, 3 UFE 129 12OV TIEREREND
HZEMFAMNDEND, Ny PTEAEE TSNS O3 73 129 OHEE K EIT 25 (F1F L
W/NTod D, ZAUIRy FrEAE TGN, 3 U EMH 2 SRR LEEIC X - TIREL T D
b L, £ TholmbLTh, 25 LK< 2L 0nHDESEVICHE
ZhE T, BB E 57259, HARFRIT RO T 0B EEEORRE | RNyt
BB T OENRE 2T 52 kDb E I,

16. Ny i TN O E 1 B0 07 V7 R 85 OHEEMTEE 410
TBq £ LTWAAICOWTHIMHANRMETH S, £ T, 2 I TIHU FOREZELZ KRG
L7ce RAY DO —N A —Z TR TG, 1985 46 1988 4FE 2T Tt L7z 7
U7~ 851ZB7 % Kalinowski b O#tEE (2004 4) [ZXDE, vad—F, Xvh
— T A MNALL BEOAT Y v boAg DOKFROMER KA PWRBREOFFALELIZ
1 F47=0%260~330 TBq TH D, Zhb
IZELEER VR BERE . 37725 30GWd/t LL N OB T, mAIIRIZIA < &b 6 L5
ZHHD, N PTEALEE TG0 9 BREHZ, 1980 4RI R4 Y OJRFFCHEA S LT
EHLbDOXVBRBEENT s mWnZ &b, Lo THARFBRIC X 2HEEKREE (410

Ly o 7 ) 85 ORI,

TBq) FBZHLIIELWTHA D,

BAHEIC L AEMKGE

17. BINZBESIE, NIVF UL RFE 14, G UFE 1291285, AF VA, BKKIN, 2L T
RN BSR4 2 E MR EOFE T T /L2 BA% L 7-(Simmonds et.al, 1996), 7 U 7 k-
85 IOV T HEMMLET VIEH LN, TOETILVTIEIZ VT R 8 ITTADE FRA
FIZEE D, EPEAAE, KEBEIZIERYAENZ2N D EBELTWD, HHFE 36 &
T RT TN 9 IZONTIE, &N OHERSROBATICET 2T VITE LRI I
TW e, M3 36 13RS 30 AL R, FNICE2ERBEITIRES DT &N

13




RIAENDZ 0D, SBOMERETH D, 72732 F U L5 99 (ZOEHIL21 71 F
B LEFM) ICETA2HEREERDFRET L B I TWARV, Fairlie & Sumner
12 L B YUER /R HEE (2001 4F) Cl. BERETE 29 0 556D 72O HEER 2R O S B 0

TBq ¥7-0BLZE 10 A+ Sv THD, 77 3xF 7 2L9 9L, BAKFREHI~T /) v 7 A
BRENE ET 7 32T 0 5 99 ZAERR L2 D T, Ny FTEE T 5 O R A =T HEE S
TN 0D, BE L HEBIHIKNTHA I,

18. AL 60 AKX 2. WEHHEPH TH) 0 b R WERI S A gl D€ 7 L &8
STHE LR EZ Z IR S, 2B, ZHICOWTIELL TOAZEH L TH < LER
D,

o ERHUROMETTNIZ., FNALOHBICEESINT-LOTHY . —F., HERSED
PREET WL T X COHBICEH S D, TROLHMEIENE ZI2h D ITKF LR
A

o MFMIIPHZ 500 47 ﬂ@mméﬁ FHWDHN, RFE 14 CEEI 5730 ) 3 U HK
129 ([7] 1600 J4E) @ X 512, A 500 4E L D HIXD MR WEMENH 5720
ZAVTEB TN E %Z 5% (Fairlie and Sumner, 2001), & Z TA#EET
I, WREELPH A B0 gD TuhZeuy,

e 7 U R85 CEEM 10.74) MY F UL (JFA12.34) O L HIiz, B 500
FELVEWEROLE., 612 LD EkE ¢®%Iﬁ$®95m~t/%ui
W% o 50 M., 2 <ITHEAIO 10 F/ICH 726 S b,

19. RF 14, 3 UK 129, 7 U Fh 85, ZLTCHRIFULIZONTE, EE-ET7
1=V R TN - T 7 — 7 BB T2 X 5 2006 ORIc W TR B CRERR
T2,

20. 7 7 40— )V BTG L 77 — FFAEE T L D 5E6E (IREF % 1999 4

LT 5) . NyrTEOE T OREFEM M EIC X AEMBE (AR [FHELEHT
RiEE]. 2001 4F) toktigsa, £5, 6, 7177,

14



[£5] 77 ¢ —/v FEWLE T 0O BEEE(1999 )12 K 5 MER R DL MR &

i HIERBIROMELRE™ | £ T 74—V R | HIERSIKOERHHRE
(N * Sv/TBq) FRALER T3 Dk (N - Sv)
Hi& (TBq)
R 14 ESRLN 115 2.9 330
HRAK 115 5.8 670
av#£129 | KR 9454 0.0025 24
HRAK 690 0.48 330
707 k85 | RIE 0.004 100,000 400
MU F U IR 0.002 622 1.2
2 HRAK 0.00004 1,800 0.07
& 1,800

ZEHEFAT : Schneider, Fairlie et al (2001)

(6] 77— 70T O HETEE(1999 )i & 2 HER IR DL MR &

KR HER SR OMERE T | 57— /AR | HERA kO R
(A + SV/ITBq) TR & (N« Sv)
(TBq)
R 14 KUK 115 19 2180
HRAK 115 10 1150
I UFE129 | KK 9454 0.0074 70
HRAK 690 1.83 1260
sV 7 R8s | AR 0.004 300000 1200
MU F UK 0.002 80 0.16
A AR 0.00004 12,900 0.52
BE 5,900

& RHEFT : Schneider, Fairlie et al (2001)

[3£ 7] N pripA P T35 O HEE AR TR RIS - 2 HHER A (R oD HE e AR FH M B

A HIER IR DM EARE™ | Ay FTEQBE T | HERAIROE R R
(A -+ Sv/TBq) e E g 2 (A Sv)
(TBq)

R 14 KUK 115 52 5,980
AR 115 - 0

I U# 129 | K/AE 9454 0.011 104
KEES 690 0.043 30

7V R8s | &R 0.004 330,000 1,320

U F T AR 0.002 1,900 3.8

I AR 0.00004 18,000 0.72

Xl 7,400

15




AT - AR T ERF T RS E D 2001 4
* HIER R DM EARENT, DL TIC X 5,
Simmonds et al (1996) and Mayall et al (1993)

21. TRHDOEMNS, ANy rEAE TIEN S OHEE R D RiA £ 5 EE MR EIL,
I 74—V RRBAETHEOBIZE 4%, 77— 7B THEOB L Z 1.3 REVW &
DD, —THHIZKDBRE L F M7= 0 OBEMREO 23K 8 1Z/RT, /N AT ALEE
THOREEKHE (HEEBEE, 2001 4F) (2S5 &, AHE R Y720 LR
B, 87 74—V NEOUETY; (1999 5 L2208 LE7HE,. 77— F
BT ([F) 12X 220K 2.5 fEREW,

22. N A T O O HEREEN K Z VO, 1999 FIoho — TN FHAAR L
T L0 BB OB LT 5 Z LI 570 ThD, BT 7 4 —/L RFAL
BTN FHART 500, FICEED (w77 v 7 AL AGR) BREFT, BREEE MR (£
NENRK6GWA/ b LR 20GWA/ FoTH D), 77 ATiE, FEEL 0 HXn v
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Appendix A
Carbon-14

1.Carbon-14 is a radioactive isotope of carbon with a half-life of 5,730 years: it emits

beta particles of maximum energy 156 keV. Carbon-14 arises in irradiated nuclear
fuel from neutron activation of nitrogen (as impurity or additive) and oxygen (as
UO,). Carbon-14 is retained in spent fuel until reprocessing when it is released in
gaseous and liquid discharges. Carbon-14 is produced naturally in the upper
atmosphere as a result of the capture of cosmic ray neutrons by nitrogen-14.
Because carbon-14 behaves in the same way as stable carbon, it is rapidly
distributed among environmental compartments — stratosphere, troposphere,
biosphere and surface ocean waters. Transfers between atmosphere, biosphere and
surface ocean waters take place within a few years; transfer to deep ocean proceeds
more slowly.

Carbon is a major constituent of all life forms. All carbon-14, whether
anthropogenic or naturally-occurring enters the carbon pool in biota. Because the
half-life of carbon-14 is long, doses from carbon-14 introduced into the environment
will be delivered to local, regional and global populations for thousands of
generations. C-14 is the main contributor to collective doses from reprocessing
discharges. C-14 collective doses are similar whether the C-14 is released to
atmosphere or sea.

Although carbon-14 discharged from reprocessing is distributed globally, there are
significant local increases in concentration. For example, Begg et al (1991) have
reported that carbon-14 discharged from Sellafield has resulted in an approximate
doubling of current ambient concentrations in the Irish Sea. In 1998 and 1999,
C-14 levels in botanic plants near La Hague as measured by OPRI and Cogema
were 500 to 2,000 Bg/kg (cf natural background levels of 260 Bq/kg) Guillemette
(2000) states that a level of 2000 Bg/kg in humans near La Hague corresponds to
an annual dose of about 130 uSv, of which 115 uSv (90%) would be due to La Hague
C-14 discharges. This is an appreciable fraction of the 0.3 mSv per year dose

constraint usually applied to critical group doses.

Reprocessing plants have different approaches to carbon-14 management. For
example, the Rokkasho plant is designed to remove most carbon-14 to sea.
However no details are available of how the Rokkasho operators intend to achieve
this aim. This is an important matter, because C-14 is a potent contributor to
collective dose. At Sellafield, about 27% of sea discharges of carbon-14 is removed
in a caustic soda washing column and then precipitated as a solid (barium

carbonate) which is then encapsulated in cement and stored in drums
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(BNFL,1993). Cogema currently releases all C-14 arisings from reprocessing. It
has stated that C-14 abatement was not cost effective in their view (Cogema,
1999).

Krypton-85

Kr-85 is a fission product retained in reactor fuel until released during
reprocessing. Kr-85 is a strong beta-gamma emitter with a half-life of 10.7 years.
The mean energy of the beta particle is 251 keV and that of the less frequent
gamma ray is 514 keV. Krypton-85 exposes people to external beta irradiation of
the skin, and to uniform whole body gamma irradiation. Although the dose from a
single decay of Kr-85 is small, the amounts of Kr-85 discharged are very large —
indeed, the largest of the various nuclides emitted from reprocessing. Accordingly,
doses from Kr-85 are appreciable. Krypton-85 distributes uniformly throughout
the earth’s atmosphere within a few years after release, therefore its collective

doses are important.

Being immersed in a radioactive gas inevitably results in radiation doses. Most of
the dose from krypton comes from external exposures to its beta and gamma
radiation. The dose from beta particles is a skin dose, and the gamma dose is to the
whole body. In equivalent dose terms, the beta and gamma doses are about the

same.

As for internal doses, Krypton is an inert gas and is currently not thought to enter
life processes nor be incorporated in biota, unlike 1-129, C-14 and H-3. Although it
1s breathed in, it is presumed to be breathed out relatively quickly with a half time
of about 30 seconds (Diethorn and Stockho, 1972). However it should be borne in
mind that this model for krypton-85 uptake is based on intuition rather than
experimental data. Some people could raise the example of radon-222 which is also
an inert radioactive gas but which does result in substantial internal doses. The
reason for these high doses is the extremely radioactive daughters of radon-222
which result from its decay inside the lung. On the other hand, Kr-85 decay results
instead in stable rubidium. (Rubidium is an element in the alkali metals group of

the periodic table, similar to potassium and caesium.)

In 1989, the global inventory of krypton-85 was estimated to be about 3,300 PBq (1
PBq = 1015 Bq) nearly all of which was from reprocessing plants (Kollert and
Butzin, 1989). Since 1989, this will have decayed to about a quarter of this figure,
but a further 2,000 PBq was discharged from La Hague and 1,000 PBq from
Sellafield between 1980 and 2001. Kr-85 is a significant contributor to collective
dose. For example, for Sellafield’s Kr-85 releases, Jackson et al (1998) have
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calculated that the (500 yr truncated) global collective dose from the annual doses

of 0.1 to 4 person Sv over the past approx 50 years was 594 person Sv.

Separation and Storage of Kr-85

Since the 1970s, many observers have expressed clear views on the need for the
separation and storage of Kr-85 from reprocessing plants. For example, in 1972,
Diethorn and Stockho (1972) from the US Nuclear Engineering Department of

Pennsylvania State University concluded that

“...although the dose from krypton-85 is small, ...there seems to be little
justification for continuing the present world-wide practice of dumping it
into the atmosphere......the only solution for krypton-85 is permanent

storage.”
In 1975, the US NCRP (1975) concluded

“...prudence would seem to dictate that fuel reprocessing plants be
equipped with krypton-85 removal systems as soon as the technology is

practicable”

At an TAEA Conference in 1977, J Couture (1977) then director of COGEMA stated as
regards the then proposed UP3 reprocessing plant at La Hague in France

“The UP3 plant will be accompanied by new equipment for the solidification and vitrification
of all the liquid effluent. Moreover, studies will continue within the French Commissariat a 'Energie
Atomique on the trapping of gases and, if necessary, krypton trapping units can be installed in 1985.
Studies on the trapping of tritium are making good progress and studies on carbon-14 form part of the

programme.”

During the 1977 Windscale Inquiry on the proposed Thermal Oxide Reprocessing
Plant (THORP) at Sellafield, UK, Mr Justice Parker (1978) in recommendation 3
required that

“BNFL should devote efforts to the development of plant for the safe removal and retention of

krypton 85 and, if development proves successful, should incorporate it in the proposed plant.”

In 1983, US regulations limited krypton-85 releases to a maximum of 1.85 PBq per
1000 MW electricity produced, a ten-fold reduction from previous practice (NCRP,
1980).
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x. However by the end of the 1990s, no such technologies had been implemented at
any reprocessing facility in the world. Speaking on the experience at BNFL, Roger
Coates — a BNFL director stated in 1999 (CEPN, 2000)

“Krypton was rather different. You can do the cost-benefit analysis, dispersion modeling, and
for the lifetime of Thorp, you can come up with detriment valuations of a few tens of millions of
pounds. If we could have got viable Krypton removal and storage technology, then on the information
that was available, it was clearly going to cost a few hundreds of millions of pounds. That makes it not
viable, economically. The critical group doses were about 2 or 3 uSv, so on that basis, it was easy to
make the decision, but it was even easier to make the decision, because there’s no viable technology.
People have operated troublesome pilot plants on small scales, on an intermittent basis, some using
CFCs. If we had have installed that, the most promising technology, there would have been major
discharge of CFC greenhouse gases. So it was a reasonably simple decision to make no Krypton

removal.”

xi.  However in 2002 Dr Coates’ comments were contradicted by a comprehensive
analysis of noble gas removal and storage carried out for the UK Environment
Agency (2002). This study investigated the feasibility of re-routing reprocessing
off-gases to a cryogenic plant in order to separate and recover xenon (a stable inert
gas also released during reprocessing) as a by-product, in parallel with krypton-85
abatement. The study reviewed UK and international developments in cryogenic
and gas separation technology, and carried out a literature review of the industrial
applications for xenon and the extent of commercial markets available worldwide.
The study showed that the quantity of xenon recoverable from THORP off-gas was
a significant proportion (15%) of current world production. The report concluded
that cryogenic separation of xenon from reprocessing plant off-gas was technically
possible as part of a Kr-85 abatement process, and appeared to be commercially
feasible. Its market survey indicated an expanding market for xenon, with growth
driven by research in high technology industries.

xili.  To date, neither BNFL nor La Hague has indicated any intention to retrofit
krypton removal and storage. It is not proposed to construct krypton removal and
storage at Rokkasho.

lodine-129

xiii.  Jodine-129 is a medium energy beta emitter (maximum energy 193 keV) with a
very long half-life of 16 million years. It is produced in the fission of uranium with
a yield of 1% and is released during reprocessing in relatively large quantities. Its
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long half-life means it will accumulate in the environment, become part of the
1odine pool, and deliver a thyroid dose to the general population. Iodine is mobile in
the environment, and rapidly incorporated in foodstuffs ingested by individuals.
The highest environmental concentrations of iodine occur in seawater.
Considerable uncertainty surrounds the transfer of iodine-129 to deep oceans and
the sedimentation processes that may remove activity from biological chains
(UNSCEAR, 1988). The estimated residence of iodine in the ocean is ~ 100,000
years (Raisbeck, 1995).

Todine-129 discharges from La Hague between 1975-1992 are estimated to be
about 632 kg, and from Sellafield between 1967-1992 about 608 kg. The total from
the two plants up to 1992 is therefore about 1.2 tonnes. This is 10 times larger
than the total iodine-129 present in the oceans before the nuclear era,
approximately 25 times the input from nuclear weapons testing, and several
hundred times greater that released by Chernobyl. In the period from 1993-1998, a
further 1.4 tonnes of iodine-129 were discharged from La Hague and 0.36 tonnes
from Sellafield, i.e. discharges in the 6 years after 1992 were more than in the
previous 25 years. Annual I-129 discharges from the two sites have been steadily

increasing, and have risen 10 fold in the past decade.

The amount of iodine-129 discharged from La Hague and Sellafield in 1999 was
eight times the total iodine-129 from all weapons test fallout. Iodine-129 from
reprocessing therefore dominates all other iodine-129 sources in the world’s oceans.
In comparison, annual reprocessing emissions of caesium-137 and strontium-90
were never larger than 1% of cumulative nuclear weapons fallout (Raisbeck et al,
1995).

Tritium

Tritium (3H) is the radioactive isotope of hydrogen. It is a low-range beta-emitter
with a maximum decay energy of 18 MeV, and a half-life of 12.3 years. Tritium is
formed naturally through cosmic ray interaction with H in the upper atmosphere.
However anthropogenic tritium emissions considerably exceed natural production.
Tritium commonly occurs as tritiated water, 1.e. 3SHOH, and as elemental tritium
gas, SHH. Tritium is created in nuclear fuel by activation of 'H and 2H, and as a
tertiary fission product. Some tritium is released at reactors but the majority is

released from reprocessing plants at the fuel dissolution stage.

24



XVil.

In many respects, tritium is an unusual radionuclide. Tritium’s high mobility and
cycling in the biosphere, its multiple pathways to man, its relatively high RBE5
value, its ability to bind with cell constituents to form organically-bound tritium
(OBT), and the heterogeneous distribution of bound tritium in humans mark it out
as a hazardous radionuclide (Fairlie, 1992). Unfortunately, these characteristics
are not recognised in tritium’s exposure limits: these are based solely on its
extremely low dose per unit intake®. Ingested tritiated water has a biological
half-life of 10 days, but ingested tritiated foodstuffs (ie OBT) have much longer
half-lives which are poorly defined and may extend to many years in low turnover
tissues. In sum, tritium is a very efficient distributor of radioactivity in the
environment, including humans: its dose coefficient may be considerably greater
than the current low value. The UK Government’s CERRIE Report (2004) put
forward a number of scientific arguments for increasing tritium’s dose coefficient
by a factor of ten or more. In 2006, the US EPA (2006) recommended that tritium’s
radiation weighting factor and therefore its dose coefficient) should be increased by
a factor of 2.5 The following year, the UK Government’s AGIR Committee (2007)
recommended that tritium’s radiation weighting factor (and dose coefficient)
should be doubled.

5 RBE — the relative biological effectiveness of tritium’s beta particle compared with gamma rays
6 tritium’s dose coefficient is by far the lowest of all common radionuclides, and this is a cause for
serious concern
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Appendix B
Approximate age of fuels to be used during commissioning at Rokkasho reprocessing

plant.
Fuel Type and Quantity Burnup Years of cooling
Configuration (tonnes U) (MWd/ tU)
PWR 17x17 90 12000-47000 8 to 20 years
PWR 15x15 110 34000-47000 6 to 15 years
PWR 14x14 10 32000-36000 9 to 17 years
BWR 8x8 220 18000-40000 8 to 20 years
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