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Abstract 
 
Improved calculational methods allow one to take credit for the reactivity reduction 
associated with fuel burnup. This means reducing the analysis conservativism while 
maintaining an adequate criticality safety margin. Application of burnup credit requires 
knowledge of the reactivity state of the irradiated fuel for which burnup credit is taken. The 
isotopic inventory and reactivity has to by calculated with validated codes. 
 
By depletion calculation is necessary to take into account: 

• List of used nuclides 
• Cooling time 
• Core parameters by irradiation 

- Fuel temperature 
- Moderator temperature/density 
- Soluble boron 
- Specific power and operating history 

• Axial and horizontal burnup profiles 
 
In this paper is numerical evaluation of impact of above parameters on reactivity for VVER-
440 fuel (enrichment 3.6%) in condition of wet storage presented. The bounding conditions 
are defined. The SCALE 5.0 system is used for depletion and criticality calculation. The 
numerical examples are for the VVER-440 fuel with enrichment 3.6%. 
 

1. Introduction 
 
In this paper the attention is mainly focused on application of burnup credit to criticality 
safety analysis of spent fuel management systems. Application of burnup credit makes use of 
the change in the fuel’s isotopic composition and hence in its reactivity due to the irradiation 
of the fuel. Applying burnup credit to criticality safety analysis means to determine the fuel’s 
burnup which just results in the maximum neutron multiplication factor allowable for the 
spent fuel management system of interest, including all mechanical and calculational 
uncertainties. Accordingly this burnup is the minimum burnup required for fuel to be loaded 
in the spent fuel management system. 
 
The burnup credit application (BUC) is very important and therefore IAEA and OECD/NEA 
have organized several meetings and training courses ([7] – [13]). 
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Note: Some calculations are from my others papers and they are not exactly for the same 
configuration. 
 

2. Validation 
 
For calculation (criticality and inventory) is necessary to use only validated codes to reach 
required accuracy.  
 
Criticality validation can be achieved through evaluation of experimental data which are 
representative with respect to the to the spent fuel of interest. Available experimental data are 
in “International Handbook of Evaluated Criticality Safety Benchmark Experiments” [1]: 

- critical experiments with fresh fuel in systems same or similar to spent fuel 
configuration of interest (for the VVER-440 fuel with hexagonal geometry) 

- reactivity worth measurement on individual nuclides and spent fuel composition 
 
The “final” kef = kef

calc + 2σMC + 2σ + Δkunc

Where   kef
calc – result of calculation 

  σMC – Monte Carlo numerical error 
  σ - statistical tolerance 
  Δkunc – impact of uncertainties (may be =0 if uncertainties are in kef

calc) 
 
Inventory validation can be achieved through evaluation of experimental concentrations of 
selected isotopes. Available experimental data are usually non public. A part of chemical 
assay data available in open literature have been compiled in the SFCOMPO data base [2]. 
Unfortunately, the SFCOMPO database doesn’t include chemical assay of VVER-440 fuel. 
Old measurement for VVER-440 fuel is in [3], the newest measurement was done in the ISTC 
2670 project [4]. 
 
The results of inventory validation are correction factors (CF) for each nuclide. The 
concentration used in criticality calculation is corrected: 

ccrit = cinv * CF 
where  ccrit – nuclide concentration used in criticality calculation 
  cinv – nuclide concentration as result of inventory calculation 
  CF – correction factor 
The CF is: 

- if cinv < cexper, then CF = 1 
- if cinv > cexper, then CF = cexper/cinv, (CF < 1) 

 

3. List of used nuclides 
 
The change in the fuel’s isotopic composition is characterized by the reduction of the 
concentrations of U-235 (mainly due to fission) and U-238 (mainly due to neutron capture), 
the build-up and burnup of fissile actinides (such as Pu-239 and Pu-241), the build-up and 
burn-out of actinides acting as neutron absorbers in thermal systems, the build-up and burn-
out of fission products. 
 



The different levels of burnup credit commonly used are characterized as follows: 

• Net-fissile-content level: Credit is taken for the: 
- reduction of the net fissile content due to build-up and burnup of the different fissile 

nuclides, (U235, Pu239, Pu241) 
- reduction of the U238 content. 

• Actinide-only level: Net fissile content level plus credit for the build-up of neutron 
absorbing actinides (U234, U235, U236, U238, Np237, Pu238, Pu239, Pu240, Pu241, 
Pu242, Am241, Am243) 

• Actinide-plus-fission-product level: Actinide-only level plus any number of fission 
products the use of which can be verified (FP: Mo95, Tc99,Ru101, Rh103, Ag109, Cs133, 
Nd143, Nd145, Sm147, Sm149, Sm150, Sm151, Sm152, Eu151, Eu153, Gd155) 

 
The reactivity worth was calculated with the module STARBUCS, results is in Tab.3.1 and 
Fig.3.1. The selected actinides decrease reactivity by 23% and selected fission products by 
15%. Other nuclides have small impact (less then 4%). 
 

4. Cooling time 
 
The nuclide concentration is permanently changed. For interim storage is real cooling time 1 - 
100 years. In Fig.4.1 is dependence of criticality on cooling time shown for: only actinides, 
actinides + fission products. The reactivity slightly decreases. It means that the most 
conservative is the shortest cooling time. 
 

5. Core parameters by irradiation 
 
A loading criterion must cover the variety of the irradiation histories of the fuel loaded in the 
system. The task to determine a loading criterion thus implies the need for looking for a 
bounding irradiation history given by those reactor operation conditions (depletion 
conditions) leading, at given initial enrichment and given burnup, to the highest reactivity of 
the spent nuclear fuel. 
 
The reactor operation conditions (depletion conditions) for the VVER-440 fuel are 
characterized by the following parameters: 
 

- Fuel temperature 
The impact of fuel temperature on reactivity is in Tab.5.1 and in Fig.5.1a,b shown. 
 

- Moderator temperature/density 
The impact of moderator temperature (by constant moderator density) on reactivity is in 
Tab.5.2 and in Fig.5.2a,b shown. The impact of moderator density (by constant moderator 
temperature) on reactivity is in Tab.5.3 and in Fig.5.3a,b. 
 

- Soluble boron 
The impact of boron concentration on reactivity is in Tab.5.4 and in Fig.5.4a,b shown. 
 



- Specific power and operating history 
The impact of specific power and operating history on reactivity is in Tab5.5 shown. 
 
The depletion parameters are related to neutron spectrum hardening. Spectrum hardening 
results in an increased build-up rate of plutonium due to increased neutron capture in U-238 
and leads therefore to a higher Pu-239 fission rate and hence, at given power, to a lower U-
235 fission rate. Spectrum hardening has therefore the effect of increasing the reactivity of the 
spent fuel. 
 
The minimal and maximal kef is in Tab5.6 shown. 
 

6. Axial and radial burnup profile 
 
The non-uniformity of the axial distribution of the burnup  and hence the non-uniformity of 
the axial distribution of the isotopic composition impacts the reactivity of a spent fuel 
management system. The reactivity effect of an axial burnup profile, often named as “axial 
end effect” or “end effect” only, is usually expressed as the difference )t,B,e(k AXΔ  between 
the system’s neutron multiplication factor obtained with the axial burnup profile and the 
system’s neutron multiplication factor obtained by assuming a uniform distribution of the 
averaged burnup of the profile. 

 

Whether the reactivity effect  is positive or not depends on the reactivity importance of 
the centre region of the active fuel zone relative to the bottom and top end regions of the active fuel 
zone. The lower the relative reactivity importance of the centre region is, the higher is the reactivity 
effect . Because the relative reactivity importance of the centre zone is determined by 
the axial distribution of the isotopic number densities, the reactivity effect 

)t,B,e(k AXΔ

)t,B,e(k AXΔ
)t,B,e(k AXΔ  is dependent 

on: 

• the initial enrichment, 

• the reactor operation conditions (depletion conditions) determining the neutron spectrum in the 
core and hence, due to the energy dependence of the neutron cross sections, the change in the 
isotopic concentrations with increasing burnup, 

• the average burnup 

• the cooling time 
 
More analyses were done in numerical benchmark CB3 and CB3+ ([5], [6]), in this article is 
compared only three axial profiles: flat, real and sinus (see Fig.6.1), results are in Tab.6.1 
shown. 
 
The VVER-440 assembly has different burnup in pins and therefore pins in corner are in 
different neutron spectrum, the nuclide composition in pins are different, but this effect is 
very small, see Tab.6.2. Note: It is not the same configuration as by axial profiles. 
 
By burnup credit application is necessary to take into account axial profile, but radial profile 
is possible to omit. 
 



 
 

7. Others 
 
Others possible impacts are control rods (absorption of thermal neutrons results hardening of 
spectrum) and burnable poison. Both impacts are not yet analysed, because in Slovakia the 
operation position of working group is 225 cm and older fuel is without burnable poison. 
 

Conclusion 
 
The use of burnup credit to demonstrate criticality safety for spent fuel management activities 
has gained world wide interest, burnup credit is recognized as a means of increasing 
efficiency for storage, transportation, reprocessing and disposal of spent fuel. 
 
Two-dimensional depletion methods are generally preferable to one-dimensional depletion 
calculation routes, in particular when the fuel design of interest has horizontally non-uniform 
enrichment distributions, when integral burnable absorbers are present in the fuel, or when 
control rods are inserted during some irradiation period. 
 
In future will be very good tool for BUC analyses the SCALE 5.1 system. 
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Tab.3.1   Reactivity worth from selected nuclides, cooling time 3 years 
 

nuclide Kef+2σMC ρ % Δρ % share % 
fresh 0.78133 -27.987   

fissionable 
actinides 0.72776 -37.408 -9.421 23.142 

U234 0.72893 -37.187 0.221 -0.542 
U236 0.72455 -38.017 -0.829 2.037 
Pu238 0.72093 -38.710 -0.693 1.702 
Pu240 0.67533 -48.076 -9.366 23.007 
Pu242 0.67284 -48.624 -0.548 1.346 
Am241 0.66724 -49.871 -1.247 3.064 
Am243 0.66480 -50.421 -0.550 1.351 
Np237 0.66260 -50.921 -0.499 1.227 
Mo95 0.66130 -51.217 -0.297 0.729 
Tc99 0.66016 -51.478 -0.261 0.641 

Ru101 0.65797 -51.983 -0.504 1.238 
Rh103 0.65146 -53.501 -1.519 3.731 
Ag109 0.65023 -53.792 -0.290 0.713 
Cs133 0.64654 -54.669 -0.878 2.156 
Nd143 0.63358 -57.833 -3.164 7.772 
Nd145 0.63350 -57.853 -0.020 0.049 
Sm147 0.63341 -57.876 -0.022 0.055 
Sm149 0.62161 -60.873 -2.997 7.362 
Sm150 0.61953 -61.413 -0.540 1.327 
Sm151 0.61202 -63.393 -1.981 4.865 
Sm152 0.61165 -63.492 -0.099 0.243 
Eu151 0.61063 -63.765 -0.273 0.671 
Eu153 0.60810 -64.447 -0.681 1.674 
Gd155 0.60512 -65.256 -0.810 1.989 

All 0.59278 -68.697 -3.440 8.450 
total   -40.71 100 

 
actinides   -22.934 56.33 

FP   -14.336 35.21 
act. + FP   -37.270 91.55 

 
fissionable actinides = U235, Pu239, Pu241 + U238 

 
 



Fig.3.1 Share of group of nuclides on total reactivity worth (burnup  
40 MWd/kg, cooling time 3 years) 

 

 
 

Fig.4.1  Dependence of reactivity on cooling time (burnup 40 MWd/kg) 
 

 
 
 



Tab.5.1  The impact of fuel temperature on reactivity 
 

TU  kef+2σMC

[K] actinides actinides + FP 
732 0,75133 0,68684 
832 0,75394 0,69137 
932 0,75655 0,69323 

kef
max-kef

min 0,00522 0,00639 
Δkef/kef*100 0,695 0,930 

   
 
 

Tab.5.2  The impact of moderator temperature on reactivity 
 

TM  kef+2σMC

[K] actinides actinides + FP 
573 0,75133 0,68684 
558 0,75145 0,68777 
543 0,75203 0,69067 

kef
max-kef

min 0,00070 0,00383 
Δkef/kef*100 0,093 0,558 

   
 
 

Tab.5.3  The impact of moderator density on reactivity 
 

γM kef+2σMC

[g/cm3] actinides actinides + FP 
0,72317 0,75133 0,68684 
0,75033 0,74530 0,68175 
0,77686 0,73993 0,67593 

kef
max-kef

min 0,01140 0,01091 
Δkef/kef*100 1,517 1,588 

   
 
 

Tab.5.4  The impact of boron concentration on reactivity 
 

B kef+2σMC

[g/kg] actinides actinides + FP 
0 0,74257 0,67985 

0,5 0,75133 0,68684 
1 0,75790 0,69378 

kef
max-kef

min 0,01533 0,01393 
Δkef/kef*100 2,064 2,049 

   
 
 



 
Tab.5.5  The impact of specific power and operating history on reactivity 
 

operating history kef+2σMC

 Actinides actinides + FP 
4 x (4.143 MW x 300 d + 65 d) 0,75133 0,68684 
4 x (4.143 MW x 300 d + 165 d) 0,75151 0,68697 
4 x (5.1788 MW x 240 d + 65 d) 0,75168 0,68729 
4 x (2.0715 MW x 600 d + 65 d) 0,74696 0,68721 
(5.1788 MW x 300 d + 65 d) +  
(5.1788 MW x 300 d + 65 d) + 
(4.143 MW x 300 d + 65 d) + 
(2.0715 MW x 300 d + 65 d) 

0,74960 0,68957 

kef
max-kef

min 0,00472 0,00273 
Δkef/kef*100 0,628 0,397 

   
 
 
Tab.5.6  The impact of core parameters on reactivity 
 
 TU  TM γM B operating history kef+2σMC

 [K] [K] [g/cm3] [g/kg]  actinides actinides + FP 
min. 732 573 0,.77686 0 4 x (2.0715 MW x 600 d + 65 d) 0,72637 0,66676 
max. 932 543 0,72317 1 4 x (5.1788 MW x 240 d + 65 d) 0,76589 0,70162 

 kef
max-kef

min 0,03952 0,03486 
 Δkef/kef*100 5,441 5,228 
        
 
 

Tab.6.1  The impact of axial profile on reactivity, average burnup 40 MWd/kg 
 

axial profile kef+2σMC

 actinides actinides + FP 
flat 0.66892 0.61265 
real 0.71082 0.67124 
sin 0.73093 0.69893 

 Δkef+2σMC

real-flat 0.04190 0.05859 
sin-flat 0.06201 0.08628 

   
 
 

Tab.6.2  The impact of radial profile on reactivity, average burnup 39 MWd/kg 
 

radial profile kef+2σMC

 actinides actinides + FP 
flat 0.77947 0.72322 
real 0.77831 0.72237 

 Δkef+2σMC

real-flat -0.00116 -0.00085 
   

 



Fig.5.1a   The impact of fuel temperature on reactivity 

Enrichment 3.6 %, burnup 40 MWd/kgU, cooling time 1 y
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Fig.5.1b   The impact of fuel temperature on reactivity 

Enrichment 3.6 %, burnup 40 MWd/kgU, cooling time 1 y
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Fig.5.2a   The impact of moderator temperature on reactivity 

Enrichment 3.6 %, burnup 40 MWd/kgU, cooling time 1 y
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Fig.5.2b   The impact of moderator temperature on reactivity 

Enrichment 3.6 %, burnup 40 MWd/kgU, cooling time 1 y
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Fig.5.3a   The impact of moderator density on reactivity 

Enrichment 3.6 %, burnup 40 MWd/kgU, cooling time 1 y
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Fig.5.3b   The impact of moderator density on reactivity 

Enrichment 3.6 %, burnup 40 MWd/kgU, cooling time 1 y
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Fig.5.4a   The impact of boron concentration on reactivity 

Enrichment 3.6 %, burnup 40 MWd/kgU, cooling time 1 y
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Fig.5.4b   The impact of boron concentration on reactivity 

Enrichment 3.6 %, burnup 40 MWd/kgU, cooling time 1 y
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Fig.6.1   Axial profile, average burnup 40 MWd/kg 
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