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ABSTRACT 
 
Nowadays, the utilization of different nuclear codes to perform the depletion and criticality calculations has 
been used to simulated nuclear reactors problems. Therefore, the goal is to analyze the sensibility of the fuel 
depletion of a PWR assembly using three different nuclear fuel depletion codes. The burnup calculations are 
performed using the codes MCNP5/ORIGEN2.1 (MONTEBURNS), KENO-VI/ORIGEN-S (TRITON-
SCALE6.0) and MCNPX (MCNPX/CINDER90). Each nuclear code performs the burnup using different 
depletion codes. Each depletion code works with collapsed energies from a master library in 1, 3 and 63 groups, 
respectively. Besides, each code uses different ways to obtain neutron flux that influences the depletions 
calculation.  
 
The results present a comparison of the neutronic parameters and isotopes composition such as criticality and 
nuclides build-up, the deviation in results are going to be assigned to features of the depletion code in use, such 
as the different radioactive decay internal libraries and the numerical method involved in solving the coupled 
differential depletion equations. It is also seen that the longer the period is and the more time steps are chosen, 
the larger the deviation become. 
 
 

1. INTRODUCTION 
 
There are computational codes that perform criticality analyses, nuclear fuel depletion and 
there are codes that couples both of them, such as MCNPX [1], MONTEBURNS [2] and 
TRITON-SCALE6.0 [3]. They can simulate with more freedom the many geometries, fuels, 
assemblies and events that can occur to real reactors.  
 
Even with the same function, the codes operate in different ways, using different numerical 
methods [4] to solve the coupled nuclide depletion (Equation 1) and neutron transport 
(Equation 2) differential equations. Beyond that, the number of energy groups for criticality 
calculation, depletion calculations, and the radioactive decay libraries changes from one to 
another code. 
 
Both MCNPX and MCNP5 need the NJOY Nuclear Data Processing System [7] code 
package to retrieve continuous energy libraries at work temperature, for the steady-state flux 
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calculations. KENO-VI could also use the continuous energy library for calculating the 
steady-state flux since the SCALE6.0 code package already does the needed corrections, but 
this SCALE version cannot use these continuous libraries to perform the burnup. Therefore, 
KENO-VI uses collapsed libraries into 238 energy groups.  
 
Each of these transport codes are coupled to a depletion code, MCNPX/CINDER90, 
MCNP5/ORIGEN2.1 and KENO-VI/ORIGEN-S. These depletion codes use the calculated 
fluxes, divided into 63, 1 and 3 energy groups, respectively, their internal radioactive decay 
and fission yield libraries to achieve the nuclide concentration inventory. 
 
The updated nuclide inventory goes through transport calculations again, thus new fluxes are 
obtained and then new depletion calculations are done, this procedure occurs for every time 
step chosen for simulation. 
 

)()()()()( tNtNtN
dt

tdN
BBcCAA

a
A

A OIVOIV J ����         (1) 

 
 

''),',',()',',(

),,(
4
1),,,(),(),,,(1

' '

:::o:o�

 :�:��:�
w
w

³ ³
:

ddEtErEErN

tErStErErNtEr
tv

E
ss

ftt

IV
S

IVII

 (2) 

 
The multiplication factor, k, depends on the number of neutrons produced in the current 
generation and the number of neutrons absorbed in the last generation. These amounts vary 
according to fuel composition. In a fresh fuel element as modeled, it is expected to have the 
multiplication factor above 1, once there are no control rods or burnable poisons, and burnup 
increases, the value decreases until reaches the critical and then subcritical condition. This 
behavior occurs due to the fission products poisoning, some of them have enormous values of 
absorption cross-section and the reduction of fissile material inside the reactor. When these 
events affect reactor parameters too much, refuel process begin.  
 
Each of criticality codes compute flux-weighted cross sections, simulating conditions within 
any given reactor fuel assembly. Then, they convert the data into a library that can be input to 
their respective depletion codes. This procedure is looped for all time steps in the operation 
period. The MCNPX 2.6.0 code is a Fortran90 Monte Carlo radiation transport code that can 
be used for nearly all particles at nearly all energies, used here for neutronic transportation, 
modeling their interaction with matter. It is the code responsible for the steady-state flux 
calculations using continuous energy libraries, the results are collapses into 63 energy groups, 
which will be used by CINDER90 for depletion process. Already, the code MCNP is similar 
but does not include depletion calculation. Therefore, using Monteburns, which links with 
ORIGEN2.1 depletion code. Similarly, to MCNPX the criticality calculations are done but 
collapse the results into only one group to be used by ORIGEN2.1.  The KENO-VI [11] is a 
3D Monte Carlo code for nuclear criticality safety analyses that is responsible for criticality 
calculations in SCALE6.0 (Standardized Computer Analyses for Licensing Evaluation) code 
system. It uses 238 energy groups instead of continuous energy for flux calculations and 
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collapses the results into 3 energy groups to be inserted as input in ORIGEN-S depletion 
code. 
 
CINDER90 [13] is responsible for depletion in MCNPX, it is a code which calculates the 
time-dependent concentration of nuclides coupled in an arbitrary sequence of radioactive 
decay and neutron absorption in a specified neutron flux spectrum. The code seeks the 
solution solving 63 coupled differential equations, which considers all possible reactions with 
nuclides. CINDER90 has its own 63-group library that includes decay, cross section and 
fission products yield libraries, the data amount constantly rises along versions, and already 
describes over 3400 nuclides in the range 1 ≤ Z ≤ 103.  
 
ORIGEN2.1 [14] is a one group depletion and radioactive decay code developed by Oak 
Ridge National Laboratory (ORNL), it is the responsible for depletion in MONTEBURNS 
taking the one neutron flux spectrum previous calculated by MCNP5 and using it to achieve 
nuclides concentration. It uses an exponential matrix method to solve a large system of 
coupled, linear, first-order ordinary differential equations with constant coefficients. It also 
includes its own one group data library, dividing the nuclides into three segments, the 
activation products, actinides and fission products, in each of these segments there are 3 
libraries that may be read, the decay data library, cross section and fission products yield 
library and a photon yield library. 
 
ORIGEN-S [15] obtain the nuclide concentration in the same way as the original ORIGEN. 
Essentially all features were retained, expanded or supplemented within new computations,  
the main difference is that calculations may utilize updated ENDF/B-VI fission products 
yields data libraries for most fissionable nuclides and the basis neutron cross-section have 
been replaced with collapsed three-group cross sections developed from ENDF/B-VI, Fusion 
Evaluated Nuclear Data Library (FENDL-2.0) and the European activation Library (EAF-99). 
 
In this study, the goal is to analyze the sensibility of fuel depletion using the three different 
coupled codes, seeking distinctions on criticality calculations, fuel depletion, and other 
nuclides build-up. Deviations in results are going to be shown, analyzed and attributed to the 
code in use. Some discrepancy is expected due to the different methods of solution of both 
transport and depletion equations, and due to the different collapsing of energy groups by the 
depletion codes. The geometry consists of a fresh fuel assembly loaded with uranium dioxide 
enriched in 3.2% wt and is described in the Angra II Final Safety Analysis Report (FSAR) 
[5].  
 
 
 

2. METHODOLOGY 
 

2.1. Modelling 
 
The specific power for the operation was 38 MW/MTU, as specified on FSAR. The operation 
period was selected as 800 days because it was the time needed for the multiplication factor 
to go from a supercritical to a subcritical condition. After, these definitions the given burnup 
is set as 30.4 GWd/MTU. 
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The chosen period has been split into 20 time intervals, with the first 5 having 10 days each 
and the 15 other with 50 days. This time step configuration was chosen to a better analysis of 
both multiplication factor behavior [6] and fuel composition, especially during the first days 
of operation. 
 
First, before starting the modeling for simulations, it was necessary to retrieve the cross 
section from a master library (ENDF/B-VII), at desired temperatures, for each of nuclides 
involved somehow in depletion process such as fuel, coolants, moderators, cladding, fission 
products and actinides (Tables 2 and 3 show most of involved nuclides). This is required once 
neither MCNPX nor MONTEBURNS have ways to evaluate the cross sections at the desired 
temperature for themselves and for this procedure was used the NJOY99 code [7]. 
 
The NJOY nuclear data processing system is a computer code package for producing 
pointwise and multigroup nuclear cross sections and related quantities from evaluated nuclear 
data in the ENDF6 format. It is used for converting evaluated nuclear data in the ENDF 
format into libraries useful for applications calculations, in this paper the Evaluated Nuclear 
Data File 7.0 [8] was chosen to be the master library. 
 
ENDF/B is a data set that contains only complete, evaluated sets of nuclear data for all 
significant neutron-induced reactions in a range of 10-5eV to 20MeV, therefore fits the 
purpose, the fact that ENDF/B data set is continually being reevaluated and updated as new 
cross section measurements become available turns it to a reliable data set.[9] 
 
 

2.1.1. Criticality 
 
The codes mentioned use Monte Carlo method [12] for solving the problem, in principle, the 
method can be used to solve any problem that has a probabilistic interpretation, and in a very 
simplified way to describe, it relies on repeated random sampling to obtain numerical results.  
In addition, they use the same master library (ENDF/B-VII) to steady-state flux calculations 
and, for the three codes the chosen number of neutrons histories was 10000, with 
215 generations where the first 15 generations were skipped. 
 
As previously stated, a fuel assembly based on the Angra II FSAR was used to carry out the 
analysis. This fuel element is composed of 16 x 16 positions, where 236 are fuel pins, and 20 
are guide tubes, with zircaloy-4 clad and helium gap, operating in a pressurized water reactor 
(PWR) at a temperature of 873 K. Figure 1 and Table 1 shows further details such as 
dimensions, compositions and assembly distribution, the fuel used is fresh uranium dioxide 
(UO2) with 3.2 of enrichment. 
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Figure 1: Pin and element geometries, media distribution, Red (UO2), Black (Helium), 

White (Zirc-4), Blue (Water). 
 

Table 1:  Full power dimensions and physical data for modeling, according to FSAR 

 
 

2.1.2. Depletion 
 
In the operation of a nuclear power plant is very important to determine the time evolution of 
the material composition and radionuclide inventory during the entire operation of it. It was 
considered in all simulations the same geometry and enrichment. Now its needed to be 
monitored the changes of neutron capture and radioactive decay in fuel due to the burnup. 
These nuclear reactions are responsible for fissile material reduction and fission products and 
actinides build up. 
 
The condition for each code was created following same geometry and fuel parameters. Table 
2 and Table 3 presents the nuclides followed during burnup. They were chosen based on 
other relevant PWR research [16].  
 
 
 
 
 
 
 

 Radius 
(cm) 

Active Length 
(cm) 

Media Temperature 
(K) 

Fuel 0.4583 391.6 UO2 873 
Gap 0.4659 391.6 Helium 873 
Fuel Clad 0.5385 391.6 Zircaloy-4 618 
Mod (half  pitch) 0.7150 391.6 Unborated Water 582 
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Table 2:  Followed actinides during burnup. 
 

234U 235U 236U 237U 238U 239U 237Np 238Np 239Np 238Pu 239Pu 240Pu 241Pu 242Pu 
241Am 242Am 243Am 242Cm 243Cm 244Cm 245Cm 

 
 
 

Table 3:  Followed fission products during burnup. 
 

75As 81Br 82Kr 83Kr 84Kr 86Kr 85Rb 87Rb 89Y 90Zr 91Zr 92Zr 93Zr 94Zr 96Zr 
95Mo 99Tc 101Ru 103Ru 105Ru 104Pd 105Pd 106Pd 108Pd  110Pd 
109Ag 110Cd 111Cd 112Cd 113Cd 120Sn 129I 135I 128Xe 130Xe 131Xe 132Xe 134Xe 135Xe 136Xe 

133Cs 134Cs 135Cs 136Cs 137Cs 138Ba 141Pr 143Nd 145Nd 147Nd 148Nd 
147Pm 148Pm 149Pm 147Sm 149Sm 150Sm 151Sm 152Sm 151Eu 152Eu 153Eu 154Eu 155Eu 

152Gd 154Gd 155Gd 156Gd 157Gd 158Gd 160Gd 165Ho 
 
 

3. RESULTS  
 
At beginning of cycle, the only fissile nuclide in the reactor is 235U, Fig 3, but, as soon as, the 
burnup starts the nuclide concentrations inside reactor changes. In the second time step, the 
buildup of plutonium come out, Fig 5, along with others actinides and fission products Figs 6, 
7 and 8. 
 
It can be seen that most of the presented comparisons strongly agree with one to each other. 
Nevertheless, there is a slight deviation in plutonium graphic, and due to that, the actinide 
graphic, and the fission products buildup graphic. 
 
The chosen period has a direct influence on results, the larger it is the larger the deviation will 
be. The mean values (Equation 3) for each of the parameters analyzed were taken, then, the 
standard deviation (Equation 4) is taken. Finally, Tables 4 and 5 show the relative standard 
deviations of the parameters with respect to their mean values during burnup, respectively. 
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Table 4:  Relative standard deviation in MONTEBURNS ( I ), SCALE ( II ) and 
MCNPX ( III ) between results and mean value. 

 

Burnup 
(GWd/MTU) 

Kinf (%) 235U (%) Plutonium (%) 

I II III I II III I II III 

0 0.05 0.19 0.14 0.009 0.001 0.006 0 0 0 

7.6 0.04 0.09 0.13 0.15 0.19 0.03 1.74 3.11 1.36 

15.2 0.30 0.14 0.16 0.60 0.95 0.35 2.95 5.42 2.47 

22.4 0.27 0.07 0.20 1.29 2.20 0.91 3.56 6.83 3.27 

30.4 0.39 0.05 0.34 2.19 3.93 1.75 3.99 7.76 3.76 
 
 
 

Table 5:  Relative standard deviation in MONTEBURNS ( I ), SCALE ( II ) and 
MCNPX ( III ) between results and mean value. 

 

Burnup 
(GWd/MTU) 

Actinides Mass (%) Fission Products (%) 

I II III I II III 

0 0 0 0 0 0 0 

7.6 0.37 0.72 0.35 0.66 1.14 1.80 

15.2 0.48 1.66 1.18 0.63 1.16 1.79 

22.4 0.98 2.17 1.19 0.78 1.08 1.86 

30.4 1.09 2.36 1.27 0.85 1.02 1.87 
       
 
As the fuel used is fresh uranium dioxide and it is very common and frequently studied fuel, 
libraries associated to it and others related nuclides coming either from fissions, absorptions 
or decay, are extremely similar. Therefore, even if the codes use different libraries the results 
are expected to be similar. 
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Figure 2:  Multiplication factor during the time. 

 
. 

 
Figure 3:  Fissile uranium (235U) mass during  the time. 
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Figure 4:  238U mass during the time. 

 
 

 
Figure 5:  Fissile plutonium mass (239Pu and 241Pu) during the time. 
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Figure 6:  Total actinides mass during the time. 

 

 
Figure 7:  Actinide mass without uranium during the time. 
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Figure 8:  Fission products build up during the time. 

 
 

4. CONCLUSION  
 

According to the results, it can be concluded that numerical method involved solving 
criticality calculations, fuel depletion, plutonium production and fission products buildup has 
greater influence in results than the number of energy groups in depletion. In theory, the more 
energy groups the depletion code use, the closer to reality the results are. This is due to real 
reactors have neutrons in a long range of a continuous energy. However, this paper showed 
that for this type of fuel and geometry there is a fairly agreement between codes with 
different energy groups numbers and thus real reactors can be well represented by either 1, 3 
or 63 energy groups. 
 
As the difference in energy groups number was shown not to be the major responsible for 
divergence in results, it is attributed to the way the code solves the coupled differential 
equations involved in all the process, neutronic transport, fuel depletion, nuclides build-up 
and also nuclides radioactive decay. 
 
This study was done with a modeled fresh fuel element with a period of 2.2 years for 
depletion. It is important to remember that the fuel composition directly affects the results. 
Because each code uses different libraries for the calculations, which was a minor effect in 
this paper due to the well knowledge of the data libraries involved in this process. For the 
nuclides of interest, most libraries agree on data collected. 
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Therefore, further researches are encouraged of how the use of different codes interferes in 
fuel depletion process when using different fuel composition. Different fuel composition 
includes mixed oxide fuel (MOX), thorium-uranium oxide fuel (Th-U)O2 and other 
transuranics mixed oxides such as (TRU-U)O2 and (TRU-Th)O2. 
 
Together with the changes in fuel composition an analysis with a greater number of time 
steps would show the deviations due to the greater number of communication between the 
neutronic transport code and burnup code. Each of these communications gives the burnup 
code an updated nuclide concentration inventory. Besides that, changing the burnup period 
would also ensure a good research subject. 
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