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Spent Fuel Functions

Confinement/Containment
Criticality Control

Retrievability to facilitate safe retrieval of the
fuel

Maintain radiological dose within the
prescribed safety envelope

Decay heat removal
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Reaction in standard UQ, fuel

Waste 65% fissile Pu to MOX

Basis: 45 000 MWd2 burn-up, ignoras minor achinides

Reprocessed L for racycle
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Reactor Irradiation

(Example)
Before After Difference

U-235 33 7.9 -25.1
U-236 0 4 +4

U-238 967 942.9 -24.1
Np-237 0 0.75 +0.75
Am+Cm 0 0.2 +0.2

Pu 0 9.05 +9.05

F.P. 0 35.1 +35.1
Total 1000 999.1 0.1
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The radionuclides contained in spent fuel

e Fission products:
_ 9OSr 137CS 3H 129| 99TC 95Nb 133Xe 144Ce 135CS etc.
* Actinides:

_ 237Np, 239PU, 24OPU, 241PU, 242PU, 241Am, 243Am, 242Cm’ 244Cm’
etc.

(most of these are also activation products)

e Activation products:

— 14N(n,p)**C, 70O(n,a)**C, >°Co(n,y)®°Co, 52Ni(n,y)®Ni,
>4Fe(n,y)>°Fe, etc.



The material balance

N,
?*"’ Sl X +T > frosXi |0 (EV(EVE - 4,X; - X, [ 0,(E)g,(E)dE
k=l i.' 1

where Xj= atom number density of nuclide j in cell 7.

N; = number of nuclides in cell 7.

lx— = fraction of radioactive disintegrations by k that lead to formation of j.
A = radioactive decay constant of nuclide k.

fi—j = fraction of neutron absorptions by k that lead to formation of nuclide j.
@(E) = spatial-average neutron energy spectrum in cell 7,

O E) = neutron absorption cross section of nuclide k.

A. G. Croff, “ORIGEN2: A Versatile Computer Code for Calculating the Nuclide
Compositions and Characteristics of Nuclear Materials,” Nuclear Technology, 62, 335-

352, September 1983.
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Key Radionuclides

Decay Heat: Cs-137, Sr-90, Am-241, Cm-244, Pu-
238
Radiation Dose:

— Gamma dose: Co-60, Cs-134,Cs-137/Ba-137m, Sr-
90/Y-90, Eu-154, Ce-144/Pr-144,Rh-106

— Neutron dose: Cm-244,Cm-246, Pu-238, Pu-240, Pu-
242, Cm-245, Am-241

Criticality: U, Pu, Am, Np

Repository Dose: 1-129, Tc-99, Np-237, Cs-135,
Sn-126, Pu-239, Nb-94
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Changes in Decay Heat in LWR Spent Fuel

(Burnup @44 GWD/MTU)
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Nuclear Properties of Fissile and Fertile Materials

Isotope Half-life (y) Neutrons/sec-kg Watts/kg Critical mass (kg) Comment
(bare sphere)
Nil 1.3 162

14.1x10° Nil Nil Infinite _
159x103 1.23 0.281 16.4
700x10° 0.364 6x10° 47.9
m 4.5x10° 0.11 8x10® Infinite _
2.1x108 0.139 0.021 59 _
m 88 2.67x106 560 10 m
24x103 21.8 2.0 10.2
m 6.54x103 1.03x10° 7.0 36.8 m
m 14.7 49.3 6.4 12.9 _
m 376x103 1.73x10° 0.12 89 m
433 1540 115 57 m
m 7.38x103 900 6.4 155 _
18.1 11x10° 2.8x103 28
8.5x10 147x10° 5.7 13 _
4.7x103 9x10° 10 84 _
1.4x103 Nil 36 10 _
KAIS
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Major Factors Affecting Nuclide Inventory

Neutronspectrum
— Fuel temperature
— Moderator temperature

— Moderator density

* Hydrogen-to-heavy metal ratio
* Lattice geometry

— Soluble boron
— Burnable poisons
Operating history
— Specific power
* Power level variations

* Load-following
* Power uprating

— Cycle length

* Burnup
— Recycling (Fuel cycle options)
Cooling
— Decay of fission products

— Buildup of actinides MIST



Neutron Spectrum Effects

Fuel temperature

— At higher fuel temperature, resonance absorption in 238U is increased
due to Doppler broadening.

— This results in spectral hardening and increased plutonium (e.g., Pu-
239, Pu-241) production.

Moderator temperature

— As the moderator temperature increases, the moderator density
decreases.

— This leads into spectral hardening and increased plutonium production.
Moderator density

— Hydrogen-to-heavy metal ratio

— Lattice geometry
Soluble boron

— Spectral hardening results from the absorption of thermal neutrons in
the moderator by the soluble poison.

Burnable poisons

— Localized spectral hardening MIST



Trends in k., with varying fuel temperature

during depletion

Infinite lattice neutron multiphication tactor, k.

Ave. fuel
temperature 3.0 wt % 3.0 wt % 3.0 wt % 4.5 wt% 4.5 wt% 4.5 wt %
(K) 10 GWdA/MTL 30 GWIMTU - 50 GWAMTU 10 GWd/MTU 30 GWJAd/MTU 50
GWd/MTU
700 0.86070 0.72494 0.63645 1.00368 0.86387 0.74521
800 0.86179 0.72848 0.64139 1.00421 0.86610 0.74940
900 0.86282 0.73184 0.64626 1.00476 0.86832 0.75336
1000 0.86383 0.73499 0.65094 1.00534 0.87034 0.75719
1100 0.86471 0.73781 0.65515 1.00580 0.87224 0.76077

M. D. DeHart, “Sensitivity and Parametric Evaluations of
Significant Aspects of Burnup Credit for PWR Spent Fuel 1.000 s
Packages,” ORNL/TM-12973, 1996.

Trends in k.. with varying fuel temperature during

depletion (4.5 wt % fuel)
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Trends in k.., with varying moderator
temperature during depletion

Infinite lattice neutron multiplication factor, k.

Ave.
moderator
lemperature 3.0 wt % 3.0 wt %o 30wt % 4.5 wt %o 45 wt% 4.5 wt %
(k) 10 GWdAd/MTL 30 GWIAIMTL 50 GWdAdIMTU 10 GWd/MTLU 30 GWAIMTL 50 GWd/MTLU
500 0.84784 0.67865 0.56747 0.99761 0.83523 0.68731
520 0.84977 0.68588 0.57757 (.99852 0.83964 0.69622
340 0.85212 0.69457 0.59033 (0.99067 0.845035 0.70729
360 0.83506 0. 70484 0.60561] 1.00109 0.85155 0.72031
580 0.85867 0.71706 0.62403 1.00276 0.85912 0.73539
GO0 0.86282 0.73184 0.64626 1.00476 0.86832 0.75336

e ——————————————

—e— 10 GWd/MTU

M. D. DeHart, “Sensitivity and Parametric Evaluations of L0 | e— s0awamMTU
Significant Aspects of Burnup Credit for PWR Spent Fuel o SoGwaMTu
Packages,” ORNL/TM-12973,1996.

-
=
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Designer PitchP RodDia. PelletDia. Pellet Den. /' Veng Ve H/HEMT
() D (cm) d (cm) 2 (g.-"rcms)
ABB Atom
1616 1.435 1.075 0911 10.50 1.27 1.77 3.56
1717 1.26 0.95 0.819 10.50 1.24 1.67 3.36
18x18 1.275 095 0.805 10.50 1.29 1.80 363
ABB CENP
14x14 147 1.118 0.968 10.5 1.20 1.60 323
1616 1.29 0.970 0.826 10.5 1.25 1.73 348
BNFL/Westinghouse
17x17 1.26 0914 0.784 10.5 142 1.93 3.89
European Fuel Group (EFG)
14x14 1.407 1.072 0929 10.47 1.19 1.59 321
15%15 143 1.072 0929 10.5 1.27 1.69 339
1717 1.26 0.95 0.819 10.47 1.24 1.67 3.37
Framatome Cogema Fuels (FCF)
1515 1.434 1.06 0918 10.52 1.33 1.77 357
17x17 1.26 0.95 0.819 10.52 1.24 1.67 3.35 1
Fragema _
1414 1.408 1.072 0929 105 1.20 1.59 in jg
1515 1.43 1.072 0929 105 1.27 1.69 339 =
1616 1.434 1.075 0912 10.5 1.27 1.76 3.54
17=17 1.26 0.95 0.819 10.5 1.24 1.67 336
18x18 1.275 095 0.806 105 1.29 1.80 362
Korea Nuclear Fuels
14x14 1.407 1.016 0.8748 10.43 1.44 1.94 394
1616 1.29 0.97 0.826 10.46 1.25 1.73 349
1717 126 095 0.8192 10.43 1.24 1.67 338
Mitsubishi
1414 1.407 1.072 0.929 1041 1.19 1.59 3.23
15x15 1.43 1.072 0929 1041 1.27 1.69 342
1717 1.26 0.95 0.819 1041 1.24 1.67 3.39
VVER-1000
Hex 1.275 091 0.755" 105 1.16 1.89 3.80

T H/HM uses the estimated value of the H atom concentration at 300°C for a water density of 0.705
g-"'-:'ms_
# annular pellet, 0.24 cm diameter central hole.

= All dimensions are cold (room temperature): pitch increases by ~ 0.2% when hot.

#x% After considering the presence of water-filled gmide tubes and the gap between assemblies, the

whole core H/HM value can be obtained through multiplying unit cell H/HM by ~ 1.16.

Hydrogen-Heavy Metal Ratio
(H/HM) Variations
in Different Fuel Designs

= o R - - T T ) |

H/HM (atom number ratio)

Initial ke= as a function of
H/HM ratio, 4.5% U-235
enrichment

Xu, Zhiwen,“Design Strategies for Optimizing
High Burnup Fuelin Pressurized Water
Reactors”, MIT doctoral thesis, January 2003.
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Effect of moderator boron concentrations on k__

Boron
concentration

{ppm)

Infinite lattice neutron multipheation factor, k.

30wt %

30wt %
10 GWAMTU 30 GWdA/MTU

30wt %

4.5 wt %

45 wt% 45wt %
S50 GW4AMTU 10 GWAMTU 30 GWAMTU 50 GWJMTU

0 0.85904 0.71966 0.62853 1.00340 0.86233 0.74181
100 0.85981 0.72215 0.63221 1.00367 0.86353 0.74424
200 0.86055 0.72464 0.63583 1.00395 0.86475 0.74651
300 0.86132 0.72696 0.63943 1.00421 0.86593 0.74894
400 0.86212 0.72943 0.64295 1.00449 0.86705 0.75117
500 0.86282 0.73184 0.64626 1.00476 0.86832 0.75336
600 0.86359 0.73403 0.64971 1.00509 0.86941 0.75557
700 0.86428 0.73622 0.65292 1.00536 0.87053 0.75773
800 0.86503 0.73855 0.65608 1.00562 0.87163 0.75983
900 0.86575 0.74069 0.65924 1.00588 0.87281 0.76235
1000 0.86644 0.74282 0.66231 1.00615 0.87391 0.76446

1.035 _— —— —— .

M. D. DeHart, “Sensitivity and Parametric Evaluations of  1.030 | | —— 10GwamtU

. ere . —e— 30 GWd/MTU
Significant Aspects of Burnup Credit for PWR Spent Fuel . 1025 <0 GWAMTU
Packages,” ORNL/TM-12973, 1996. ig 1.020
2 1015
g
E  1.010
Z
1.005
. . . . 1.000 g=
Trends in k., with varyingboron concentration 0,005 . . L .

duringdepletion (4.5wt % fuel).

Boron Concentration (ppm)



Decay heat(W/MTU, 50 yr cooled)

Comparison of PWR, VVER, and CANDU
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Operating History Effects

e Specific power
— Power level

* Changesin power level directly affect nuclideinventory.

* Durationof down time between cycles or during the cycle hasan
impact.

— Power uprating
* Power upratingincrease in depletion and radioactivity buildup.

— Axial variationsin flux

e Axial variationsin flux resultin a non-uniformburnup distribution
alongthe axial length of SNF.

— Load-following
* Axial burnup profile variations

* Cycle length
— Burnup

* Reycling

KAIST



Effect of Operating History on k_,
(Nuclide Inventory)
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M. D. DeHart, “Sensitivity and Parametric Evaluations of
Significant Aspects of Burnup Credit for PWR Spent Fuel

Packace<” ORNI /TM-12972 190/

k (MNormalized)

1.004

1002 |

1.000

0.998

0.996

0994

T

‘hll. ..J'rI
A
\I\l\ !
Wy
AW/
—e— 3.0 wt %, 10 GWd/MTU \ !
— & -3.0 wt %, 30 GWdMTU 1\5”
—e -3.0wt%, 50 GWAMTU N
— @ --4.5 Wl %, 10 GWIMTU \JI
—m--- 4.5 wt %, 30 GWd/MTU |
—- - 4.5 wt %, 50 GWd/MTU

2 k] 4 5 6 7 8

Operating History Case No,

KAIST



Effect of power uprating on
radioactivity of spent fuel
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Axial variations in neutron flux

The end effect
The erroneous prediction of the multiplication factor when assuming a

uniform-burnup distribution
* The top of spent fuel is less burned.

e 5=y cooling; actinides & fission products
— —#— — By cooling; actinides-only
T 20-y cooling; actinide & fission products

— =% — 20-y cooling; actinides-only

0.10

0.08
End effect in GBC-32 cask.

End Effect (Ak)

-0.02 r - . -
0 10 20 30 40 50

Burnup (GWd/MTL)

J. C. WAGNER, Computational Benchmark for Estimation of Reactivity Margin from
Fission Products and Minor Actinides in PWR Burnup Credit, ORNL/TM-2000/306



Actinide compositions (Wt%) in high-
burnup spent fuels

By IIMWdkg SOMWdkg  100MWdkg 150 MWdkg By IMWdkg  SOMWdke  100MWdkg 150 MWdke
10 vears after discharge 1000 vears after discharge
U-234 0.02 0.02 0.04 0.06 U-234 0.03 0.06 0.17 0.35
U-235 0.90 1.07 1.62 221 U-235 1.06 1.10 1.65 225
U-236 038 0.61 147 260 U-236 054 0.64 152 266
U-238 97.54 96.77 0433 01.66 U-238 0754 96.76 04 36 01.66
Np-237 0.04 0.08 0.20 0.34 Np-237 020 0.25 040 0.74
Py-238 0.01 0.03 014 0.29 Pu-238 — — — _
Pu-239 0.65 0.78 112 142 Pu-230 049 0.76 1.09 139
Pu-240 0.24 031 0.46 0.8 Pu-240 0.00 078 0.44 057
Pu-241 0.10 013 022 0.29 Pu-241 _ _ _ _
Pu-24 0.05 008 0.15 0.19 Pu-242 0.0 008 0.15 0.10
Am-241 0.06 0.09 016 021 Am-241 — 005 0.08 0.11
Am-242m — — — 0.01 Am-242m _ — — —
Am-243 0.01 0.02 0.05 0.08 Am43 _ 0.02 0.05 0.07
Cm-244 - 0.01 003 0.05 Cm-244 _ _ _ _
Pu-230/(Puyggy) 62% 57% 54% 51%
Pu-239/Putotal  78% 68% 65% 65%

M. D. DeHart, “Sensitivity and Parametric Evaluations of
Significant Aspects of Burnup Credit for PWR Spent Fuel
Packages,” ORNL/TM-12973, 1996.
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Changes in activity and heat load of different

spent fuel as a function of cooling time

Standard Burnup UO2 fuel Extended burnup UO2 fuel MOX fuel
(60 GWD/THM) (50 GWD/THM)

Cooling Actinides Total Actinides Total Actinides Total
periods-yr

Activity (Ci)
1 5.75E+05 | 8.72E+06 | 8.06E+05 | 9.73E+06 | 4.11E+06 1.24E+07
3 4.85E+05 | 3.35E+06 | 6.66E+05 | 4.42E+06 | 3.47E+06 | 6.52E+06
5 4.42E+05 | 2.13E+06 | 6.07E+05 | 3.10E+06 | 3.18E+06 | 4.96E+06
7 4.04E+05 1.73E+06 | 5.56E+05 | 2.61E+06 | 2.91E+06 | 4.30E+06
10 3.54E+05 1.46E+06 | 4.89E+05 | 2.24E+06 1.92E+06 | 2.83E+06

Heat load (W)
1 2.84E+03 | 3.75E+04 | 6.04E+03 | 451E+04 | 2.92E+04 | 6.48E+04
3 1.20E+03 1.24E+04 | 3.01E+03 1.80E+04 1.66E+04 | 2.86E+04
5 1.13E+03 | 6.92E+03 | 2.80E+03 1.16E+04 1.56E+04 | 2.18E+04
7 1.12E+03 | 5.25E+03 | 2.71E+03 | 9.28E+03 1.51E+04 1.94E+04
10 1.11E+03 | 4.36E+03 | 2.60E+03 | 7.84E+03 1.32E+04 1.57E+04




Cooling Effects

Radioactivity per MTIHM after discharge Radioactivity per GW-yr(e) after discharge
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Fraction of total decay heat

Fraction of decay-heat generation for
5-wt % 235U PWR fuel
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I. C. Gauld and J. C. Ryman, “Nuclide Importance to Criticality Safety, Decay Heating, and Source Terms
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Burmup / ennchment

20 GWdi 50 GWdit 30 GWdit 60 GWdit 40 GWd't 70 GWdit
Iwt% Iwt % 4wt % 4wt % Iwt Jwt %%

Muclide® Percent FRank Percent PRank Percent Rank Percent Fank Percent Rank Percent Fank
5-Year cooling
Am-241 196 10 154 12 196 10 144 12 190 12 136 12
Ba-137m 20.10 2 16.81 2 00 2 1668 2 1975 12 1631 2
Ce-144 075 13 029 1B 058 17 025 18 046 17 021 18
Cm-244 0sa 18 13.25 4 166 12 1410 4 284 10 1491 4
Co-60 468 2 380 g 3Bl 8 ilg 9 323 9 274 8
Cs-134 10.88 3 1743 1 1343 3 17.7 1 1501 3 17.7 1
Cs-137 6.02 6 5.03 7 309 ¢ 499 7 592 5 485 7
Eu-134 141 11 226 11 184 11 231 11 215 11 238 11
Er-83 060 17 038 13 059 16 040 15 037 15 040 15
Pm-147 13 12 0353 14 1.11 13 047 14 093 13 043 14
Pr-144 842 5 324 g 648 5 277 10 515 9 240 10
Pu-238 238 9 6.43 6 383 B 739 3 324 6 BG83
Pu-239 087 14 034 16 068 13 031 16 0.37 16 028 16
Pu-240 084 13 068 13 082 14 060 13 0.72 14 034 13
Pu-241 019 19 014 19 0.18 19 013 19 017 19 0.1x 18
Rh-106 10.08 4 837 5 g4 4 719 6 755 4 617 6
5b-125 041 18 034 17 038 18 030 17 0.34 18 0271 17
Sr-20 484 7 320 10 478 7 332 8 472 8 339 8
T-90 2308 1 13.27 3 282 1 1583 3 2248 1 1615 3
Total (W) 1090 3170 1630 3790 2130 4430
100-Year cooling
Am-241 46.58 1 o 1 44908 1 3598 1 4248 1 3332 1
Am-243 oog 10 0350 10 013 10 049 10 017 10 047 10
Ba-137m 1393 2 1209 3 1369 2 1284 3 1347 3 1262 3
Cm-244 0.11 9 242 7 027 8 236 7 046 9 L
Cs-137 417 7 388 & 410 7 38 6 404 & 378 6
Pu-238 7.00 4 21.09 2 11.13 4 2480 2 1320 2 2809 2
Pu-239 543 6 230 B 420 6 213 9 L 182 4§
Pu-240 5.7 3 490 5 494 5 435 3 443 5 jer 3
520 280 3 214 9 283 8 221 8 278 8 224 8
T-90 13 84 3 10.22 4 1352 3 10535 4 1328 4 1068 4
Total (W) 175 456 265 549 356 645

Y Greater than 0.1% of totzl decav-heat-generation rate for amy bumup/ennchment combmation.

Radionuclides
decay-heat
rankings for PWR
fuel

I. C. Gauld and J. C. Ryman,
“Nuclide Importance to
Criticality Safety, Decay
Heating, and Source Terms
Related to Transport and
Interim Storage of High-
Burnup LWR Fuel,”
NUREG/CR-6700, 2000.

KAIST



Burmup / Enrichment

20 GWdt 30 GWdt 0 GWat 60 GWd't 40 GWd't 70 GWdit
3wt Iwt i 4wt % 4wt % Jwtie Jwt %

Muclide® Percent Fank Percent FEank Percent Fank Percent Fank Percent Eank Percent Fank
3-Year cooling
Am-241 1.94 ] 143 11 188 10 132 11 1.7¢ 11 124 11
Ba-137m  20.72 2 17.18 2 048 2 1704 2 2018 2 1687 2
Ce-144 0.78 13 030 18 060 17 023 18 047 17 02 18
Cm-244 0.78 16 1394 4 180 11 1468 4 100 Q9 1538 4
Co-60 159 10 130 12 129 12 1.09 12 1.09 12 ne4 12
Cs-134 11440 3 1797 1 1384 3 1815 1 1533 3 1213 1
Cz-137 6.21 (1] 313 7 614 6 7 605 3 305 7
Eu-134 149 11 225 10 190 @ 229 10 219 10 232 10
Er-85 0.62 17 040 15 na1 16 041 15 059 15 041 15
Pm-147 139 12 033 14 1.13 13 048 14 0.95 13 043 14
Pr-144 270 3 332 8 668 3 284 O 32 7 246 9
Pu-238 2.56 g 649 i jog B8 T3 3 53 6 g3 35
Pu-238 087 14 0.33 7 067 15 029 17 035 16 02a 17
Pu-240 097 13 071 13 084 14 063 13 Q.75 14 0.57 13
Pu-241 019 19 013 19 018 19 012 19 016 19 0119
Eh-106 10.32 4 871 5 882 4 T2 6 156 4 625 6
Sh-125 042 18 033 16 038 18 031 16 035 18 028 16
Sr-00 3.00 7 320 a 49 7 iql 8 485 B 348 B
a0 2383 1 1370 3 2347 1 1628 3 2312 1 1662 3
Total 1060 3090 1590 AT10 2130 4330
(Wie)
100-Year cooling
Am-241 4556 1 37.18 1 4330 1 3393 1 4055 1 it 1
Am-243 008 10 031 10 0,13 10 049 10 Q.17 10 047 10
Ba-137m 1419 2 1348 3 1408 2 1337 3 1304 3 1320 3
Cm-244 013 a 258 7 02 9 27 7 049 9 284 7
Cz-137 425 7 4.04 i 422 6 401 6 418 6 iy 6
Pu-238 7446 4 21.60 2 1164 4 250 2 1571 2 1834 2
Pu-239 3.36 [i] 220 B 411 7 203 9 ja 7 183 @
Pu-240 394 3 i) | 5 318 5 44 5 465 5 420 5
Sr-00 0.01 g 2.24 a 193 B 23 B8 290 B 236 B
T80 14.13 3 10.66 4 1396 3 1106 4 1382 4 1125 4
Total 172 430 257 326 343 ola
(Wie)

Y rreater than 11 ®6 of tofz] deczv-heat-senarznon rate for znv b ‘enrichmeant ~ambination

Radionuclides
decay-heat
rankings for BWR

fuel

I. C. Gauld and J. C. Ryman,
“Nuclide Importance to
Criticality Safety, Decay
Heating, and Source Terms
Related to Transport and
Interim Storage of High-
Burnup LWR Fuel,”
NUREG/CR-6700, 2000.

KAIST



Fraction of Total Dose

Fraction of total dose from dominant nuclides
(5-wt % PWR fuel, steel transport cask)
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Meutron Dose Fraction

Relative contribution of neutrons to
the total dose rate (5-wt % PWR fuel)
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Shielding rankings for dominant radionuclides in PWR fuel

Steel cask Concrete cask Lead cask
20 GWdit T0 GWd't 20 GWdht T0 GWd't 20 GWdht T0 GWdlt
30wt % 5.0 wt % 3.0 wt % 5.0 wt % 30wt % 5.0 wt %

Nuclides Percent’ Rank Percent Rank Percent Rank Percent Rank Percent Rank Percent Rank
3-Year cooling

Ba-137m 3.0 6 2.3 7 92 4 8.9 4 0.2 8 0.1 8
Cm-244 1.8 7 36.1 1 0.3 8 83 5 1.9 6 366 1
Co-60 498 1 264 2 50.3 1 346 1 564 1 299 2
Cs-134 10.7 3 15.8 3 14.0 2 26.7 2 10.2 3 15.0 3
Eu-154 4.6 5 7.0 4 5.5 6 10.9 3 4.5 5 6.9 4
Pr-144 19.6 2 50 5 12.4 3 42 T 173 2 44 6
Rh-106 9.0 4 50 6 6.9 5 50 6 82 4 45 5
Y-90 1.0 8 0.6 8 1.1 7 0.9 8 1.0 7 0.6 7
100-Year cooling

Am-241 18.6 2 43 4 22 3 1.3 5 29 1 54 3
Ba-137m 420 1 12.4 3 85.6 1 66.9 1 36 6 0.7 8
Cm-244 6.0 5 46.6 1 0.7 5 148 2 9.5 4 523 1
Cm-246 03 9 237 2 0.0 9 715 3 0.5 9 26.6 2
Pu-238 32 6 42 5 0.4 6 1.3 6 56 5 52 4
Pu-239 1.8 8 02 9 02 8 0.1 9 32 8 03 9
Pu-240 133 3 29 7 1.6 4 0.9 7 215 2 33 6
Pu-242 22 7 1.7 8 0.3 7 0.5 8 35 7 1.9 7
Y-90 11.9 4 3.0 6 8.7 2 5.8 4 18.9 3 34 3

“ Dominant nuclides that contribute more than 1% to the total dose rate.

* Indicates percentage contrnibution of the nuchde to the total dose rate for the cask conhiguration.

I. C. Gauldand J. C. Ryman, “Nuclide Importance to Criticality Safety, Decay Heating, and Source MI ST
Related to Transport and Interim Storage of High-Burnup LWR Fuel,” NUREG/CR—6700, 2000.



Shielding rankings for dominant radionuclides in BWR fuel

Steel cask Concrete cask Lead cask
20 GWdht T0 GWdit 20 GWd'it 70 GWd'it 20 GWdit 70 GWdit
3.0 wt %% 5.0 wt %% 3.0 wt % 5.0 wt % 3.0 wt %% 5.0 wt %%

Muclides” Percent’ Rank Percent Rank Percent Rank Percent Rank Percent Rank Percent Rank

J-Year cooling

Ba-137m 4.5 s} 27 7 13.9 A 11.6 A 0.3 8 0.2 9
Cf-252 0.0 9 1.3 8 0.0 9 0.3 9 0.0 9 1.4 7
Cm-244 30 T 439 1 0.5 8 10.9 5 3.3 i} 458 1
Co-60 245 2 10.7 3 249 1 15.1 2 297 1 12.5 3
Cs-134 16.2 3 19.1 2 21.3 2 349 1 16.5 3 18.7 2
Eu-154 7.0 3 8.1 A 8.4 B 13.5 3 7.4 5 8.2 1
Pr-144 253 1 6.1 5 18.7 3 54 7 276 2 5.5 6
Rh-106 13.4 A 6.0 B 10.3 5 6.4 B 13.0 4 5.6 5
Y-90 1.5 8 0.8 9 1.6 T 1.2 8 1.6 7 0.8 8
100-Year cooling

Am-24] 17.8 2 38 5 21 3 1.2 6 3135 1 4.8 4
Ba-137m 42.0 1 12.2 3 85.6 1 667 1 36 i} 0.7 8
Cm-244 6.6 3 46.2 1 0.8 3 14.8 2 10.4 4 51.7 1
Cm-246 0.4 9 25.0 2 0.0 9 8.1 3 0.6 9 28.0 2
Pu-238 34 i} 4.0 4 0.4 t 1.3 3 58 5 4.5 3
Pu-239 1.8 8 0.2 9 0.2 8 0.1 9 32 B 0.2 9
Pu-240 13.4 3 3.0 6 1.6 4 0.9 T 216 2 34 5
Pu-242 22 T 1.6 8 0.3 T 0.5 8 3.4 7 1.8 7
Y-90 11.9 | 3.0 T 8.7 2 38 A 19.0 3 3.3 6

“ Dominant nuclides that contribute more than 1% to the total dose rate.

* Indicates percentage contribution of the nuclide to the total dose rate for the cask configuration.

l. C. Gauldand J. C. Ryman, “Nuclide Importance to Criticality Safety, Decay Heating, and Source Terms
Related to Transport and Interim Storage of High-Burnup LWR Fuel,” NUREG/CR-6700, 2000. MI ST



Bumup / ennichment
20 GWdit 50 GWdit 30 GWd't 60 GWd't 40 GWdit 70 GWdit
3wt 3wt % 4wt % 4wt %% 5wt 5wt %o
Nuclide” Percent Rank Percent FRank Percent Fank Percent Rank Percent FRank Percent Fank

J-Year cooling

Am241 063 7 136 6 082 7 140 6 095 7 143 6 itical f
Am23 003 12 050 10 o008 12 oss 10 o3 12 oe n Critica Ity satety
Np-237 026 8 073 9 042 8 001 o 050 8§ 108 O .

Pu-238 005 11 041 1 o010 11 05 11 017 10 o0e 10 19N ki ngs of

Pul30 2523 2 2766 ) U1 2 2666 > 414 2 132 2 getinidesin PWR
Pu-240 648 4 917 3 687 4 897 3 704 4 880 3

Pu-241 306 3 651 4 370 5 630 4 a5 e 5 fuel

Pu-242 018 O 1.05 7 032 9 100 8 044 90 113 8

U-234 014 10 008 12 015 10 010 12 016 11 012 12

U235 1288 3 522 5 2160 3 631 5 2097 3 715 4

U-236 075 6 094 g 101 6 117 7 123 6 137 7

U-238 3088 1 3035 1 2927 1 2009 1 2800 1 2800 1

Total 90,59 8412 8917 8334 87.04 8262

100-Year cooling

Am241 243 5 511 5 308 s 516 5 353 5 s521 5

Am243 003 10 051 9 008 10 057 9 013 10 06 9

Np-237 038 7 099 7 058 7 118 7 077 7 136 7

Pu-238 002 11 020 11 005 11 025 11 008 11 030 11 !;chc(f? d“e' ‘:';;grjtg i‘cs‘g‘a”'
Pul30 2550 2 2831 2 2501 2 27T 2 U452 2635 2 oot Decay
Pu-240 651 4 074 3 6904 4 060 300714 4 049 3 o d Source Terms
Pu-242 019 & 108 6 032 8 112 8 044 8 115 8  Relatedto Transportand
1U-234 016 9 022 10 019 9 02 10 023 9 034 10 |nterimStorage of High-
U235 321 3 538 4 04 3 649 4 2132 3 734 4 Burnup LWR Fuel/”

U-236 077 6 097 8 103 6 120 6 125 6 141 6  NUREG/CR—6700, 2000.
U-238 3120 1 3113 1 2971 1 2079 1 2844 1 2863 1

Total 90.32 8378 39.08 8304 87.85 8236 MIST

“ Muchdes that contnbute more than .1% to the total absorpton rate.



Bumup / ennchment
20 GWd't 50 GWd't 30GWdt 60 GWat 40 GWd't 70 GWd't
Fwts 3wt % 4wt % dwt% 5 wt % Swt %
Nuclide® Percent Rank Percent Fank Percent FRank Percent Rank Percent Rank Percent Rank

5-Year cooling

Am241 061 7 131 6 070 7 134 6 091 7 136 6 .. .
Am243 004 12 051 10 008 12 056 10 013 12 061 11 Crltlcallty Safety
Np-23 027 & 075 9 043 % 092 © 059 8 109 9 .
Pf.zss 006 11 045 11 011 11 056 11 018 10 067 10 rankmgs of
Pu239 469 2 2721 2 2414 2 2621 2 2356 2 2536 2 actinides in BWR
Pu240 625 4 B9 3 657 4 875 3 672 4 859 3
Pu24l 299 5 641 4 359 5 630 4 395 5 621 5 fuel
Pu242 019 9 104 7 032 9 107 & 043 9 110 8
U234 014 10 009 12 015 10 010 12 016 11 012 12
17-235 342 3 511 5 2235 3 615 5 2165 3 695 4
17236 076 6 093 & 100 6 115 7 120 & 134 7
U238 3005 1 2074 1 2839 1 2848 1 2712 1 2738 1
Total  £9.47 82 63 87.04 81.77 86.64 80.99
100-Year cooling
Am241 238 5 494 5 208 5 498 5  33® 5 501 5
Am243 004 10 052 9 008 10 057 9§ 013 10 062 9
Np-237 039 7 100 7 058 7 118 7 077 7 135 7 .C. Gauld and J..C. Ryman,
Pu238 003 11 022 11 005 11 027 11 009 11 0331 11 “Nuclide Importance o
Pu239 2494 2 2787 2 2443 2 2681 2 238 2 2592 2 Criticality Safety, Decay
Pu240 628 4 952 3 664 4 938 3 682 4 927 3 Heating, and Source Terms
Pu242 019 & 106 6 033 8§ 110 & 044 8 113 8 Related to Transport and
U234 016 9 022 10 019 9 028 10 023 9 034 10 Interim Storage of High-
U235 2375 3 527 4 270 3 633 4 2201 3 714 4 Burnup LWR Fuel,”
1-236 077 6 097 8 102 6 119 6 123 6 138 6 NUREG/CR-6700, 2000.

1 1 1 1 1 1

1-238 30.44 30.52 28.81 2920 27.54 25.04
Total 20.40 §2.25 87.85 81.43 §6.55 80.69 MIST

“ Muchdes that contnbute more than 0.1% to the total absorphion rate.



Fuel Cycle Concepts and Impacts

Once-through: Open pass through reactor, used fuel directly disposed in a

geologic repository

— Low uranium utilization - Appropriate for a low price uranium future

— Appropriate when repository capacityis not limited

Modified Open: No or limited separation steps and processing applied to used

fuel to extract more energy

— Higher uranium utilization and burnup - Appropriate for a high price uranium future

— Appropriate when repository capacityis a major constraint

Closed (Full Recycle): Only elements considered to be waste are discarded and
useful elements are recycled to more fully utilize resources

— Multiple reprocessing and recycle steps resulting in transmutation of most actinides

Once-Through (Open)

Ore recovery, refining and
enrichment

ﬁ Geologic disposal of spent
Reactor fusel (aft ast one
rebu
—
< -

*A specific fuel cycle strategy may include more than one fuel design, reactor design, or fuel treatment process.

' - Ellectricity, process heat
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Assembly-Average Burnup (GWd/MTU)
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Spent Fuel Characteristics

Less diversity expected in the future
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Spent Fuel Burnup and Integrity
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Comparisons of Fuel Cycle Options
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Impact on proliferation resistance
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Impact on proliferation resistance
MOX: UO, burnup comparison
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Fuel Cycle System Comparison
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Performance of Spent Fuel Management

(Comparison of Fuel Cycles)
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cycle case
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Total electricity generation cost (S/MWh) 34.9 41.7 36.6
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Management Systems, KAIST, 2013
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Summary

— Fuel design and reactor operation affect spent fuel management through
their impact on the production of nuclide inventory, characteristics of the
nuclides, and material integrity.

— With the select design features of nuclear fuels, the effect of fuel design
on spent fuel management is relatively well characterized.

— The effect of reactor operation seems to have large variations in nuclide
inventory and material integrity.
* The final nuclide inventory is most sensitive to late-in-power variations.

* Low-power operation near the end of cycle leads to decreased fission product
inventory.

* Long downtime between the cycles or during the cycle appears to have positive
effect on spent fuel management

* Recycling of spent fuel is shown to reduce the burden of final disposal of nuclear
waste.

e Burnup effect is dominant in controlling nuclide inventory in soent fuel.
— In general, achieving better uranium utilization efficiency appears to

increase the burden in spent fuel management through increased
production of the nuclides of concern.

— Overall performance of spent fuel management needs to be evaluated
from a life cycle-based systems approach.



