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ABSTRACT 

The properties of nuclear fuel depend on the actual isotopic composition which develops 

during a reactor operation. In practice, the prediction accuracy of burnup calculations serves as 

the basis for the future precise estimation of a core lifetime and other safety-based core 

characteristics. The present study quantifies nuclear data induced uncertainties of nuclide 

concentrations and multiplication factors in VVER-440 fuel depletion analysis. The well-

known SCALE system and the TRITON sequence are used with the NEWT deterministic solver 

in the SAMPLER module that implements stochastic techniques to assess the uncertainty in 

computed results. The propagation of uncertainties in neutron cross section and fission yields 

is studied through the depletion calculation of 2D heterogeneous VVER-440 fuel assembly with 

an average enrichment of 4.87 wt % of 235U and six gadolinium rods with 3.35 % of Gd2O3. In 

the paper, fixed nominal depletion conditions are based on the real operational data of the 

Slovak NPP Bohunice unit 4 during cycle 30. In total 250 cases with uncertain parameters are 

computed and the results are evaluated by an auxiliary tool.  

1 INTRODUCTION 

The prediction accuracy of burnup calculations is a critical factor in the reactor analysis 

sequence. The core properties depend on the actual composition of the fuel; thus, the 

characteristics of the reactor core undergo changes during burnup. Moreover, the isotopic 

composition of the spent fuel discharged from the core is a key factor in both the operations 

and the material control activities of the deep geological repository. An accurate estimate of the 

time-dependent radionuclide inventory in this material is necessary to evaluate many spent fuel 

issues, including neutron and gamma-ray source terms for shielding analysis, decay-heat source 

terms for temperature distribution and radiological and chemical toxicity for environmental 

impact consideration. The computational estimate of the isotopic composition and other derived 

parameters of irradiated fuel is affected by numerous methodology aspects and sources of 

uncertainty. One of the major contributors to the final uncertainty is the uncertainty in nuclear 

data. The nuclear data used in a SCALE [1] calculation are processed from evaluated nuclear 
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data files (ENDF/B) produced by the National Nuclear Data Center [2] through the AMPX code 

system. The ENDF/B data are based on a large set of nuclear data measurements, that have 

been evaluated by experts. Nuclear data are treated following the laws of probability and 

statistics. As such, they are represented by a central (recommended) value and are mostly 

burdened with uncertainty (in the form of covariance matrices) arising from measurements, 

modelling fits applied or consistency adjustments. However, ENDF/B uncertainty data 

(including correlations) is not available for many nuclides or for some type of data [3]. The 

supplemental data have been developed within SCALE system for fission yield data, 

multigroup cross section data and decay data [3]. SCALE 6.2.3 used in this analysis includes 

two uncertainty quantification methods. The first one utilises a perturbation theory in 

TSUNAMI module that can produce first-order uncertainty estimates to the given responses, 

for which sensitivity coefficients can be calculated appropriately. The main constraint of 

TSUNAMI is an impossibility to propagate uncertainties induced by nuclear data in transport 

problems with depletion. The second option is based on the stochastic procedure assuming that 

every calculation input may have a probability distribution, which is then propagated through 

a complex computational sequence. It provides the variation in the output data due to variations 

in any combinations of input data [3]. The present study investigates nuclear data induced 

uncertainties of nuclide concentrations and multiplication factors in VVER-440 fuel depletion 

analysis. The TRITON lattice physics sequence [4] with the NEWT deterministic solver is used 

in repeated depletion calculations to propagate the uncertainties in neutron cross section and 

fission yields in 2D heterogeneous VVER-440 fuel assembly. The fixed nominal depletion 

conditions are based on the real operational data of the Slovak NPP Bohunice unit 4 during 

cycle 30. In total 250 cases with uncertain parameters are computed and the results are evaluated 

by an auxiliary in-house tool. 

2 METHODS AND TECHNIQUES 

The following section gives brief information about the geometry and used material 

model, burnup history, depletion method and parameters applied; and stochastic uncertainty 

quantification. 

2.1 VVER-440 geometry and model description 

All the current VVER-440 fuel assemblies (FA) used in Slovakia are hexagonal and the 

fuel rods are placed in the assembly in a triangular grid pattern. The assembly is enclosed in a 

hexagonal wrapper with the width across the flat equal to 145 mm (the 2nd generation FA). The 

FA and emergency reactor control assemblies (ERC) are positioned in a hexagonal grid with a 

spacing of 147 mm. The fuel rods are in the bundle in a triangular grid pattern with a pitch of 

12.3 mm. The fuel rod claddings are made of the E110 zirconium alloy (Zr + 1% Nb), while 

the wrapper tubes of FA and ERC are made of the E125 zirconium alloy (Zr + 2.5% Nb). The 

modelled outside diameter of fuel rod cladding is 9.1 mm and the inside diameter is 7.75 mm. 

The cladding houses a fuel column assembled of uranium dioxide pellet. Generally, several 

types of profiled fuel assemblies are used to maintain power peaking factors under the design 

limits. A Gd2O3 absorber is integrated with a mass content of 3.35 % into number of FAs to aid 

fuel profiling. The profiling diagrams with various initial enrichments of fuel bundles currently 

used in Slovakia are shown in Fig. 1. The investigated fuel assembly with an average 

enrichment of 4.87 wt % 235U is located on the right side of the figure. 
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a) ERC fuel part - 3.84 wt % 235U  b) FA - 4.25 wt% 235U  c) FA & ERC fuel part - 4.87 wt % 235U 
Figure 1: Profiling diagram for fuel assemblies currently used in Slovakia  

 

2.2 TRITON sequence – depletion calculation 

An accurate treatment of neutron transport and depletion in VVER-440 fuel assemblies 

characterized by heterogeneous and complex design requires the use of advanced computational 

tools. The sequence TRITON, included in SCALE 6.2.3 code system developed by ORNL, was 

used to perform depletion simulations for 2D FA. The TRITON depletion module couples the 

2D transport code NEWT with the point depletion and decay code ORIGEN-S.  

For the sake of brevity, just the most important options used in our best modelling 

approach (BMA), which are based on SCALE/TRITON primer [5] and our experience for 

burnup calculations related to VVER-440 fuel [6] are discussed here. The developed model is 

the 2D assembly model with reflective boundary conditions on all sides, which represent 

infinite radial arrays of infinite length fuel assemblies. An unstructured coarse-mesh finite-

difference acceleration approach is used with “partial-current” acceleration scheme. All 

calculations were performed with the standard SCALE 252 multigroup neutron library based 

on ENDF/B-VII.1 evaluated data [8]. Fuel pins with burnable absorbers were depleted by 

constant flux option instead of constant power approach. The fixed average specific power of 

each model is derived from the average reactor power of NPP Bohunice unit 4 during cycle 30 

and equals to 33.05421 kWth/kgHM. The average concentration of boron acid (H3BO3) is 

obtained using the same approach and reaches cb = 2.56 g/kg. The fuel is modelled with 

temperature of 933 K and the temperature of structural materials and water coolant is 555 K. 

The fuel pellet density is 10.55 g/cc and the density of zirconium alloys equals 6.55 g/cc. Very 

fine depletion steps (< 0.5 MWd/kgHM) are used before gadolinium peak reactivity to track the 

fast poison concertation changes. After peak reactivity, longer steps are used but are kept 

smaller than 1 MWd/kgHM.  

2.3 SAMPLER stochastic uncertainty quantification 

Within the SCALE 6.2.3, SAMPLER super-sequence based on stochastic sampling is 

available to quantify the uncertainty in results from TRITON sequence, due to uncertainty in 
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cross sections, fission yield, decay data and other user input parameters. In this study, just cross 

section and fission yield induced uncertainty to isotopic concentrations and effective 

multiplication properties are quantified. The SAMPLER module utilizes the previously 

generated perturbation factors for the 1D cross sections on the multigroup library, assuming 

that the probability density functions are multivariate normal distributions with covariances 

given in the SCALE nuclear data covariance library. As stated in [1], only the 1D data and the 

Bondarenko factors (if requested) are varied because no covariance data are available for the 

2D scattering distributions; however, the 2D data are renormalized to be consistent with the 

perturbed 1D scattering cross sections. In the current SCALE version, decay data perturbations 

are not applicable in TRITON sequence. Anyhow, as declared in [1], decay data contributes 

very little additional uncertainty compared to yield data and cross section data. Uncertainty 

libraries for fission product yields are implemented from ENDF/B-VII.1 data for the major 

actinides 235U, 238U, 239Pu, and 241Pu at energies relevant for LWR systems. The independent 

correlations developed by ORNL using a Bayesian method are applied to ensure that 

uncertainties in the cumulative fission yields are consistent with the independent yields in each 

chain [7]. Correlations in yields from other fissionable nuclides are not available in SCALE at 

this time. In this analysis, the pointwise data perturbations for CENTRM module and 

perturbations of Bondarenko factors were not applied. Due to the stochastic approach applied, 

250 independent calculations were performed in parallel mode. The evaluation of the final 

uncertainty at specific burnup level in an individual requested output parameter 𝑝 was 

calculated by an auxiliary tool according to Eq. 1, 

∆𝑝 = √
1

𝑛−1
∑ (𝑝𝑠

𝑀𝐶 − 𝑝𝑀𝐶̅̅ ̅̅ ̅)
2𝑆

𝑠=1  , (1) 

where ∆𝑝 is one standard deviation (1-sigma) of the investigated parameter due to uncertainties 

in the input parameters. The sign 𝑝𝑠
𝑀𝐶  stands for the result of the sth independent simulation 

(from the S simulations in total) based on the Monte Carlo sampled input parameters which 

have been randomly varied within the specified distribution. 

3 RESULTS 

The results presented in this section demonstrate the cross section and fission yield 

uncertainty propagated through the depletion simulation on the 2D VVER-440 fuel assembly. 

The concentrations of chosen nuclides are presented as a function of achieved average FA’s 

burnup. Moreover, the FA’s effective multiplication factor, 𝑘𝑒𝑓𝑓, is presented at each burnup 

step with the associated integral uncertainties.  

  
a) keff b) convergence plot 

Figure 2: Mean value and integral uncertainty of 𝑘𝑒𝑓𝑓 with the convergence plot 
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As illustrated in Fig. 2 a), the 3-sigma range of FA’s multiplication factor, 𝑘𝑒𝑓𝑓, shows a 

steady and low uncertainty, with maximum value of only 0.85 %. Our previous work [8] has 

shown, that the 3-sigma range of VVER-440/213 keff due to cross section covariance data at the 

end of campaign determined by the perturbation theory implemented in TSUNAMI module is 

1.92 %. However, in the previous study, all covariance data were taken into account and 

uncertainties were not propagated in depletion calculation. It should be noted that the 

convergence of the final uncertainty and the mean value was visualized and checked at each 

burnup level as demonstrated in Fig. 2 b). Based on the checked convergence plots, 125 

independent calculations appear to be sufficient to obtain acceptable results.  

Figures 3 to 7 illustrate the nuclide uncertainties. The concentrations with calculation 

uncertainties of fissile actinides 239Pu and 241Pu are shown in Fig. 3. These isotopes have steady 

and very low induced 3-sigma uncertainty of 0.1 % and 1 % respectively. 

  

a) 239Pu b) 241Pu 

Figure 3: 239Pu and 241Pu mass concentrations with uncertainties 

As illustrated in Fig. 4 a), the 238Pu concentrations are difficult to predict, what is 

supported by large calculation uncertainty increasing with the irradiation time. As shown in [9] 

the 238Pu is the second most important contributor to the decay heat generated by PWR fuel at 

cooling times between 5 and 100 years. According to our calculation, at burnup level of 

40 MWd/kgHM, the 3-sigma uncertainty reaches almost 12 %.  

  

a) 238Pu b) 241Am 

Figure 4: 238Pu and 241Am mass concentrations with uncertainties 

In terms of criticality safety, 241Am is the moderately absorbing actinide, however it is a 

major contributor to the decay heating of PWR and BWR fuels at cooling times of about 100 
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years. Our results shown in Fig. 4 b) indicate that concentrations of 241Am may be calculated 

precisely with the 3-sigma uncertainty lower than 0.6 %. As demonstrated in our previous work 

[6], where the measured compositions of Novovoronezh NPP irradiated fuel assembly were 

compared to data calculated by the TRITON sequence, the 241Am concentrations were 

underestimated much more than is suggested by current results (approx. -4 to -10 %). This 

discrepancy could be due to the unaccounted contribution of decay uncertainty data to our 

current results or it could be caused by other uncovered errors. 

The dominant contributor to the decay heat of 3 wt % 235U PWR fuel (burnup 

20 MWd/kgHM) within the first 5 years of cooling time is the 90Y. As can be found in [9], 

depending of the initial fuel enrichment and reached burnup, the 90Y may be altered by the 
134Cs. As shown in Fig. 5, concentrations for both nuclides are burdened with quite a low 

uncertainty of 2.1 % and 1.3 % resp.  

  

a) 90Y   b) 134Cs 

Figure 5: 134Cs and 90Y mass concentrations with uncertainties 

149Sm is an important neutron absorber arising from the decay of 149Pm. Its saturated 

concentration depends on the actual reactor power. According to the results – see Fig. 6 a), the 

3- sigma uncertainty in the nuclide concentrations is almost the same over the course of 

irradiation and reaches approx. 2.1 %. 87Br is known as the delay neutrons precursor which 

belongs to the longest half-life group in the classical 6 delayed neutron groups model. As shown 

in Fig. 6 b), the uncertainty in nuclide concentrations tends to slightly decrease with higher 

burnup. The maximal calculated value of 3-sigma uncertainty is 2.8 %. 

  

a) 149Sm b) 87Br 

Figure 6: 149Sm and 87Br mass concentrations with uncertainties 

 



205.7 

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 7  ̶  10, 2020 

According to the calculation results [10] the neutron emission of the spent LWR fuel is 

dominantly from spontaneous fission of 244Cm at cooling times longer than two years. As it is 

shown in Fig. 7 a), 244Cm concetration 3-sigma uncertainty increases with burnup and and the 

end of our investigastion reaches approx. 4.5 %.  

  

a) 244Cm b) 148Nd 

Figure 7: 244Cm and 148Nd mass concentrations with uncertainties 

148Nd belongs to the principal burnup monitors with almost linear buildup during 

irradiation. It is almost an ideal monitor due to its chemical and neutron-physical properties. It 

is a stable fission product, it has almost the same yield for 235U and Pu and the yield is 

independent of neutron energy, it is formed exclusively by fission (low neutron capture cross 

section) and it is not present in non-irradiated fuels [11]. As demonstrated in Fig. 7 b) nuclide 

concentrations of 148Nd are burdened with the very low uncertainty of 1,9 % at the end of 

investigated interval. 

4 CONCLUSION 

Consideration of nuclear data uncertainty in calculations is a general trend that requires 

attention of nuclear researchers and nuclear regulators. Uncertainty quantification has a wide 

range of applications in numerous scenarios including nuclear safety analysis and design. This 

paper demonstrated sampling capabilities of the SAMPLER sequence, where nuclear data 

induced uncertainties of nuclide concentrations and multiplication factors in VVER-440 fuel 

depletion analysis were investigated and visualized. The TRITON lattice physics sequence with 

the NEWT deterministic solver was used in repeated depletion calculations to propagate the 

uncertainties in neutron cross section and fission yields in 2D heterogeneous VVER-440 fuel 

assembly. The presented work is the follow-up of previous activities devoted to the burnup 

modelling issues associated with VVER-440 fuel, where the sensitivity studies of relevant input 

and depletion parameters were performed (e.g. [6], [8]). Despite the perturbations for CENTRM 

module and perturbations of Bondarenko factors were not applied and decay data uncertainties 

were not taken into account. Results presented in the paper suggest the relatively significant 

uncertainties in nuclide concentrations in regard to spent fuel characteristics (e.g. 90Y, 238Pu and 
244Cm) criticality safety and transient calculations (integral keff uncertainties, 87Br and 149Sm). 

These uncertainties need to be properly considered in safety related analyses and judgements. 

The future work will include all perturbation factors available, where by the comparison of 

current and future results a deeper insight to the needs of data improvements might be brought. 

These data might also help to justify the possible modifications of the administrative safety 

margins currently used in design and safety analyses.  
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