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ABSTRACT 

NPP Krško is going to increase the capacity of the spent fuel storage pool by 
replacement of the existing racks with high-density racks. This will be the second reracking 
campaign since 1983 when storage was increased from 180 to 828 storage locations. The pool 
capacity will increase from 828 to 1694 with partial reracking by the spring 2003. The 
installed capacity will be sufficient for the current design plant lifetime. Complete reracking 
of the spent fuel pool will additionally increase capacity to 2321 storage locations. The 
design, rack manufacturing and installation has been awarded to the Framatome ANP GmbH. 
Burnup credit methodology, which was approved by the Slovenian Nuclear Safety 
Administration in previous licensing of existing racks, will be again implemented in the 
licensing process with the recent methodology improvements. Specific steps of the criticality 
safety analysis and representative results are presented in the paper.  

1 INTRODUCTION 

NPP Krško is a Westinghouse 704 MWe 2-loop PWR plant operating successfully since 
1981. The reactor operates with 121 fuel assemblies of a 16x16 type. Plant has been uprated 
recently and is now in the beginning of Cycle 19. Basically two types of nuclear fuel were 
burnt in the reactor. Standard fuel with uniform enrichment and traditional pyrex burnable 
absorbers and new Westinghouse Vantage fuel that uses enriched annular axial blankets, 
integral burnable absorbers and ZIRLO cladding that allows burnups up to 60 GWd/MTU. 
The highest enrichment employed was 4.3% of U-235. 

The existing racks were licensed based on analysis performed with the NRC approved 
Westinghouse methodology. The past analysis was performed in a conservative 2-D 
approximation neglecting axial and radial burnup variations. Since the racks exhibit relative 
large cell center to center distance (30.48 cm x 29.64 cm), only a small burnup credit of 4 
MWd/kgU was needed to cover the highest licensed enrichment of 5% of U-235.  

 
For further increase of the spent fuel storage capacity high density racks with additional 

neutron absorber are needed. NPP Krško has chosen borated stainless steel in the form of 
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additional neutron absorbing panels with the boron loading of 2.44 mg/cm2. The design of 
highly compacted storage racks is provided in Fig. 1. With these racks the pool capacity is 
going to increase in two steps from 828 to 1694 and finally to 2321 locations, which should 
be sufficient for the fuel storage during entire plant expected lifetime. The design, rack 
manufacturing and installation have been awarded to the Framatome ANP GmbH. 

 

 
 

Figure 1: Storage cell of the new rack 
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2 METHODOLOGY 

 The design of the racks satisfies the U.S. NRC regulatory requirements by applying 
applicable guidance and standards which are laid down in the General Design Criteria, 
Standard Review Plan 9.1.2, RG 1.13 and ANSI/ANS-57.2. For the burnup credit application, 
there are no additional standards, however improved calculational methods permit to take 
credit for the reactivity reduction with fuel burnup. The introduction of new parameters and 
effects and consequentially new uncertainties have to be considered in the criticality safety 
acceptance criteria. It is necessary to validate the isotopic composition that results from 
depletion analysis and extend the validation range of criticality codes to cover spent fuel. 

 
2.1 NPP Krško Requirements and Inputs 

NPP Krško requested that Criticality Safety Analysis (CSA) [1] takes into account also 
existing and possible future axial power profiles, no boron credit in the pool, standard and  
Vantage fuel  types, fuel enrichment up to 5% of U-235, various power operation strategies 
(like 18 month fuel cycles, coastdown, temperatures etc). The design of the rack shall be such 
that there is no restriction for storage of fuel with burnup more than 40 GWd/MTU.  

 
2.2 Criticality Safety Analysis Procedure (Burnup Credit Procedure) 

Criticality Safety Procedure consists of the following nine major steps: 
 

- description of fresh fuel characteristics and fuel types,  
- depletion analysis (determination of isotopic composition of irradiated fuel), 
- establishing conservative isotopic set taking account uncertainty in the depletion 

analysis,  
- sensitivity analysis (manufacturing tolerances, storage rack design features…), 
- determination of CSA acceptance criterion taking into account regulatory 

requirements,  
- uncertainties from depletion analysis, criticality code benchmark bias, results from 

sensitivity analyses, 
- determination of the loading curve,  
- determination of the minimum boron content of the pool water for meeting the   

criticality safety for accident conditions,  
- administrative procedures applicable for the fuel storage. 

 
Many of these steps are not different from steps that traditionally have to be taken in a 

fresh fuel assumption standards procedure. 
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3 DEPLETION ANALYSIS AND CONSERVATIVE ISOTOPIC SET  

Application of burnup credit requires calculation of the isotopic inventory of the 
irradiated fuel for which burnup credit is taken. The depletion calculation simulates the 
burnup of the fuel under reactor operating conditions. The result of the depletion analysis is 
the predicted isotopic composition of the discharged spent fuel. This composition is a 
necessary input to the criticality analysis, which was performed with SCALE-4.4 and 44-
group library [2]. 

In the depletion analysis actinide plus fission products approach has been used. Only a 
few fission products which are conservative with respect to cooling time but have also 
significant neutron absorption properties are taken into account – 103Rh, 109Ag, 133Cs, 135Cs, 
143Nd, 145Nd, 147Pm, 147Sm, 149Sm, 150Sm, 151Sm, 152Sm, 153Eu and 155Eu. No cooling time 
credit has been used. The accumulation of Pu-239 is conservatively covered by increasing the 
concentration of this nuclide obtained at time of reactor shutdown by 5%. 

The depletion code CASMO-3G [3] has been applied to determine the isotopic 
densities. The code has been validated against several assay measurements. It was 
demonstrated that for the NPP Krško case, the uncertainty in isotopic composition could 
result in underestimation of keff, but not more then 0.012 for the fuel depleted up to 50 
MWd/kgU. 

4 CRITICALITY ANALYSIS  

The criticality analysis has demonstrated that evaluated multiplication factor of a fuel 
storage is less then 0.95 including all uncertainties. The version 4.4 of the SCALE system 
with its ENDF/B-V derived 44-group library has been used. 

 
4.1 Analysis of Normal Operating Conditions 

Analyses of normal operating conditions were performed assuming nominal dimensions 
of storage racks that were infinite in lateral extent. Manufacturing tolerances for the fuel and 
racks were considered. Some parameters were used conservatively like boron loading, which 
is used at its minimum value. The specific modeling features (like belts fixing the panels or 
eccentricity of fuel assemblies) on reactivity were specifically evaluated. 

 
Special effort has been performed to determine the end effect due to axial burnup 

distribution. The end effect represents the difference between neutron multiplication factor of 
a fuel with axial burnup shape and the neutron multiplication factor obtained by assuming a 
uniform distribution obtained by averaging the burnup profile. An extensive database of 
actual axial burnup shapes has been prepared to properly evaluate the end effects. Burnup 
shapes are derived from monthly in-core power measurements covering 17 cycles of plant 
operation [4]. They are provided for the standard fuel and fuel with axial blankets (Vantage 
fuel) on 60 equidistant axial regions. Each processed burnup profile has been enveloped in 
conservative manner (Fig. 2) [5] and evaluated according to the procedure described in [5], 
[6].  
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Figure 2: Modeling of axial burnup distribution 

 
Actual average burnup of the fuel assembly is correlated to the equivalent uniform 

burnup. A typical dependence is shown in Fig. 3. All obtained results are bounded with the 
“correlation curve” which represents the axial end effects.  

 
 

 
Figure 3: Correlation of equivalent uniform burnup to average burnup 
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Horizontal burnup profiles have been evaluated similarly. Since there are no 
measurement data specific to the NPP Krško fuel, conservative generic data have been used. 
For this purpose a linear model is established for the horizontal burnup tilt which 
conservatively covers the maximum assembly quadrant deviations from the fuel assembly 
average burnup determined in [7]. The neutron multiplication factors obtained for the 
horizontal burnup profiles were evaluated using the same methods described in previous 
section. The effect was covered by an additional penalty of 0.5 MWd/kgU over the entire 
burnup range. 

 
4.2 Analysis of Postulated Accident Conditions 

Several cases were evaluated to determine the most reactive accident condition and a 
minimum required soluble boron content in the pool water:  

 
- increase in the pool coolant temperature, 
- deformation of absorber cells, 
- inadvertent placement of 5% enriched, unirradiated and unpoisoned fuel assembly  

outside and adjacent to a storage rack (caused for instance by a drop of the 
assembly), 

- misplacement of 5% enriched, unirradiated and unpoisoned fuel assembly. 
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5 RESULTS  

The final result of previously presented calculations is a loading curve, which provides 
the minimum required discharged burnup as a function of the initial enrichment of the fuel 
assembly. The loading curves for the new and old racks are presented on Fig. 4. 

 

 

 
Figure 4: Loading curves for the new and old storage racks 
 
 
This loading curve applies for both fuel assembly designs used by NEK, standard as 

well as Vantage assuming the highest zone enrichment. In the case of most reactive accident 
condition postulated a minimum content of 1073 ppm of soluble boron has to be maintained 
in the pool water in order to ensure sufficient subcriticality. 
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6 CONCLUSIONS 

The criticality safety analysis of the Krško high density storage racks has been 
completed taken into account all regulatory requirements, recent industry standards and 
guidance. Loading curve that covers different types of fuel, past and future power operation 
was determined for the new high density storage configuration. Minimum required average 
discharge fuel burnup of 40.7 GWd/MTU for the fuel with highest licensed enrichment has 
been established that comply with the acceptable storage criteria. Minimum boron 
concentration of 1073 ppm has to be maintained in the pool water in order to ensure sufficient 
subcriticality in the accident conditions. 
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