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ABSTRACT 

In this paper criticality safety analysis of the NPP Krško spent fuel storage is examined 
in the unlikely hypothetical collapsed geometrical configurations of the fuel assembly. 
Neutron transport equation is solved with the Monte Carlo code Serpent for several different 
fuel geometries in the limiting optimum moderation region. Analysis has shown that, beside 
full fuel degradation in the axial direction, partial fuel degradations has to be considered, 
since it leads to higher pool reactivity due to more symmetrical neutron moderation. Peak keff 
of the degraded fuel could be more than 0.4 % higher than in the intact fuel case, if the 
nominal boron concentration of 2000 ppm is respected. In the hypothetical no boron event 
slightly degraded fuel could increase pool reactivity by 2.3 %. 

1 INTRODUCTION 

Wet spent fuel storage is designed to effectively cool the spent fuel assemblies and 
maintain them in a subcritical array during all credible storage conditions. However, under 
some very unlikely hypothetical situations, the pool could experience distortion and break to 
such extent that the loss of water in the pool could be postulated. In the dry or partially 
drained spent fuel pool the discharged fuel from the last or two last refuellings could still have 
enough decay heat to compromise regular fuel geometrical configuration. A preliminary study 
[1] has shown that the reactivity of the racks could increase with slightly degraded fuel at 
optimum moderation conditions. In this paper influence of the collapsed fuel geometry on the 
criticality safety of the NPP Krško spent fuel storage is examined. Neutron transport equation 
is solved with the Monte Carlo code Serpent [2] for several different fuel geometries near the 
optimum moderation peak. 

2 METHODS AND MODELS 

Criticality safety investigation of the NPP Krško wet spent fuel storage in the 
hypothetical degraded configuration has been performed. NPP Krško is a 2-loop 
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Westinghouse plant with a gross electrical output of 730 MW. The core consists of 121 fuel 
assemblies. Each assembly has 235 fuel rods arranged in a 16×16 array. The remaining 21 
positions are intended for control rods and the central instrumentation channel. Used fuel is 
stored in the storage pool, where two types of storage racks are implemented. Present analysis 
considers old racks configuration with the highest possible fuel enrichment of 5 %. 

In the analysis several radial collapse patterns of the fuel rods are considered. It is 
assumed that the fraction of fuel rods has lost their integrity and has collapsed to the bottom 
part of the fuel assembly. The process starts at the assembly centre, since the cooling of the 
fuel rods is better on the assembly edges than in the centre and gradually progress outwards. 
There are different processes which can lead to the loss of the fuel integrity in the reality. 
They result in different geometrical configurations of the degraded fuel. But they have all one 
thing in common. The fuel, or part of the fuel, is compressed into smaller volume. We would 
like to evaluate the influence of this fuel compaction on the reactivity of the fuel racks. The 
goal is achieved with the developed geometrical model, where the fuel compression is 
maximized. The UO2 density remains the same but it is assumed that all space inside the fuel 
assembly, previously occupied with water, is available for the UO2 from rod pellets.  

Cases with 0 %, 6.4 %, 13.2 %, 25.1 %, 37.0 % and 52.3 % compacted fuel rods are 
considered. The radial and axial storage cell cross sections are presented in Figures 1 to 3. 
Two different cases are shown on each figure. For each particular case, two radial slices (one 
at the upper and one at the lower fuel end) are shown on the left. Water is represented in blue, 
UO2 with red, cladding with light green. The stainless steel cell frame is in violet. In the 
compacted fuel rods region the zircaloy cladding is also visible. Volume of the cladding 
annuluses is appropriately enlarged to retain the material balance of the fuel assembly. The 
cell cross section in the axial direction is presented in the right side of each figure. Concrete 
structure of the pool is in light brown on the bottom. Aspect ratio of the axial slices is not 
preserved to allow reasonable geometrical presentation. An infinite array of the storage rack 
cells with no burnup credit is considered in all calculations. 

 
Figure 1: Geometrical layout of the 0 % (left) and 6.4 % (right) fraction of compacted rods 
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Figure 2: Geometrical layout of the 13.2 % (left) and 25.1 % (right) fraction of compacted fuel rods 

 
 

 
 

Figure 3: Geometrical layout of the 37.0 % (left) and 52.3 % (right) fraction of compacted fuel rods 
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Criticality evaluation is performed with the Serpent code [2]. Serpent is a three-
dimensional continuous-energy Monte Carlo reactor physics burnup calculation code, 
developed at the VTT Technical Research Centre of Finland. It is not a typical Monte Carlo 
code. While the majority of the other codes use the ray-tracing algorithm as a transport model, 
Serpent uses the Woodcock delta tracking method. In this way the geometry routines get 
simplified and calculations are faster compared to conventional Monte Carlo codes. It uses a 
continuous energy neutron cross section library in an ACE format based on the ENDF/B-VII 
evaluated nuclear data library [3]. The code is specialised for two-dimensional lattice physics 
calculations, but the universe-based geometry description allows the modelling of 
complicated three-dimensional geometries as well. Detailed geometrical modelling of the 
NPP Krško fuel assembly and storage rack in the Serpent code enables accurate determination 
of the multiplication factor.  

3 RESULTS AND DISCUSSION 

Design analyses of the NPP Krško old racks [4] have shown that the maximum pool 
reactivity takes place at low water density – optimum moderation region. Low water density 
might occur when the pool water content is low and water boiling is so strong that significant 
void formation can arise. Conservative low pool temperature of 120 °C is considered in the 
calculations, since the Doppler broadening in the U resonances decreases neutron 
multiplication with an increased temperature.  

Soluble boron concentration in the NPP Krško pool is limited by the Technical 
specifications [5] to the 2000 ppm. Pool reactivity at this nominal boron concentration is 
presented in Figure 4. Optimum moderation occurs at water densities around 0.1 g/cm3. In 
general, fuel compression decreases peak pool reactivity. A small reactivity increase is 
observed near the optimum moderation with the fuel compaction fraction in the range of 6.4 
% - 25.1 % compared to the intact fuel case. It should be mentioned here, that the pool has 
been designed to preclude criticality even at such conditions with undegraded fuel assemblies 
[4]. The loading curve has been determined, which relates fuel assembly enrichment and 
discharged burnup. Only assemblies with sufficiently high burnup are allowed to be stored in 
the pool. 
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Figure 4: Pool multiplication factor at the nominal 2000 ppm boron concentration for different cases of fuel 

degradation 
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Hypothetical case with 0 ppm of boron is shown on Figure 5. In that case optimum 
moderation occurs at slightly higher densities, around 0.2 g/cm3. An increase of the reactivity 
in the optimum moderation region in the cases with fuel compression up to 37.0 % can be 
observed. Increase in the keff is less than 2 % near the optimum moderation peak compared to 
the intact fuel case.  
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Figure 5: Pool multiplication factor with no soluble boron in the pool water for different cases of fuel 

degradation 

So far only geometrical models that include full fuel degradation in axial direction have 
been examined. It can be seen on Figures 1-3 that the hollow central region with excess 
moderator (water gap) is located in the upper fuel assembly part. One would expect higher 
reactivity if this region is positioned towards the assembly center. Assuming that the fuel 
degradation starts at some lower level, fuel rods at the upper assembly part stay intact, while 
the hollow region shifts lower. It should be noted that the effective fuel assembly degradation 
factor is getting lower in this partial axial degradation. Some geometrical examples are 
provided in Figure 6. Each geometrical model is described with 2 numbers. The number after 
letter m describes radial model and the number after letter f describes actual fraction of 
degraded fuel rods in the assembly. It can be observed that in the first 2 presented models on 
the left the hollow part is located considerably below the fuel assembly center. To achieve 
higher reactivity, a layer of intact fuel below the degraded part is considered. In these cases 
intact fuel is above the hollow part and below the compacted fuel region. In general there are 
therefore two variables that need to be examined for each radial model – total fraction of 
degraded fuel in the assembly and the axial position of the hollow region. In addition, for each 
geometrical model several runs with different water densities are needed to obtain optimum 
moderation peak. Results of performed analysis are presented in Figure 7 for the 2000 ppm 
case and in Figure 8 for the no boron case.  

Optimum moderation peak is presented for selected geometrical models. Red horizontal 
line denotes the peak keff of the intact fuel case. For each radial model, different degraded fuel 
fractions are considered. In most cases the lowest positioning of the degraded fuel portion 
yields to the highest fuel reactivity. Additional point with slightly raised degraded fuel portion 
is added in all cases to confirm that. In some particular cases such as m25.1f6.4, m25.1f9.8 
and m37.0f6.6 at 2000 ppm, additional runs were needed to determine optimum axial 
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positioning. For each radial model the highest possible peak value is determined with the 
polynomial fit through the highest peak keff values of the corresponding models. Results are 
presented in Figures 9 and 10. 

 

 
Figure 6: Geometrical layout of the cases m25.1f6.4, m25.1f9.8, m25.1f16.6, m25.1f22.1 and m25.1f25.1  
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Figure 7: Optimum moderation peak keff for different geometrical cases, 2000 ppm of boron 
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Figure 8: Optimum moderation peak keff for different geometrical cases, no boron 

 

In the 2000 ppm case estimated optimum moderation peak keff is more than 0.2 % 
higher compared to the intact fuel, when full axial fuel degradation is taken into account. If 
the fuel is only partially degraded in the axial direction, peak keff is more than 0.4 % higher. 
With no boron in the pool differences are much larger. Full axial fuel degradation leads to 
almost 2 % higher keff and more than 2.2 % if the fuel is only partially degraded in the axial 
direction. 
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Figure 9: Highest optimum moderation peak keff values for different radial geometrical models, 2000 ppm of 

boron 

 



312.8 

1.090

1.095

1.100

1.105

1.110

1.115

1.120

0% 10% 20% 30% 40% 50% 60%
Fraction of compacted fuel rods 

Pe
ak

 k
-e

ff

Full axial degradation Partial axial degradation

 
Figure 10: Highest optimum moderation peak keff values for different radial geometrical models, no boron 

 

4 CONCLUSION 

Criticality safety investigation of the NPP Krško wet spent fuel storage in the 
hypothetical degraded configuration is performed with the Monte Carlo code Serpent. Full 
fuel degradation and partial fuel degradation in the axial direction is considered. In the 
optimum moderation region peak keff of the degraded fuel could be more than 0.4 % higher 
than in the intact fuel case, if the nominal boron concentration of 2000 ppm is respected. In 
the hypothetical no boron event slightly degraded fuel could increase pool reactivity by 2.3 %. 
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