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ABSTRACT 

In pressurized water reactors, the fuel loading pattern has significant meaning in terms 

of both safety and economics. An optimal loading pattern is defined as a pattern in which the 

local power peaking factor is lower than a predetermined value during one cycle to maintain 

the fuel integrity and the effective multiplication factor is maximized to extract the maximum 

energy. This analysis serves as an independent computational assessment of power density 

spatial distribution in the reactor core after the loading of new fuel type into the active core of 

Slovak NPP Mochovce. Due to the implementation of new fuel type with higher average 

enrichment of 4.87% 235U into the core, the local power peaking factors exceeded the 

recommended values, especially for some of these assemblies. The origin of this phenomenon 

can be practically explained either by higher used enrichment of uranium (neutronics) or by 

the insufficient flow of coolant (thermo-hydraulic) in the area of interest. The main objective 

of this analysis is to determine the core spatial power distribution and to compare the results 

with the data obtained from the on-site power monitoring system in order to identify the 

principal source of power non-uniformity. The calculation demonstrates the significant impact 

of the fuel assemblies with higher enrichment on the power density distribution in their 

vicinity, which was not sufficiently taken into account at the fuel loading pattern design. 

1 INTRODUCTION 

First units with predecessors of VVER-440 type reactors were erected at the 

Novovoronesh NPP site in 1972 and 1973. The second step in the development of VVER-440 

type reactors was the V-230 design which was mainly constructed in the period from 1973 to 

1982. The third step in VVER-440 development was V-213 reactor design referred to as the 

second generation of the standard VVER-440 reactors equipped by many upgrades and 

enhancements. The Slovak NPP Mochovce with VVER-440/V213 units 1 and 2 were put in 

operation in the summer of 1998 and the end of year 1999 due to the construction delay 

caused by political changes in the early 1990s. As a result of continuous upgrades 

implemented in NPP Mochovce the reactors power level was increased from original thermal 

power level of 1375 MWth to current 1471 MWth in 2008. In order to extend the fuel residence 

time in active core accompanied by the improvement of fuel cycle efficiency the new second 
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generation fuel (Gd II 4.87) with an average enrichment of 4.87 wt %±0.05% 235U and 

gadolinium burnable absorbers (3.35 wt % Gd2O3) was incorporated in fuel loading pattern of 

NPP Mochovce unit 1 (April 2011) and 2 (October 2012). Subsequently some of the local 

power peaking factors in the 12th fuel loading of the unit 1 exceeded the maximal 

recommended values (𝐾𝑞
𝑙𝑖𝑚 = 1.45) [1] used in fuel loading pattern design process resulting 

in economic losses due to limited available integral reactor power. Recommended values of 

fuel power peaking factors are directly derived from reactor design limits. The design limits 

for VVER-440/V213 of NPP Mochovce unit 1&2 are 58.1 kW for integral pin power 

production and 325 W/cm for linear heat generation rate. The determination of the core spatial 

power distribution based on the neutronic calculation and the results comparison with the data 

obtained from the on-site power monitoring system may serve as a valuable help in order to 

identify the principal source of power non-uniformity. Due to the complexity of VVER-440 

reactor core, reliable neutron transport calculation can only be performed using a technique 

enabling the treatment of detailed three-dimensional geometries. Therefore the precise Monte 

Carlo code MCNP5 1.60 code [2] supported by NJOY99.364 [3] was chosen and applied. The 

change of isotopic composition was simulated by SCALE 6.1.1 system by 2D deterministic 

models of each investigated subassembly. 

2 MATERIAL AND METHODS 

2.1 Cross section processing 

Libraries of the microscopic effective cross sections and probability tables entering the 

calculation code MCNP5 1.60 were prepared using NJOY99.364 code system. The code 

system NJOY is a modular calculation system where each module is intended for solving a 

specific assignment. The evaluated library of microscopic effective cross sections ENDF/B-

VII.0 [4] consisting of 381 materials was used as an input for the NJOY99.364 calculation. 

The whole library preparation process was verified using benchmark tasks [5] based on the 

International Handbook of Evaluated Criticality Safety Benchmark Experiments [6]. Special 

cases were selected to cover basic parameters describing VVER reactors like low enriched 

UO2 fuel, water as a moderator and coolant, H3BO3 and structural materials. Processing of the 

microscopic effective cross sections by NJOY99.364 is schematically illustrated in the Figure 

1. The individual modules are well described elsewhere [1]. For each desired temperature and 

by using mentioned methods, new cross section data sets were prepared. 

 
Figure 1: Main simplified process of effective cross sections generation using NJOY code 

  

MCNP uses two different methods to account for the scattering of neutrons. For the 

most materials it attempts to construct a free-gas scattering model based on the constant 

elastic cross-section. For important moderator materials, like hydrogen bound in water in our 

case, it takes the binding of the material in the solid, liquid or gas into account [7]. The 

binding of the scattering nucleus affects the cross-section, the angular and energy distribution 

of secondary neutrons, as the neutron can give up energy to excitation in the material or it can 

gain energy. For these reasons the basic nuclear data files are complemented by scattering law 

S(α,β) files which describe the thermal scattering of bound moderators [8]. S(α,β) light water 

law files for desired temperatures were prepared by makxsf code [7].  
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2.2 Geometry and material model 

Detailed and precise MCNP5 model of the VVER-440/V213 reactor has been 

developed for criticality and power distribution calculations. The whole-core 3D model 

consists of the reactor in-vessel components such as fuel assemblies (including fuel rods, 

upper spacer grid, intermediate spacer grids, supporting grid, mixing grid, central tube, 

casing, head and bottom, channel with self-powered neutron detectors), emergency reactor 

control assemblies (ERC - absorber and fuel part), core basket, barrel and the reactor pressure 

vessel. The boundaries of the created VVER-440 whole-core model are given by the outer 

surface of the reactor pressure vessel, the upper and lower edge of the fuel assemblies (FA) 

construction. All the fuel FAs are hexagonal and the fuel rods are placed in the assembly in a 

triangular grid pattern. The fuel rod bundle of the assembly is enclosed in a hexagonal jacket 

with the width across the flats equal to 145 mm (the 2nd generation FA). The FA and ERC 

assemblies are positioned in a hexagonal grid with a spacing of 147 mm. Generally, the 

profiled fuel assemblies are used to maintain power peaking factors under the design limits. 

The profiling diagrams for fuel bundles used in 3D MCNP5 and 2D SCALE models are 

shown in Figure 2. In addition another type of fuel rod bundle with a uniform enrichment of 

1.6 wt % 235U is used as a fuel part of central ERC. 

 
 

 

a) ERC fuel part - 3.84 wt % 235U b) FA – 4.25 wt% 235U  c) FA & ERC fuel part – 4.87 wt % 235U 

Figure 2: Profiling diagram for fuel rod bundles used in computational model 

As can be seen a Gd2O3 absorber is integrated with a content of 3.35% into the fuel 

assemblies with an average enrichment of 4.25 wt % 235U and 4.87 wt % 235U to aid fuel 

profiling. The fuel loading pattern and adopted numbering system in the second sixth of AZ is 

shown in the Figure 3.  

  

a) 12th fuel loading pattern of NPP MO unit 1 b) adopted numbering system 

Figure 3: Fuel loading pattern and adopted numbering system 
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The specific types of fuel assemblies are shown in Figure 3. (illustrated with different 

colours). The red colour represents assemblies with average enrichment of 4.25 w % 235U, the 

yellow one is 4.87 w % 235U, the blue colour stands for an average enrichment of 3.84 w % 
235U and finally the black colour in the center of the core is fuel rod bundle with a uniform 

enrichment of 1.6 wt % 235U. The second sixth of AZ is highlighted by black borders.   

2.3 Burn-up calculation 

An accurate treatment of neutron transport and depletion in modern fuel assemblies 

characterized by heterogeneous, complex designs, such as the VVER assembly configuration, 

requires the use of advanced computational tools capable of simulating multi-dimensional 

geometries. The depletion module TRITON [9], which is part of the SCALE code system [10] 

developed by ORNL, was used to perform depletion simulations for two-dimensional FA and 

ERC models. The TRITON depletion module is coupling the 2-D transport code NEWT with 

the point depletion and decay code ORIGEN-S. NEWT solves the transport equation on a 2-D 

arbitrary geometry grid by using an SN approach. The flux solution from the transport 

calculation serves for updating, at each depletion step, the effective cross sections used by 

ORIGEN-S in the depletion calculation. The nuclide composition provided by ORIGEN-S is 

applied to a subsequent transport calculation, and the process continues in an iterative manner 

until all the depletion steps are simulated. At the end of each NEWT transport calculation, 

weighted cross sections and fluxes are obtained, which are subsequently used in the COUPLE 

code to calculate one-group effective cross sections required in the ORIGEN-S calculations. 

The biggest advantage of the ORIGEN-S code is the full-scale treatment of the isotopic 

transmission matrix over the limited number of transition rows which results from the 

application of the matrix-exponential method. The latest version has the ability to deal with 

1119 fission products generated during fuel burn-up as well as with 129 actinides and 698 

structure-related isotopes [11]. The isotopic compositions of the fuel assemblies in the 

investigated time steps were calculated by SCALE 6.1.1 system - TRITON depletion module 

and NEWT flux solver with the standard SCALE V7-238 neutron library based on ENDF/B-

VII.0 evaluated data library. Obviously structural materials and burnable poisons are driven 

by fluxes from neighbouring fuel elements and do not contribute to power production. Due to 

this fact fuel pins with burnable absorbers were depleted by constant flux option instead of 

constant power approach. In order to receive the precise isotopic vectors the detailed 

operational history of each fuel assembly was taken into account during depletion calculation. 

All needed data from the last three campaigns were based on NPP’s on-site power monitoring 

system including reactor power fluctuations, change of boric acid concentration and power 

nonuniformity.  

Based on the operation history from the last three campaigns, detailed burn-up history 

till given effective day (Teff), which took into account reactor power fluctuations and change 

of boric acid concentration during the campaigns, was prepared for each fuel assembly in the 

second sixth of the core where the highest values of local power peaking factor Kq were 

measured. One final isotopic vector was calculated for one assembly in exact effective day 

except the case of assembly with the highest average fuel enrichment of 4.87 w % 235U. In 

4.87 w % 235U enriched FAs three different burn-up levels and corresponding isotopic vectors 

were calculated to enhance the quality of calculated neutron flux spatial distribution. These 

levels were determined by the types of fuel pins according to their enrichment (4.95 w % 
235U, 4.6 w % 235U, and 4.4 w % 235U + 3.35 w % Gd2O3 - see Fig. 2). The investigated 

isotopic vector composed from isotopes relevantly influencing the multiplication performance 

of desired fuel assembly. The list of isotopes which concentration was tracked in burn-up 

calculation is shown in Tab. (1). 
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Table 1: Isotopes tracked in burn-up calculation 
109Ag 241Am 242mAm 243Am 249Bk 81Br 110Cd 111Cd 119Cd 249Cf 
250Cf 251Cf 252Cf 234Cm 242Cm 244Cm 245Cm 246Cm 247Cm 248Cm 
133Cs 134Cs 135Cs 136Cs 137Cs 151Eu 153Eu 154Eu 155Eu 154Gd 
155Gd 156Gd 157Gd 158Gd 160Gd 165Ho 127I 129I 135I 82Kr 
83Kr 84Kr 86Kr 95Mo 143Nd 145Nd 147Nd 148Nd 237Np 238Np 
239Np 16O 104Pd 105Pd 106Pd 180Pd 147Pm 148Pm 148mPm 149Pm 
141Pr 238Pu 239Pu 240Pu 241Pu 242Pu 103Rh 105Rh 101Ru 103Ru 
121Sb 123Sb 147Sm 149Sm 150Sm 151Sm 152Sm 99Tc 234U 235U 
236U 237U 238U 128Xe 130Xe 131Xe 132Xe 134Xe 135Xe 136Xe 
89Y 91Zr 93Zr 96Zr 

      
 

The calculated isotopic vectors were used in a following MCNP5 simulation. Regarding 

axial burn-up and moderator/coolant density distribution, average values were taken into 

account for each particular FA or ERC position in the core.  

2.4 Local power peaking factor and power profile estimation 

In the individual MCNP calculations, the partially inserted ERC group No. 6, perturbing 

the core power distribution, was set to working position specified by the NPP operator, so the 

core configuration was representative for the determination of non-uniformity coefficients in 

terms of the control assemblies, as well. The determination of boric acid concentration and 

position of the 6th ERC group was performed to achieve the critical state at given effective 

day (Teff). Because MCNP5 code does not have the direct output of boric acid concentration, 

the numerical iteration procedure was used. This process was based on the bisection method 

and the Newton’s iteration method. The control Unix shell script in the scripting language C-

shell was developed and successfully applied.   

Modern Monte Carlo codes as MCNP5 allow calculation of relative power density 

distribution by the use of Fission Energy Deposition tally (F6:N). The units of this tally are 

MeV/g. In a neutron-only problem, F6 does not consider heating caused by photon 

interactions and energy released by β- decay process. MCNP computes heating with a heating 

function H(E) (energy deposition) or Q (fission heating value) modifying a track length 

reaction rate tally. The average energy deposited for all reactions at the incident particle 

energy is used in the tally, regardless of the actual reaction that might be sampled at the next 

collision. The heating number is in our case defined and computed as follows Eq. (1): 

 

𝐻(𝐸) = 𝐸 − ∑ 𝑝𝑖(𝐸)[�̅�𝑖,𝑜𝑢𝑡(𝐸) − 𝑄𝑖 + �̅�𝑖,𝛾(𝐸)]𝑖      [𝑀𝑒𝑉/𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛], (1) 

 

where  𝑝𝑖(𝐸) - probability of reaction i at neutron incident energy E 

 �̅�𝑖,𝑜𝑢𝑡(𝐸) - average exiting energy for reaction i at neutron incident energy E 

 𝑄𝑖 - Q value of reaction i 

 �̅�𝑖,𝛾(𝐸) - average exiting gamma energy for reaction i at neutron incident energy E 

 The total energy deposition in a cell (Ht) is then calculated by Eq. (2): 
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𝐻𝑡 =
𝜌𝑎

𝑚
∫ 𝑑𝐸 ∫ 𝑑𝑡 ∫ 𝑑𝑉 ∫ 𝜎𝑡(𝐸)𝐻(𝐸)𝜑(𝑟, Ω, 𝐸, 𝑡)

𝑉
𝑑Ω      [𝑀𝑒𝑉/𝑔], (2) 

 

where 𝜌𝑎 is material atom density, 𝑚 is the material mass, 𝜎𝑡 stands for microscopic 

total cross section, 𝐻(𝐸) is heating number and 𝜑 is the neutron flux. 

Then the non-uniformity coefficients 𝐾𝑞
2/6

 in the second sixth of AZ can be 

determined according the following formula Eq. (3): 

 

𝐾𝑞
𝑖2/6

=
𝐻𝑡

𝑖𝑚𝑖

∑ 𝐻𝑡
𝑖 𝑚𝑖

𝑀
𝑖=1

𝑀

=
𝐻𝑡

𝑖𝑚𝑖

𝐻𝑡
2/6̅̅ ̅̅ ̅̅ ̅  , (3) 

where  𝐻𝑡
𝑖𝑚𝑖 - total energy release in the ith FA having mass im  

 𝐻𝑡
2/6̅̅ ̅̅ ̅̅

 - the average total energy release in unit mass and array of M fuel assemblies 

 𝑀 - number of FAs in the second sixth of AZ 

 𝑚𝑖 - mass of the FA 

 

In order to compare calculated power peaking factors and results of on-site monitoring 

system it is necessary to consider the asymmetry of power production between the individual 

sixths of active core. The power peaking factors from on on-site monitoring system are based 

on FA outer coolant temperature measurement and they can be influenced by the uranium 

enrichment and local coolant flow rate. This asymmetry is caused by coolant inlet position 

and core internals. The correction factor in a given effective day Teff is introduced by Eq. (4) 

in order to quantify this effect: 

 

𝐾(𝑇𝑒𝑓𝑓) =
𝑁2/6(𝑇𝑒𝑓𝑓)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅

𝑁(𝑇𝑒𝑓𝑓)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ,  (4) 

 

where term 𝑁2/6(𝑇𝑒𝑓𝑓) means the average power of 1 FA in the second sixth of AZ in a given 

effective day and 𝑁(𝑇𝑒𝑓𝑓)̅̅ ̅̅ ̅̅ ̅̅ ̅̅  is the average power of 1 FA in the whole core. Finally the 

calculated power peaking factor can be derived by use of Eq.(3) and Eq. (4) as: 

 

𝐾𝑞
𝑖 (𝑇𝑒𝑓𝑓) =  𝐾𝑞

𝑖2/6
. 𝐾(𝑇𝑒𝑓𝑓) (5)  

 

Power peaking factors of the 12th fuel loading of NPP Mochovce unit 1 were finally 

evaluated by Eq. (5) for the 6 different time steps represented by the specific effective days. 

The choice of time steps was determined by data availability based on on-site monitoring 

system. The MCNP calculation was performed with 5000 generations of 50000 neutrons each. 

The statistical uncertainty level associated to the calculated power peaking factors was due to 

its spatial distribution maintained below 5%.  
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3 RESULTS 

The peaking factor computation results for positions where the new second generation 

fuel with an average enrichment of 4.87 wt %±0.05% 235U and gadolinium burnable absorbers 

(3.35 wt % Gd2O3) was incorporated are shown in Table 2. 

Table 2: Calculated peaking factors - 𝐾𝑞
𝑖 (𝑇𝑒𝑓𝑓) 

FA position No Tef f = 3d 20d 50d 70d 116d 150d 

9 1.11 1.12 1.09 1.11 1.12 1.15 

11 1.42 1.34 1.33 1.41 1.46 1.5 

13 1.39 1.41 1.41 1.43 1.45 1.46 

18 0.86 0.87 0.86 0.87 0.88 0.92 

26 1.02 1.03 1.02 1.02 1.03 1.07 

28 1.4 1.4 1.43 1.44 1.46 1.48 

33 1.13 1.14 1.13 1.13 1.14 1.18 

40 0.86 0.86 0.86 0.86 0.88 0.91 

46 0.93 0.92 0.93 0.92 0.94 0.97 

50 1.15 1.14 1.15 1.14 1.15 1.18 

51 1.04 0.87 0.86 0.87 0.89 0.91 

54 1.04 1.02 1.05 1.03 1.04 1.06 

57 0.87 0.86 0.87 0.87 0.88 0.91 

The power peaking factors exceeding the maximal recommended values (𝐾𝑞
𝑙𝑖𝑚 = 1.45) 

are made bold and red to be easily identified within the table. The Kq spatial distribution 

based on the on-site monitoring system and the calculated MCNP Mesh Tally Plot of power 

density distribution is shown in the Figure 4. 

  

a) Kq distribution – on-site monitoring system b) calculated power density distribution 

Figure 4: Graphical results of power peaking factor calculation  

4 CONCLUSION 

According to the results, we can conclude that the calculated power density spatial 

distribution correlates closely with the power density spatial distribution (represented by 

power peaking factors) determined by on-site power monitoring system. Concerning the 

tabulated power peaking factors presented in Table 1. the results show the maximal 

recommended values exceedance (𝐾𝑞
𝑙𝑖𝑚 = 1.45) for FAs in positions 11, 13, and 28 since Teff 

= 116 days. In addition, it should be noted that power peaking factor for position 28 are 

getting very close to design limit much earlier – in Teff = 70 days. These higher values of 
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power peaking factors are caused by the higher adopted fuel enrichment resulting to the 

locally higher neutron flux followed by the fast decrease in concentration of the burnable 

absorbers 155Gd and 157Gd in the fuel at BOC (9 – 10 MWd/kgHM). Clearly this fact was not 

sufficiently taken into account at the fuel loading pattern design. The results of pure neutronic 

calculation were able to exclude the ideas of local coolant blockage in the positions were new 

fuel type was implemented and proved their significant impact to the power density 

distribution in their vicinity.   
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