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Abstract— The change in spent fuel characteristics by DUPIC fuel cycle(burnup of spent
PWR fuel again in CANDU) is examined with time elapse since discharge. Major
characteristics examined include isotopic concentration, radioactivity, decay heat, radiotoxicity
and radiation source-term of spent fuel material, which is existing in a type of spent PWR
and DUPIC fuel. Behaviors of major nuclides contributing to such changes are also analyzed
in terms of radionuclide concentration.

From the analysis, the change in radionuclide concentration by DUPIC shows
approximately 2% decrease in actinides concentration and 20% increase in fission products
concentration. Radioactivity and decay heat of spent DUPIC fuel does not depend upon
radionuclides concentrations, which is a unique in sence of general characteristics of spent
fuel.

In terms of gamma spectrum, spent DUPIC fuel shows lower values than that of spent
PWR fuel by 40 to 50% in the range of 0.01~0.575 MeV but much higher over 3.5 MeV.
Neutron intensities of both spent fuels are mainly determined by (a, n) reaction and
spontaneous fission reaction of actinides. Of them, especially, the spontaneous fission reaction
is a major neutron source-term, which causes that neutron intensities of spent DUPIC fuel
having~3.3 times higher Cm-244 concentration are ~4 times higher than that of spent
PWR fuel.
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Table 1. Irradiation conditions of spent PWR and
DUPIC fuel.

Parameter Spent PWR fuel Spent DUPIC fuel
Enrichment(wt% of fissile) 35U-233) 143(Fissile content®)
Discharge burmup(MWD/MTU) H0 19000
Cooling time(year) - 10 10
Specific powerMW/MTU) R %5
Capacity factor 08 09
EFPD2 per cycle(days) 23 45
Others Natural Decay

2 Effective Full Power Rate

b Natural decay time per refueling : 100 days/refuel-
ing
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Table 2. Radionuclide Concentration of Spent PWR Fuel, and Fresh and Spent DUPIC Fuel
(unit : MTHM)

Nuclide | Ty(y) SPWR | F-DUPIC | SDUPIC |release% || Nuclide | T,.(y) SPWR | F-DUPIC | S-DUPIC | release%
U-234 | 247E+05 | 200E+0.2 | 200E+02 | 1.72E+02 Mo-94 - - - 321E+02 |
U-235 | 7.10E+08 | 8.19E+03 { 8.19E+03 | 1.23E+03 Ir94 - 795E+02 | 7.15E+02 | 100E+03 10
U-236 | 2.30E+07 | 4.36E+03 | 436E+03 | 512E+03 Nb-94 | 200E+04 | 748E—04 | T48E—-04 | 65TE—04
U-238 | 451E+09 | 941E+05 | 941E+05 | 929E+05 Mo-95 - 806E+02 | 8.06E+02 | 891E+02
Np-237 | 2.14E+06 | 523E+02 | 523E+02 | 543E+02 2r-96 | 360E+17 | 852E+02 | 767E+02 | 527E+02 | 10
Np-239 235d | 784E-05 | 7.84E—-05 | 208E— (4 Mo-96 - 390E+01 | 390E+01 | 657E+02
Pu-238 | 864E+01 | 1L54E+02 | L54E+02 | 3.74E+02 Mo-97 - 840E+02 | 840E+02 | 7.78E+02
Pu-239 | 244E+04 | 5.33E+03 | 5.33E+03 | 3.11E+03 Mo-98 - 863E+02 | 863E+02 | 1.34E+03
Pu-240 | 658E+03 | 220E+03 | 2.20E+03 | 288E+03 Te99 | 212E+05 | 8.22E+02 | 822E+02 | 449E+02
Pu-241 | 132E+01 | 752E+02 | 7.52E+02 | 494E+02 Ru-101 - 812E+02 [ 0.00E+00 | 464E+02 | 100
Pu-242 | 379E+05 | 457E+02 | 457E+02 | 1.29E+03 Ru-102 - 809E+02 { 0.00E+00 | 472E+02 | 100
Am-241 | 458E+02 | 497E+02 | 497E+02 | 368E+02 Ru-104 - 550E+02 | 0.00E+00 | 415E+02 | 100
Am-243 | 795E+03 | 913E+01 | 9.13E+01 | 241E+02 Mo-100 | 3.00E+17 | 9.84E+02 | 984E+02 | 892E+02
Cm-243 | 320E+01 | 294E—-01 | 294E—01 | 202E+00 Rh-103 - 4.66E+02 | 466E+02 | 4.36E+02
Cm-244 | L76E+01 | 1.85E+01 | 1.85E+01 | 794E+01 Pd-104 - 244E+02 | 244E+02 | 656E+02
Cm-245 } 9.30E+03 | 950E—01 | 950E-01 | 1.38E+00 Pd-105 - 383E+02 | 383E+02 | 549E+02
Cm-246 | 550E+03 | LI0E-01 | L10E-01 | 1.64E+00 Rh-102 29 6.95E—05 | 6.95E—05 | 449E—06
Total - 9.64E+05 | 9.64E+05 | 944E+05 Pd-106 - 361E+02 | 361E+02 | 788E+02
H-3 123E+01 | 3.35E—02 | 0.00E+00 | 2.08E-02 [ 100 Pd-107 | 700E+06 | 2.18E+02 | 218E+02 | 2.16E+02
Kr85 | LO8E+01 | 1.33E+01 | 0.00E+00 | 6.83E+00 100 Ag-107 - 259E—04 | 259E-04 | 301E+01
Rb-85 - 118E+02 | L18E+02 | 320E+02 Pd-108 - 150E+02 | 150E+02 | 158E+02
Rb-87 | 4.80E+10 | 264E+02 | 2.64E+02 | 2.12E+02 Cd-108 - 2.86E—-04 | 286E—04 | 338E+02
Sr-88 - 379E+02 | 3T9E+(2 | 845E+02 Ag-109 - 749E+01 | 749E+01 | 118E+02
Y-89 - 495E+02 | 495E+02 | 6.83E+02 Pd-110 - 490E+01 | 490E+01 | 219E+02
Sr-90 2117 454E+02 | 454E+02 | 1L.79E+02 Cd-110 - 347E+01 | 347E+01 | 8.14E+01
%0 - 147E+02 | 132E+02 | LM4E+03 10 Cd-111 - 2.73E+01 | 273E+01 | 3.74E+01
Zr91 - 6.38E+02 | 5.74E+02 | 647E+02 10 Cd-112 - 163E+01 | 163E+01 | 399E+01
Zr92 - 6.89E+02 | 6.20E+02 | 898E+02 10 Cd-113 | 1L30E+15 | L50E—01 | L50E—01 | 444E—02
Ir93 | 150E+06 | 7.72E+02 | 6.95E+02 | 347E+02 10 In-113 - L10E-01 | L1E—-01 | 607E-02
Mo-92 | 4.00E+18 - - 5.01E+02 Cd-114 - 2.19E+01 | 219E+01 | 581E+01
*1.00E+02=1.00X10?
. *Note : S-PWR=Spent PWR DUPIC Fuel

Fuel, F-DUPIC=Fresh DUPIC Fuel, S-DUPIC=Spent
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Table 2. Continued
(unit : g/MTHM)

Nuclide { Ty(y) SPWR | F-DUPIC | SDUPIC |relesse || Nuclide | Ty(y) S-PWR | F-DUPIC | S-DUPIC | release
Sn-114 - 142E-03 | 142E-03 | 402E—-04 Cs-137 30 LO0E+03 - 557E+02 | 100
In-115 | 6.00E+14 | 2.33E+00 | 2.33E+00 | 1.28E+00 Ba-134 - 171IE+02 | 1ME+02 | 109E+02 | 10
Sn-115 = 3.10E-01 | 3.10E-01 | 1.30E-01 Ba-135 - 320E-01 | 290E—01 | 1L03E+02 10
Cd-116 | LOOE+17 | 8.05E+00 | 8.05E-+00 | 3.69E+00 Ba-136 - 200E+01 | 180E+01 | 145E+02 | 10
Sn-116 - T07E+00 | 707E+00 | 1.82E+01 Ba-137 - 305E+02 | 275E+02 | 342E+02 10
Sn-117 - 811E+00 | 811E+00 | 1.0sE+01 Ba-138 - 136E+03 | 122E+03 | 191E+03 | 10
Sn-118 - 824E+00 | 824E+00 | 254E+01 La-138 | 112E+11 | 6.25E—03 | 5.60E—03 | 2.02E—03 10
Sn-119 - 819E+00 | 8.19E+00 [ 369E+00 La-139 = 120E+03 | LITE+03 | L77E403 | 10
Sn-120 - 8.36E+00 | 8.36E+00 | 332E+01 Ce-140 - 132E+03 | 1.32E+03 | 298E+03
Sb-121 - 813E+00 | 721E+00 | 3.76E+00 1 Pr-141 | 200E+16 | L1E+03 | 1LI9E+03 | 169E+03
Sn-122 - 9.20E+00 | 9.20E+00 | 835E+00 Ce-142 | 500E+16 | 1.20E+03 | 120E+03 | 896E+02
Te-122 - 565E—-01 | 5.65E~01 | 1L24E+01 Nd-142 - 277E+01 | 277E+01 | L15E+03
Sb-123 | 1.30E+16 | 1.01E+01 | 892E+00 | 459E+00 1 Nd-143 - 833E+02 | 833E+02 | 387E+02
Sn-124 [ 200E+17 | L25E+01 [ 1.25E+01 | 575E+00 Nd-144 | 240E+15 | 141E+03 | 141E4+03 | 235E+03
Te-124 - 424E-01 | 424E~-01 | 266E+01 Nd-145 | 600E+16 | 7.15E+02 | 7.15E+02 | 642E+02
Sh-125 21 L12E+00 | 992E~01 | 670E—-01 11 Nd-146 - 730E+02 | 730E+02 | 122E+03
Te-125 - L77E+01 | LT7E+01 | 446E+01 Sm-147 | 1.05E+11 | 2.07E+02 | 207E+02 | 192E+02
Sn-126 | LOOE+05 | 277E+01 | 277E+01 | 157E+01 Nd-148 - 391E+02 | 391E+02 | 457E+02
Te-126 - 7.70E-01 | 7.70E-01 | 928E+01 Sm-148 { 200E+14 | 1L82E+02 | 182E+02 | 249E+02
Te-128 - LM4E+02 | LI4E+02 | 227E+02 Nd-150 | LO0E+16 | 1.84E+02 | 184E+02 | 360E+02
Te-130 | 800E+20 | 3.70E+02 | 3.70E+02 | 395E+02 Sm-150 - 326E+02 | 326E+02 | 2.65E+02

1129 | 1L7E+07 | 185E+02 - LO7E+02 | 100 Sm-152 - 1.36E+02 | 1.36E+02 | 183E+02
Xe-128 - 3.15E+00 - 123E+01 1 100 En-153 - 1.26E+02 | 126E+02 | 146E+02
Xe-130 - 124E+01 - 147E+01 | 100 Sm-154 - 381E+01 | 381E+01 | 234E+02
Xe-131 - 446E+02 - 2.55E+02 100 Eu-154 16 160E+01 | 1.60E+01 | 232E+01
Xe-132 - 1.14E+03 - 6.38E +02 100 Gd-154 - 223E+01 | 223E+01 | 357E+01
Xe-134 - 1.56E+03 - 840E+02 [ 100 Gd-156 - 598E+01 | 598E+01 | 3.79E+02
Xe-136 - 2.4E+03 - 148E+03 | 100 Gd-158 - 182E+01 | 1.82E+01 | 7.18E+01
Cs-133 - 1.19E+03 - 6.46E+02 100 Tb-159 | 500E+16 | 257E+00 | 257E+00 | 254E+00
Cs-134 205 453E+00 - 204E+00 [ 100 FP Total - 361E+04 | 239E+04 | 429E+04
Cs-135 [ 3.00E+06 | 346E+02 - 8.56E+01 100 Total - 1.00E+06 | 9.88E+05 | 9.87E+05

*Note S-PWR=Spent PWR Fuel, F-DUPIC=Fresh DUPIC Fuel, S-DUPIC=Spent DUPIC Fuel
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Fig. 2. Decay Heat of Spent PWR Fuel with
35,000MWD/MTU and Spent DUPIC Fuel with
19,000MWD/MTU.
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Table 3. Concentration of Radionuclides Contained in Spent PWR Fuel with 35,000MWD/MTU, and DUPIC
Fuel with 19,000MWD/MTU at 10 years after Discharge.

(unit ; g/MTHM)

Actinide Concentration Fission Concentration
PWR DUPIC Product PWR |  DUPIC
U-234 2.00E+02 L72E+02 Kr-85 133E+01 5.62E+00
U-235 8.19E+03 L23E+03 590 454E+02 L79E+02
U-23 4365 +03 5.12E +03 Y-90 140E~01 445E~02
U-238 Q4IE+05 9.29E+05 Te99 8.22E+02 449E+02
Np-237 5.23E +02 543E +02 Ru-106 L60E—01 L67E~01
Pu-238 LS4E+02 37T4E +02 Cs-134 453E+00 2.04E+00
Pu-239 5.33E +03 3.1IE+03 Cs-137 LOOE+03 557E +02
Pu-240 2.20E+03 288E+03 Ba-137 305E+02 161E+02
Pu-241 7528 +02 4.94E +02 Pm-147 LO4E +01 6.28E+00
Am-241 49TE+02 368E-+02 Sm-151 L37E+01 23%E+00
Am-243 9.13E+01 2.02E+00 Eu-154 160E+01 8.66E +00
Cm-243 2.94E-01 241E+02 Eu-155 3.26E+00 L70E+00
Cm-244 L85E+01 794 +01 Subitotal 361E+04 L94E +04
Sub.total 9.64E+05 9.44E+05 Total LOOE+06 0.63E +05
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Table 4. Decay Heat of Radionuclides Contained in Spent PWR Fuel with 35,000MWD/MTU, and DUPIC
Fuel with 19,000MWD/MTU at 10 years after Discharge.

(unit ; Watts/MTHM)

. Decay Heat Fission Decay Heat
Actinides
PWR DUPIC Products PWR DUPIC
U-234 3.16E—02 - 310E-02 Kr-85 7.84E+00 335E+00
U-235 464E—04 6.99E - 05 Sr-90 720E+01 284E+01
U-236 7.65E—03 897E—03 Y-90 344E+02 136E+02
U-238 8.03E—03 792E-03 Te-99 - -
Np-237 1.13E—02 117E-02 Ru-106 - -
Pu-238 8.72E+01 2.12E+02 Cs-134 597E+01 2.69E +01
Pu-239 102E+01 5.96E +00 Cs-137 9.62E+01 5.36E +01
Pu-240 156E +01 2.05E+01 Ba-137m 323E+02 180E+02
Pu-241 240E+00 158E+00 Pm-147 - 641E—02
Am-241 567E+01 419E+01 Sm-151 - -
Am-243 590E—01 155E+00 Eu-154 386E+01 562E+01
Cm-243 560E—01 383E+00 Eu-155 1.11E+00 155E+00
Cm-244 5.24E+01 2.95E +02 Sub.total 9.56E +02 496E+02
Sub.total 2.26E +02 5.13E+02 Total 118E+03 101E+03
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Fig. 3. Radioactive Ingestion Hazard Index of
Spent PWR Fuel with 35,000MWD/MTU and
Spent DUPIC Fuel with 19,000MWD/MTU
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Table 7. Photon Spectrum of Volatile and Semi-volatile Radionuclides Removed from the OREOX

Process.
(unit : photons/sec-MTHM)
Mean Energy(MeV) Kr-85 Cs-134 Cs-137 Sbh-125 Ba-137m Total
0010 2.863E+13 1.970E+13 3.182E+14 - - 3.665E+14
0.025 5611E+12 3732E+12 6.016E+13 - - 6.950E+13
0.038 - 3710E+12 3670E+13 5440E+11 1.980E+13 6.075E+13
0.058 4.860E+12 2973E+12 4,665E+13 - - 1.847E+ 14
0.085 2.496E +12 1.532E+12 2.326E+13 - - 2.729E+13
0.125 - 8354E+11 1219E+13 = - 1.303E+13
0.225 - 1426E+11 8.630E+12 2.850E+11 - 9.058E+ 12
0.375 - - 1450E+12 1.690E + 12 - 3.140E+12
0575 - 2.756E + 14 - 2.180E+13 3135E+14 6.109E+14
0.850 - 1914E+ 14 - - - 1914E+14
1.250 - 1.265E+13 - - - 1.265E+13
1.750 - - - - - -
2.250 - - - - - -
2.7%0 - - - - - -
3.500 - - - - - -
5.000 - - - - - -
7.000 - - - - - -
9.000 - - - - - -
Total 5631E+13 5.123E+14 5072E+14 2432E+13 3.333E+14 1.549E+15
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Table 8. Comparision of Neutron Sources
between Spent PWR and DUPIC Fuel.
(unit : neutrons/sec-MTHM)

Neutron Spent PWR Fuel Spent DUPIC Fuel
Source | (a,n)reaction | Spontaneous | (o,n)reaction | Spontaneous
U-24 - 119E+04 - -
Pu-238 250E+06 { 408E+05 | 6.10E+06 | 9ME+05
Pu-239 240E+05 - 141E+05 -
Pu-240 381E+05 | 201E+06 | 498E+05 | 262E+06
Pu-242 - 7.70E+05 - 217E+06
Am-241 164E+06 - 121E+06 -
Am-243 155E+04 - 41NE+04 -
Cm-242 163E+04 | 7TXHE+04 | 384E+03 | 136E+M4
Cm-243 2.02E+04 - 1.39E+05 -
Cm-244 17IE+06 | 206E+08 | 7.34E+06 | 883E+08
Cm-246 - 983E+05 - -
Cm-248 - - - 105E+05
Cf-252 - - - 102E+06
Sub-total 653E+06 | 20E+08 | 155E+07 | 890E+08
Total 217E+08 905E+08
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