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TWO STAGE MINOR ACIDINES RECYCLING MODELING  
IN WWER-1000 REACTORS 

Kostadin Zashev, Kalin Filipov 

In this study was performed the analysis of possibilities for minor actinides 
transmutation in VVER-1000 thermal-nuclear power reactor. Two stage 
recycling model is evaluated to investigate the possibilities to reduce minor 
actinides included in spent nuclear fuels. 

- -
 [1] – -

,
. , -

, ,
, -

. -
-

-1000  SCALE -
 [2, 3].  – , -

-
 (  I) -

-
, .

-

84



-

.

-1000 
,

: -
.

,
. , -

,
-

. ,

.

-
. -

,
, ,

, .
-

.

,
-

, -
 [9].  

 – -1000.

-
-

, ,
. -

85



. -
, -

, -
.

-
. -

, -
-
-

. -
-

, -

.

 5 .
-

-1000  1280  (4  320 ),
 4.4%  53 248 MWd/tHM 

 – 41.6 MW/tHM.  1 -
, -

 (  I) -
,  5 

 (  II). 
, -

,
-
-

.
o . -

 1280  (4  320 
),  4.4%,  41.6 

W/tHM.  (
)

2. ,
-

-241  650%. -

86



,
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, -241.

-
241, -

-241 ( -241 -
 – 14.3 ,

-241).
-243  11%, -244 –  17%, 

-238, -239 -242 .
 1. , -

,
-1000

 (  I) 
, g/tHM , g/tHM , g/tHM 

Am-239 6.17E-09 Cm-241 1.92E-06 Np-235 2.87E-05 
Am-240 2.68E-06 Cm-242 2.57E+01 Np-236m 1.41E-05 
Am-241 5.85E+01 Cm-243 8.70E-01 Np-236 3.70E-04 

Am-242m 1.25E+00 Cm-244 1.15E+02 Np-237 7.75E+02 
Am-242 1.71E-01 Cm-245 5.62E+00 Np-238 2.86E+00 
Am-243 2.75E+02 Cm-246 7.42E-01 Np-239 1.09E+02 

Am-244m 0.00E+00 Cm-247 1.01E-02 Np-240m 7.71E-15 
Am-244 2.76E-01 Cm-248 8.04E-04 Np-240m 4.15E-03 
Am-245 6.68E-07 Cm-249 1.14E-08   
Am-246 8.63E-11 Cm-250 3.93E-10   

  Cm-251 1.47E-15   
 (  II) 

, g/tHM , g/tHM , g/tHM 
Am-239 0.00E+00 Cm-241 3.33E-23 Np-235 1.18E-06 
Am-240 0.00E+00 Cm-242 1.41E-02 Np-236m 0.00E+00 
Am-241 4.39E+02 Cm-243 7.70E-01 Np-236 3.70E-04 

Am-242m 1.22E+00 Cm-244 9.52E+01 Np-237 7.93E+02 
Am-242 1.58E-05 Cm-245 5.62E+00 Np-238 2.23E-07 
Am-243 2.76E+02 Cm-246 7.42E-01 Np-239 2.37E-04 

Am-244m 0.00E+00 Cm-247 1.01E-02 Np-240 7.93E-17 
Am-244 0.00E+00 Cm-248 8.05E-04 Np-240m 7.71E-15 
Am-245 7.47E-16 Cm-249 0.00E+00 Np-241 0.00E+00 
Am-246 4.13E-19 Cm-250 3.94E-10   

  Cm-251 0.00E+00   
*  – , -
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 3 - -
. M -

, -
 (  I), 

 (  II), -
,

. -
 1280  (4  320 ) -

 53 248 MWd/tHM,  41.60 
MW/tHM  5.16*1013 n/cm2.s 

 5.14*1013 n/cm2.s .  5 -

 240 ,
-241  644%.  

 2. -1000, 

 (  I)  (  II) 
,

g/tHM
,

g/tHM
U-234 391.758 U-234 390.71 -
U-235 44017.7 U-235 43900 -
U-236 202.482 U-236 201.94 -
U-238 955388 U-238 955507.4 -
Am-241 58.5 Am-241 439 650% 
Am-242m 1.25 Am-242m 1.22 -2% 
Am-243 275 Am-243 276 0% 
Np-237 775 Np-237 793 2% 
Np-238 2.86 Np-238 - -
Np-239 109 Np-239 - -
Cm-242 25.7 Cm-242 - -
Cm-243 0.87 Cm-243 0.77 -11% 
Cm-244 115 Cm-244 95.22 -17% 
Cm-245 5.62 Cm-245 5.62 0% 

, g 1368.8 1610.83 242.03 
 I: ,

 ( )
.

 II: ,
 ( )  5 -

.
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 3. -1000, -
-

(  I) (  II) 
,

g/tHM
,

g/tHM
U-234 391.758 U-234 390.71 -
U-235 44017.7 U-235 43900 -
U-236 202.48 U-236 201.94 -
U-238 955388 U-238 955507.4 -
Am-241 60.9 Am-241 453 644% 
Am-242m 1.31 Am-242m 1.49 14% 
Am-243 321 Am-243 338 5% 
Np-237 986 Np-237 1010 2% 
Np-238 3.59 Np-238 - -
Np-239 107 Np-239 - -
Cm-242 27.3 Cm-242 - -
Cm-243 1.09 Cm-243 1.87 72% 
Cm-244 328 Cm-244 277 -16% 
Cm-245 24 Cm-245 24.2 1% 

, g 1860.2 2105.6 245.4 
 I: ,

 ( )
.  II: ,

 ( )  5 -
.

 4. , -

-1000

 5  5  5 
U230 7.56E-12 0.00E+00 *U234 1.80E+02 1.94E+02 *U238 9.18E+05 9.18E+05 
U231 4.28E-10 0.00E+00 *U235 6.92E+03 6.92E+03 U239 1.35E-07 0.00E+00 
U232 7.66E-04 1.71E-03 *U236 6.15E+03 6.15E+03 U240 9.04E-13 9.04E-13 
U233 2.66E-03 3.98E-03 *U237 1.50E+01 4.24E-05 

 5  5  5 
Pu236 1.46E-03 4.44E-04 *Pu240 2.90E+03 2.92E+03 Pu244 4.58E-02 4.58E-02 
Pu237 8.63E-04 5.85E-16 *Pu241 1.78E+03 1.40E+03 Pu245 1.92E-06 0.00E+00 
*Pu238 3.55E+02 3.68E+02 *Pu242 9.95E+02 9.95E+02 Pu246 3.38E-08 1.65E-16 
*Pu239 5.88E+03 5.98E+03 Pu243 9.49E-02 3.52E-13 
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 5  5  5 
Am-239 3.70E-09 0.00E+00 Cm-241 1.91E-06 3.33E-23 Np-235 2.87E-05 1.18E-06 
Am-240 2.38E-06 0.00E+00 *Cm-242 2.57E+01 1.41E-02 Np-236 3.70E-04 3.70E-04 
*Am-241 5.86E+01 4.39E+02 *Cm-243 8.70E-01 7.70E-01 Np-236m 1.08E-05 0.00E+00 
*Am-242 1.17E-01 1.58E-05 *Cm-244 1.15E+02 9.52E+01 *Np-237 7.76E+02 7.93E+02 
*Am-242m 1.25E+00 1.22E+00 *Cm-245 5.63E+00 5.62E+00 *Np-238 2.54E+00 2.23E-07 
*Am-243 2.76E+02 2.76E+02 *Cm-246 7.42E-01 7.42E-01 *Np-239 9.85E+01 2.37E-04 
*Am-244 1.51E-01 0.00E+00 Cm-247 1.01E-02 1.01E-02 Np-240 1.15E-05 7.93E-17 
Am-245 4.57E-07 7.47E-16 Cm-248 8.05E-04 8.05E-04 Np-240m 7.75E-15 7.71E-15 
Am-246 8.46E-11 4.13E-19 Cm-249 3.87E-11 0.00E+00 Np-241 0.00E+00 0.00E+00 
   Cm-250 3.94E-10 3.94E-10    
   Cm-251 5.53E-25 0.00E+00    

 5  5  5 
Ce-137 9.61E-12 0.00E+00 Cs-131 4.88E-09 0.00E+00 I-125 3.21E-10 2.34E-19 
Ce-138 3.57E-03 3.57E-03 Cs-132 4.08E-04 0.00E+00 I-126 1.89E-05 0.00E+00 
Ce-139 3.81E-05 3.85E-09 *Cs-133 1.73E+03 1.74E+03 *I-127 7.19E+01 7.43E+01 
*Ce-140 2.02E+03 2.05E+03 *Cs-134 2.21E+02 4.12E+01 I-128 1.54E-10 0.00E+00 
*Ce-141 6.27E+01 7.65E-16 Cs-134m 1.04E-03 0.00E+00 *I-129 2.44E+02 2.46E+02 
*Ce-142 1.79E+03 1.79E+03 *Cs-135 5.93E+02 5.94E+02 I-130 1.08E-02 0.00E+00 
*Ce-143 2.05E+00 0.00E+00 Cs-135m 3.42E-06 0.00E+00 I-130m 2.93E-22 0.00E+00 
*Ce-144 4.33E+02 5.09E+00 *Cs-136 1.15E+00 0.00E+00 *I-131 8.97E+00 0.00E+00 
Ce-146 1.86E-14 0.00E+00 *Cs-137 1.95E+03 1.73E+03 I-132 1.47E-01 0.00E+00 
   Cs-138 1.02E-06 0.00E+00 *I-133 1.54E+00 0.00E+00 
   Cs-139 1.16E-19 0.00E+00 I-133m 1.59E-08 0.00E+00 
      I-134 3.22E-04 0.00E+00 
      I-135 2.45E-01 0.00E+00 

 5  5  5 
Mo-101 2.22E-13 0.00E+00 Nd-141 3.90E-10 0.00E+00 Tc-101 4.08E-12 0.00E+00 
Mo-102 1.14E-16 0.00E+00 *Nd-142 4.45E+01 4.45E+01 Tc-102 8.95E-19 0.00E+00 
Mo-92 1.27E-13 1.27E-13 *Nd-143 1.12E+03 1.14E+03 Tc-104 4.02E-11 0.00E+00 
Mo-93 8.98E-08 8.97E-08 *Nd-144 1.81E+03 2.23E+03 Tc-105 9.65E-24 0.00E+00 
Mo-93m 8.28E-14 0.00E+00 *Nd-145 1.03E+03 1.03E+03 Tc-97 6.66E-07 7.08E-07 
Mo-94 2.73E-02 2.73E-02 *Nd-146 1.17E+03 1.17E+03 Tc-97m 4.21E-08 3.55E-14 
*Mo-95 1.06E+03 1.18E+03 *Nd-147 8.78E+00 0.00E+00 Tc-98 1.37E-02 1.37E-02 
*Mo-96 8.57E+01 8.57E+01 *Nd-148 5.89E+02 5.89E+02 *Tc-99 1.21E+03 1.21E+03 
*Mo-97 1.29E+03 1.29E+03 Nd-149 1.09E-03 0.00E+00 Tc-99m 3.35E-01 0.00E+00 
*Mo-98 1.32E+03 1.32E+03 *Nd-150 2.89E+02 2.89E+02    
*Mo-99 3.93E+00 0.00E+00 Nd-151 4.49E-16 0.00E+00    
   Nd-152 1.99E-17 0.00E+00    

 5  5  5 
Zr-89 2.70E-07 0.00E+00 Pd-102 3.93E-04 6.21E-04 *Ru-100 2.26E+02 2.26E+02 
*Zr-90 4.63E+01 1.42E+02 Pd-103 8.97E-05 0.00E+00 *Ru-101 1.25E+03 1.25E+03 
*Zr-91 8.85E+02 9.32E+02 *Pd-104 4.54E+02 4.54E+02 *Ru-102 1.31E+03 1.31E+03 
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*Zr-92 1.02E+03 1.02E+03 *Pd-105 6.46E+02 6.48E+02 *Ru-103 6.02E+01 6.00E-13 
*Zr-93 1.11E+03 1.11E+03 *Pd-106 3.99E+02 6.29E+02 *Ru-104 9.21E+02 9.21E+02 
*Zr-94 1.22E+03 1.22E+03 *Pd-107 3.74E+02 3.74E+02 Ru-105 5.76E-02 0.00E+00 
*Zr-95 8.01E+01 2.08E-07 *Pd-108 2.46E+02 2.46E+02 *Ru-106 2.38E+02 7.88E+00 
*Zr-96 1.28E+03 1.28E+03 *Pd-109 1.56E-01 0.00E+00 Ru-96 3.17E-20 3.17E-20 
*Zr-97 6.71E-01 0.00E+00 *Pd-110 8.14E+01 8.14E+01 Ru-97 5.37E-15 0.00E+00 
   Pd-111 1.03E-06 0.00E+00 Ru-98 1.40E-04 1.40E-04 
   Pd-111m 1.85E-05 0.00E+00 Ru-99 5.07E-02 7.07E-02 
   Pd-112 2.06E-02 0.00E+00    
* – , -
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