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Depletion of RBMK-1500 spent nuclear fuel (SNF) with and without an erbium burnable absorber was modelled, and one-
group burn-up dependent cross-section libraries for Origen-ARP were created. Depletion calculations for the generation of cross-
section libraries were performed using the SCALE 6.1 code package with the TRITON control module, which employs the NEWT 
deterministic 2D transport code with the 238-group energy library based on the ENDF-B VII library and the ORIGEN-S nuclide 
composition calculation code. Concentrations of the most important actinides for criticality safety were calculated using the cre-
ated libraries and were compared with the available experimental data and the newest modelling results. Available experimental 
data of fission products (Nd and Cs isotopes) were also compared to the modelling results. Composition differences were evaluated 
for several fuel enrichments and water densities. The comparison shows an acceptable agreement between the values obtained 
using new one-group cross-section libraries and experimental data except for 238Pu and 241Am, as well as the causes of discrepancy 
are discussed. It has been found that the enrichment and presence of the burnable absorber play an important role in the SNF 
composition. At the highest evaluated burn-up (29 GWd/tU) isotopic composition differences between 2% enrichment fuel and 
2.8% burn-up for actinides important to burn-up credit (BUC) applications varied from 11 to 52%.
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1. Introduction

Issues of the nuclear safety of spent nuclear fuel (SNF) 
storage facilities are ones of the most challenging to 
the decommissioning stage after the final shutdown 
of two RBMK-1500 type units of the Ignalina Nuclear 
Power Plant. There are about 22000 assemblies of SNF 
which have to be safely stored until the final decision 
regarding the  SNF management (reprocessing, dis-
posal, etc.) is made. One of the key elements of safety 
analysis of these facilities is the SNF characterization 
regarding the  radionuclide composition and related 
activity as well as the  neutron emission. Informa-
tion about the quantity of fissile isotopes in nuclear 
fuel also might be used for safeguard purposes  [1]. 
The SNF composition determination using direct or 
indirect experimental techniques is rather expensive 

and technically complicated. Therefore, computer 
modelling is often used to evaluate SNF characteris-
tics [2–4]. However, validation of these results is also 
essential: results of calculations of various complexity 
should correspond to available experimental knowl-
edge [5–7].

New computational codes, improved computa-
tional speed and improved capabilities (e. g. 3D mod-
elling geometry) for burn-up analysis allow evaluating 
the fuel depletion more precisely. Use of pre-generat-
ed reactor and burn-up specific cross-section libraries 
allows rapid simulating of the  fuel composition and 
related parameters with acceptable accuracy [8]. This 
information might be used for various applications, 
e. g. as a reference point, designing experiments re-
garding determination of the fuel composition, prop-
er evaluation of the effective neutron multiplication 
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factor in systems with spent nuclear fuel, dose estima-
tion in the case of probable accidents, etc. Availability 
of accurate and validated calculation results is essen-
tial for possible use of the burn-up credit in SNF stor-
age facility safety analysis. Furthermore, information 
of the exact operating conditions might be used for 
the evaluation of a  fast and sufficiently precise axial 
and horizontal composition profile.

Pre-generated burn-up specific cross-section li-
braries for several type reactors and fuels are vali-
dated and available [9]. Library for RBMK-1000 fuel 
depletion modelling also exists, however, there are 
no libraries for erbium fuel used in RBMK-1500 type 
reactors [8, 10]. Calculations of the fuel depletion in 
the  RBMK-1500 type reactor and the  generation of 
one-group cross-section libraries for SNF composi-
tion calculations with ORIGEN-ARP for erbium fuel 
are presented in this paper. In order to introduce one-
group cross-section libraries for burn-up credit cal-
culations of RBMK-1500 spent nuclear fuel, the focus 
on the precise evaluation (taking into account com-
parison of calculation results against experimental 
data) of fissile and non-fissile actinides which are im-
portant to burn-up credit calculations is made. Avail-
able experimental data of fission products (Nd and 
Cs isotopes) were also compared with the modelling 
results.

Concentrations of the selected actinides (234U, 235U, 
236U, 238Pu, 239Pu, 240Pu, 241Pu, 242Pu, 237Np, 241Am, 243Am) 
were calculated for RBMK-1500 erbium fuel and for 
non-erbium fuel taking into account different reac-
tor operation conditions. The  obtained results were 
compared to existing experimental data and results of 
other calculations. Actinides used for “actinide-only” 
calculations were taken from the  NEA study  [11]. 
Besides, 242Cm and 244Cm concentrations were evalu-
ated. Cm isotopes are important for the thermal and 
radiation shielding evaluation during dry storage, but 
not so vital regarding burn-up credit calculations. 
142Nd, 143Nd, 144Nd, 145Nd, 146Nd, 148Nd, 150Nd and 137Cs 
concentrations were also calculated, as experimental 
data, although limited, exist for them too. Concentra-
tion ratios of these nuclides are often used to precisely 
evaluate the burn-up of nuclear fuel [12].

Only limited experimental data are available for 
the composition of RBMK-1000 type reactor fuel [5, 
6], especially regarding fuel with an erbium burnable 
absorber used in the Ignalina NPP RBMK-1500 type 
reactors. Most of RBMK-1000 reactor physical char-
acteristics are very similar to those of RBMK-1500, 
therefore the use of experimental data from RBMK-
1000 could be justified. Also, some modelling was 
performed earlier in this area: MCNP and ORIGEN 
codes were used for the  depletion calculations of 

RBMK-1000 fuel (including comparison with experi-
mental data) in  [2, 4, 13]. The  SCALE code system 
and the HELIOS code were used to calculate concen-
trations of some nuclides in  [14]. RBMK-1500 type 
reactor SNF depletion calculations and SNF storage 
cask criticality calculations were performed in  [15]. 
Furthermore, there were some studies related with 
the Ignalina NPP decommissioning projects [16].

2. Methodology

The SCALE 6.1 code package, which is widely used for 
criticality and burn-up calculations to justify safety of 
various activities in nuclear field, was used for calcu-
lations [17]. The TRITON control module employing 
NEWT (2D geometry and deterministic calculation 
method to solve neutron transport equations and cal-
culate neutron flux) and ORIGEN-S (used for deple-
tion calculations) codes was used to generate cross-sec-
tion libraries. Cross-sections of nuclides were obtained 
from the ENDF/B-VII.0 cross-section data library.

The NEWT code is used to solve the Boltzmann’s 
transport equation for neutrons

   Ω̑ · ∇ψ(→r ,    Ω̑, E)+ Σt(
→r, E) ψ(→r ,     Ω̑, E) = Q(→r ,    Ω̑, E), (1)

where ψ(→r  ,      Ω̑, E) is the  angular flux at position →r, 
in direction    Ω̑ at energy E, Σt(

→r, E) is the total mac-
roscopic cross section at position →r and energy E, 
Q(→r ,  Ω̑, E) is the source at position →r, in direction    Ω̑ 
and at energy E, →∇ is the vector differential operator. 
The source Q is generally composed of three terms: 
a  scattering source, a fission source and an external 
or fixed source.

In general, this transport equation can be difficult 
to apply and solve analytically. Hence, simplifications 
and numerical approximations are used in the NEWT 
code to solve the equation.

ORIGEN-S solves the Bateman equation for sys-
tems with neutron flux and calculates the atom den-
sity of a set of chosen nuclides,

, (2)

where Ni is the atom density of nuclide i, λi is the ra-
dioactive disintegration constant of nuclide i, σi is 
the spectrum-averaged microscopic neutron absorp-
tion cross-section of nuclide i, –Φ is the  space- and 
energy-averaged neutron flux, lij are the  branching 
fractions of radioactive disintegrations from other 
nuclide j to nuclide i, fik are branching fractions for 
neutron absorption by other nuclides k that lead to 
the formation of species i.
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ORIGEN-ARP was used to perform point-de-
pletion calculations with the ORIGEN-S code using 
the problem-dependent cross-section libraries which 
were generated using the  ARP (Automatic Rapid 
Processing) module. There are a number of prepared 
cross-section libraries available within the SCALE for 
different reactors and fuels [8, 10].

The cross-sections for uranium-based fuels mainly 
depend on fuel enrichment, burn-up and water den-
sity during burn-up as described in [18]. A set of li-
braries was generated changing the abovementioned 
parameters. These libraries are used for the interpola-
tion of cross-sections of desired fuel parameters. 

The interpolation of cross-section libraries which 
are used by ORIGEN-S is performed as a  function 
of burn-up first, and then other parameters (enrich-
ment, moderator density) are additionally used for 
interpolation as it will be explained in more detail in 
the next section.

3. Model and calculations

A simplified model of the RBMK-1500 reactor core 
fragment with 14 fuel assemblies and 2 control rods 
distributed according to the  real RBMK-1500 reac-
tor core geometry was used for modelling, see Fig. 1. 
The  control and protection system (CPS) rod with 
the neutron absorber B4C as used in the original de-
sign of RBMK was inserted and the  other CPS rod 
was extracted, while channels were filled with water 
of the chosen density.

The RBMK-1500 fuel assembly consists of 2 fuel 
bundles, each of them having 18 fuel rods arranged 
in two concentric rings with the central carrier rod at 
the centre. The fuel rod was treated as a zirconium al-
loy tube homogeneously filled with uranium dioxide 
with or without a burnable erbium absorber. The pel-
let density was reduced to ensure that the amount of 
fuel material inside the tube corresponds to the actual 
data [19]. The gap between the pellet and cladding as 
well as the hole in the middle of the pellet were excluded 

to simplify the geometry and reduce the computation-
al time. The central carrier rod was defined as a hollow 
tube made of zirconium alloy. Water as a  moderator 
and a lattice cell with a triangular pitch with half-pitch 
of 0.802 cm were chosen for self-shielding calculations 
in the  CENTRM module  [3, 20]. Periodical bound-
ary conditions were applied for reactor segment walls, 
which correspond to an infinite lattice comprised of 
such segments and are suitable for efficient modelling 
of neutron fluxes in the RBMK-1500 reactor core.

The power of the fuel assembly was chosen to be 
constant. Temperatures of graphite and cooling wa-
ter were kept equal to 873 and 567  K, respectively, 
which correspond to the real operating conditions of 
the RBMK-1500 reactor [19]. The density of cooling 
water in the model varied from 0.4 to 0.8 g/cm3 and 
the density of graphite was 1.675 g/cm3. The average 
keff value of such a  system for 12  GWd/tU burn-up 
fuel varied from 0.934 (for 2% enrichment with no 
erbium, 0.4 g/cm3 water density) to 1.012 (for 2.8% 
enrichment with erbium, 0.4  g/cm3 water density). 
The keff uncertainty (convergence criterion of calcula-
tions) did not exceed 0.001.

Depletion calculations for the  preparation of 
cross-section libraries consisted of two steps. The first 
step was the depletion of fresh fuel in all fuel channels 
to the average burn-up (12 GWd/tU). The second step 
was the depletion of fuel in one fuel channel (marked 
channel in Fig. 1), while the composition (set of 100 
nuclides consisting of initial fuel material, activation 
and fission products) taken from the first step calcu-
lations and corresponding to the average fuel burn-
up was kept constant in the remaining fuel channels. 
The  neutron fluxes were calculated by the  NEWT 
module using three 160  day time steps (power was 
kept constant: 25  MW/tU, corresponding reactor 
thermal power 4700 MW) for the first step calcula-
tions, and the  average burn-up was achieved at all 
fuel channels after this step. The second step calcula-
tions for libraries were performed using a more de-
tailed 100-day time step, keeping 25 MW/tU power 

Fig. 1. RBMK-1500 reactor lattice with 
fuel (14) and CPS (2) channels. Fuel 
assembly in the “depleted fuel” chan-
nel was used for depletion calculations 
to obtain cross-section libraries.
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constant up to 30 GWd/tU burn-up. The same proce-
dure was applied for non-erbium fuel with 2% enrich-
ment and 2.4% (with 0.41% mass of Er2O3 burnable 
absorber), 2.6% (0.5% Er2O3) and 2.8% (0.6% Er2O3) 
enrichment fuel with the erbium burnable absorber. 
The  natural erbium isotopic composition was used 
for calculations (1.7% 164Er, 33.4% 166Er, 22.9% 167Er, 
26.9% 168Er, 15.1% 170Er).

After these steps, files containing cross-section 
libraries were collected and grouped taking into ac-
count the  enrichment and water density used in 
the calculations. Two separate libraries were created: 
the first one for 2.0% enrichment fuel without erbium 
and the second one for 2.4–2.8% enrichment erbium 
fuel depending on different initial fuel composition. 
Cross-sections were stored as average one-group 
values that were obtained by weighting multi-group 
neutron cross-sections.

One-group cross section libraries are most sensi-
tive to three parameters: initial enrichment, burn-up 
and moderator density. The role of other parameters 
(temperatures of the components, cladding thickness, 
rod lattice pitch) on the  spent nuclear fuel isotopic 
concentration was found to be negligible by other au-
thors [21], therefore only three main parameters were 
used for library generation.

4. Results

In order to validate the modelling results, available 
RBMK-1000 reactor fuel experimental data  [5, 6] 
and independent TRITON point-depletion calcu-
lations results [4] were used to assure that the con-
centrations predicted by generated cross-section 
libraries are in a  satisfactory agreement. More de-
tailed TRITON calculations are available only for 
238Pu and 240Pu. For all nuclides only data from two 
different burn-up fuel assemblies for 2% enrich-
ment fuel are available. Due to different positions of 
the fuel samples taken for destructive examination, 
their burn-up was re-evaluated taking into account 
the concentrations of Nd isotopes [12]. Data for 2.02 
and 2.09% initial enrichment fuel are also avail-
able [6]. Attention should be drawn that the experi-
mental data given in  [5, 6] are the  same, although 
in [5] the initial enrichment was reported to be 2% 
in all fuel samples.

The nuclide concentration dependence on 
the burn-up and coolant density for the validation 
of cross-section library results was evaluated using 
the  ORIGEN-ARP code. Two cases were analyzed: 
the  constant power and the  constant neutron flu-
ence. The  average power of 22.5  MW/tU was used 
for constant power calculations and the initial pow-

er of 22.5 MW/tU for fresh fuel was used in the con-
stant neutron fluence case. The coolant density val-
ues varied from 0.4 to 0.8 g/cm3.

The concentrations of actinides important to 
the burn-up credit (234U, 235U, 236U, 238Pu, 239Pu, 240Pu, 
241Pu, 242Pu, 237Np, 241Am, 243Am) as well as those 
of some fission products (42Nd, 143Nd, 144Nd, 145Nd, 
146Nd, 148Nd, 150Nd and 137Cs) were calculated for 
RBMK-1500 erbium fuel and for non-erbium fuel. 
Comparison was made for the  calculated and ex-
perimentally measured concentrations expressed in 
grams of a certain isotope per metric ton of 238U.

4.1. Uranium isotopes

Differences for selected uranium isotopes are main-
ly determined by the  initial composition, therefore 
the largest differences for different enrichment fuel 
are observed for the  234U (Fig.  2) and 235U (Fig.  3) 
isotopes. The  difference is proportional to the  dif-
ference of initial enrichment. The  experimental 
values for 2% enrichment fuel show a  satisfactory 
agreement (difference between experimental and 
calculated values is 9–14% for 234U, 13–16% for 
235U, 5–14% for 236U (Fig.  4)) with the  values ob-
tained using the  generated cross-section. Differ-
ence between experimental and calculated values in 
the case of 234U isotope is mainly caused by a slightly 
different initial composition of 2.02 and 2.09% ini-
tial enrichment fuel, but the  computational evalu-
ation follows the experimental tendency of a linear 
decrease of 234U concentration as burn-up increases. 

Fig. 2. 234U concentrations for different enrichment 
RBMK-1500 fuel calculated using generated neutron 
cross-section libraries in constant flux and constant 
power cases and experimental points from [6].
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236U differences in the  experimental data for 2.02 
and 2.09% initial enrichment fuel are assumed to 
be caused by a  different initial composition due to 
the  fact that 2.02 and 2.09% initial enrichment fuel 
is manufactured using the regenerated uranium ob-
tained through reprocessing of either SNF or nuclear 
weapons. The modelled concentrations of 235U show 
a good agreement with the experimental results.

4.2. Plutonium isotopes

Plutonium isotopes are analyzed considering a dif-
ferent enrichment of RBMK-1500 fuel and com-

Fig. 3. 235U concentrations for different enrichment 
RBMK-1500 fuel calculated using generated neutron 
cross-section libraries in constant flux and constant 
power cases and experimental points from [6].

Fig. 4. 236U concentrations for different enrichment 
RBMK-1500 fuel calculated using generated neutron 
cross-section libraries in constant flux and constant 
power cases and experimental points from [6].

Fig. 5. 238Pu concentrations for different enrichment 
RBMK-1500 fuel calculated using generated neutron 
cross-section libraries in constant flux and constant 
power cases and experimental points from [6] as well as 
point depletion modelling results from [4].

Fig. 6. 239Pu concentrations for different enrichment 
RBMK-1500 fuel calculated using generated neutron 
cross-section libraries in constant flux and constant 
power cases and experimental points from [6].

pared with the existing experimental data for 238Pu 
(Fig.  5), 239Pu (Fig.  6), 240Pu (Fig.  7), 241Pu (Fig.  8) 
and 242Pu (Fig. 9). The concentrations of plutonium 
238Pu, 240Pu, 241Pu, 242Pu isotopes in nuclear fuel are 
highest in 2.0% enrichment fuel, with the exception 
of 239Pu (modelled concentration of 239Pu is highest 
in 2.8% enrichment fuel).

In the  case of 238Pu, the  experimental values 
exceeded the  modelled results up to 2 times for 
the  2.02 and 2.09% initial enrichment fuel, and 
this is caused by a different initial concentration of 



V. Barkauskas et al. / Lith. J. Phys. 57, 42–53 (2017)47

the parent nuclide 237Np which is obtained through 
the activation of 236U discussed above. Agreement of 
the experimental data [6] and the calculated values is 
satisfactory for other plutonium isotopes – the differ-
ence between the experimental and calculated values 
is 5–6% for 239Pu, 5–25% (the highest difference for 
low burn-up) for 240Pu, 5–15% for 241Pu and 5–19% 
for 242Pu. The calculations of this study show a good 
agreement with TRITON point-depletion calcula-
tions of other authors [4].

4.3. Americium and neptunium

The modelled concentration of 241Am (Fig. 10) does 
not correspond to the  experimental values of  [6]. 
Analyzing other studies performed in this field  [7] 
it was found that possible concentrations of 241Am 
in other reactor types show similar results, therefore 
it is possible that the experimental values are either 
incorrect or are not presented correctly. Assuming 

Fig. 7. 240Pu concentrations for different enrichment 
RBMK-1500 fuel calculated using generated neutron 
cross-section libraries in constant flux and constant 
power cases and experimental points from [6] as well as 
point depletion modelling results from [4].

Fig. 8. 241Pu concentrations for different enrichment 
RBMK-1500 fuel calculated using generated neutron 
cross-section libraries in constant flux and constant 
power cases and experimental points from [6].

Fig. 9. 242Pu concentrations for different enrichment 
RBMK-1500 fuel calculated using generated neutron 
cross-section libraries in constant flux and constant 
power cases and experimental points from [6] as well as 
point depletion modelling results from [4].

Fig. 10. 241Am concentrations for different enrichment 
RBMK-1500 fuel calculated using generated neutron 
cross-section libraries in constant and constant power 
cases and experimental points from [6].
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that the  concentrations given in  [6] are 1000 times 
lower, the experimental values in Fig. 10 are updat-
ed accordingly. In this case the results show a better 
agreement, especially at low burn-up.

The 243Am (Fig.  11) concentration shows a  good 
agreement with the experimental values with the dif-
ference up to 23%, while 237Np (Fig. 12) has a differ-
ence of 22–29% for the  2% initial enrichment fuel. 
The  experimental concentration values  [6] of 237Np 
for the 2.02 and 2.09% initial enrichment fuel follow 
the trend of parent nuclide 236U.

4.4. Curium

The comparison of 242Cm and 244Cm TRITON 
modelling results  [4] and experimental values  [6] 
(see Figs.  13 and 14) shows a  good agreement with 
the  ORIGEN-ARP predictions of this study, except 
for 244Cm in the case of high enrichment where differ-
ences reach up to 40%.

Fig. 13. 242Cm concentrations for different enrichment 
RBMK-1500 fuel calculated using generated neutron 
cross-section libraries in constant flux and constant 
power cases and experimental points from [6] as well as 
point depletion modelling results from [4].

Fig. 14. 244Cm concentrations for different enrichment 
RBMK-1500 fuel calculated using generated neutron 
cross-section libraries in constant flux and constant 
power cases and experimental points from [6] as well as 
point depletion modelling results from [4].

Fig. 11. 243Am concentrations for different enrichment 
RBMK-1500 fuel calculated using generated neutron 
cross-section libraries in constant flux and constant 
power cases and experimental points from [6].

Fig. 12. 237Np concentrations for different enrichment 
RBMK-1500 fuel calculated using generated neutron 
cross-section libraries in constant flux and constant 
power cases and experimental points from [6].
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4.5. Fission products

Comparison with available experimental data giv-
en in  [10] regarding fission products was also per-
formed. Only the  data of 142Nd, 143Nd, 144Nd, 145Nd, 
146Nd, 148Nd, 

150Nd and 137Cs concentration measure-
ments are available. A good agreement was observed 
between the  modelling and experimental results of 
available fission product measurements, except for 
142Nd and 144Nd (Figs. 16 and 18), where differences 
between the calculated and experimental values reach 
50% for 142Nd.

4.6. The role of enrichment and burnable absorber in 
the fuel

The enrichment and burnable absorber plays an im-
portant role in the SNF composition. At the highest 
burn-up (29  GWd/tU) isotopic composition differ-
ences between the  2 and 2.8% enrichment fuel for 
the analysed actinides reach 60% for 244Cm, 52% for 
243Am, 40% for 241Am, 36% for 242Pu, 32% for 234U, 28% 
for 238Pu, 27% for 242Cm, 23% for 236U, 15% for 237Np, 
14.5% for 240Pu, 11.3% for 241Pu, and 11% for 239Pu.

Fig. 15. 137Cs concentrations for different enrichment 
RBMK-1500 fuel calculated using generated neutron 
cross-section libraries in constant flux and constant 
power cases and experimental points from [10].

Fig. 16. 142Nd concentrations for different enrichment 
RBMK-1500 fuel calculated using generated neutron 
cross-section libraries in constant flux and constant 
power cases and experimental points from [10].

Fig. 17. 143Nd concentrations for different enrichment 
RBMK-1500 fuel calculated using generated neutron 
cross-section libraries in constant flux and constant 
power cases and experimental points from [10].

Fig. 18. 144Nd concentrations for different enrichment 
RBMK-1500 fuel calculated using generated neutron 
cross-section libraries in constant flux and constant 
power cases and experimental points from [10].
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Fig. 22. 150Nd concentrations for different enrichment 
RBMK-1500 fuel calculated using generated neutron 
cross-section libraries in constant flux and constant 
power cases and experimental points from [10].

Fig. 19. 145Nd concentrations for different enrichment 
RBMK-1500 fuel calculated using generated neutron 
cross-section libraries in constant flux and constant 
power cases and experimental points from [10].

Fig. 20. 146Nd concentrations for different enrichment 
RBMK-1500 fuel calculated using generated neutron 
cross-section libraries in constant flux and constant 
power cases and experimental points from [10].

Fig. 21. 148Nd concentrations for different enrichment 
RBMK-1500 fuel calculated using generated neutron 
cross-section libraries in constant flux and constant 
power cases and experimental points from [10].

According to [4] the initial enrichment of RBMK-
1000 fuel has no significant effect on the  results of 
nuclide concentrations. The  results obtained in this 
study show a different trend, especially for 234U, 236U, 
237Np and 238Pu. Fuel analyzed in [4] was of 1.8–2.2% 
enrichment without an erbium burnable absorber. 
Therefore, the conclusions regarding fuel enrichment 
in this study should be made not disconnecting dif-
ferent enrichment and the presence of a burnable ab-
sorber in the fuel.

Higher concentrations of 243Am, 241Am (at low 
burn-up only), 242Cm, 244Cm, 238Pu, 240Pu and 242Pu are 

calculated in the  lower enrichment fuel of the same 
burn-up. Other nuclides show a higher concentration 
in the fuel of higher enrichment.

Regarding the  Nd and Cs isotopes, a  trend of 
a  very low dependence on the  fuel enrichment and 
the  presence of a  burnable absorber is noticed, but 
142Nd and 143Nd show a different behaviour.

4.7. Change of the SNF composition during irradiation

238Pu, 239Pu, 240Pu, 241Pu, 242Pu, 237Np, 241Am, 243Am, 
242Cm and 244Cm nuclides in this study emerge as acti-
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vation nuclides as the initial fuel composition without 
them is assumed. The concentrations of these nuclides 
increase with increasing burn-up, build-up rates of up 
to 29 GWd/tU of these nuclides exceed the burn-out 
and decay rate. The only exception is 239Pu, the con-
centration of which at around 23 GWd/tU reaches 
the maximum value and starts to decrease.

The initial concentrations of 234U and 235U de-
crease, while the concentration of 236U increases with 
increasing burn-up. The  decrease of 234U is linear 
with increasing burn-up, while the  build-up of 236U 
and the burn-out of 235U are slightly decreasing with 
higher burn-up.

4.8. Constant power vs constant flux

There are no significant differences between the con-
stant flux and the  constant power cases. The  only 
nuclides, the concentrations of which are affected by 
a different modelling approach, are 241Am and 238Pu. 
Difference for the  241Am isotope is obtained due to 
its sensitivity to the  neutron energy spectrum and 
the  operational power (slightly variable in the  con-
stant flux case). It is assumed that the difference for 
238Pu is caused by the alpha decay of 242Cm to 238Pu, 
as in the constant flux case the fuel is approximately 
200 days longer in the  reactor in comparison with 
the constant power case at the burn-up 29 GWd/tU.

4.9. Role of water density

The role of coolant (water) density during fuel irradia-
tion plays a crucial role in the precise evaluation of nu-
clide concentrations. The coolant density and the axial 
power profile have the largest influence on the consid-
ered physical reactor core parameters and fuel assem-
bly conditions, therefore they should be modelled as 
close to real conditions as possible  [3]. Nuclide con-
centration differences are mainly determined by dif-
ferences in the neutron spectrum caused by different 
water density and fuel composition (Fig. 23).

Studies were also performed regarding differences 
of the nuclide formation in the inner and outer fuel 
rings of the same fuel channel, and conclusions were 
drawn that the reason for the differences was the neu-
tron flux variations and the  heterogeneous neutron 
absorption, because the harder neutron spectrum is 
in the inner fuel rods ring of the assembly and more 
neutrons are absorbed in the lower part of the assem-
bly due to the higher density of water (less neutrons 
are available for fission reaction) [2].

According to [3], 238Pu, 241Pu and 243Am are the ac-
tinides most sensitive to coolant density variation. 
The  production of 241Pu in the  SNF can vary up to 

5% for different fuel assembly positions at a differ-
ent fuel burn-up. Variations in the thermal neutron 
spectrum affect the production of 240Pu and subse-
quently the production of 241Pu by the neutron cap-
ture reaction [2]. The results of this study show that 
242Cm and 244Cm are also quite sensitive to the cool-
ant density (difference of 25% at higher burn-up), 
while the evaluation of 241Pu shows the same sensi-
tivity.

The calculation of fuel depletion in RBMK-1500 
shows that the concentration curves corresponding 
to different enrichment and water density values, 
which vary from 0.4 to 0.8 g/cm3, form four sets for 
every enrichment value (2.0, 2.4, 2.6, 2.8%), while 
the  limiting cases, which bound possible nuclide 
concentrations, are 2.0% enrichment fuel (without 
erbium), 0.4 g/cm3 water density and 2.8% enrich-
ment, 0.8 g/cm3 water density. At the highest burn-
up (29 GWd/tU) the isotopic composition differenc-
es between 0.4 and 0.8 g/cm3 for actinides important 
to BUC applications reach 14 for the 2% enrichment 
fuel and 22 for the 2.8% enrichment fuel.

5. Conclusions

Calculations of fuel depletion in the  RBMK-1500 
type reactor using the  infinite reactor macro lattice 
(4×4) were performed, and one-group cross-section 
libraries were created for SNF composition calcula-
tions for 2.0–2.8% enrichment fuel without and with 
an erbium burnable absorber. Concentrations of ac-
tinides important to the  burn-up credit evaluation 
and Cm isotopes were obtained using the generated 
one-group cross-section libraries and were com-
pared to available experimental data and the newest 

Fig. 23. Neutron flux per unit lethargy spectra for 2.0 
and 2.8% enrichment fuel in the case of 0.4 and 0.8 g/cm3 

water density inside the RBMK-1500 reactor fuel chan-
nel.



V. Barkauskas et al. / Lith. J. Phys. 57, 42–53 (2017)52

modelling results. The comparison shows an accept-
able agreement between the  values obtained using 
created one-group cross-section libraries and ex-
perimental data as well as point depletion calcula-
tions. The  exception was observed only for 238Pu, 
which was caused by the  initial composition of 
nuclear fuel, and 241Am, most probably due to in-
correct experimental values given, as other studies 
show results similar to the calculation results of this 
study. The  comparison with available experimen-
tal data regarding the fission products 142Nd, 143Nd, 
144Nd, 145Nd, 146Nd, 148Nd, 150Nd and 137Cs was also 
performed. The  fission product evaluation shows 
a good agreement with the experimental data except 
for 142Nd and 144Nd isotopes.

The enrichment and presence of the burnable ab-
sorber play an important role in the  SNF composi-
tion. At the highest modelled burn-up (29 GWd/tU) 
the  isotopic composition differences between 2 and 
2.8% enrichment fuel burn-up for actinides impor-
tant to BUC applications vary from 11 to 52%.

The coolant (water) density in the water channel 
during burn-up plays the crucial role in the precise 
evaluation of nuclide concentrations. These differenc-
es are mainly determined by differences in the neu-
tron spectrum caused by the water density and the fuel 
composition. At the  highest burn-up (29  GWd/tU) 
isotopic composition differences between 0.4 and 
0.8 g/cm3 for actinides important to BUC applications 
reach 14% for 2% enrichment fuel and 22% for 2.8% 
enrichment fuel. The obtained libraries could be ap-
plied to the evaluation of the RBMK-1500 spent nu-
clear fuel using the actinide-only approach in burn-
up credit calculations, as well as for other purposes, 
e.  g. for the  activity or toxicity evaluation of spent 
nuclear fuel.
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RBMK-1500 PANAUDOTO BRANDUOLINIO KURO SKERSPJŪVIŲ BIBLIOTEKŲ 
SUDARYMAS IR JŲ ĮVERTINIMAS ATSIŽVELGIANT Į EKSPERIMENTINIUS 

DUOMENIS

V. Barkauskas, R. Plukienė, A. Plukis, V. Remeikis

Fizinių ir technologijos mokslų centro Fizikos institutas, Vilnius, Lietuva

Santrauka
Skaitmeniškai modeliuotas RBMK-1500 reaktoriaus 

skirtingai įsodrinto kuro nuklidinės sudėties kitimas re-
aktoriuje. Modeliuojant sudarytos vienos energijos gru-
pės skerspjūvių bibliotekos, skirtos Origen-ARP pro-
gramai. Nuklidinės sudėties kitimo skaičiavimai atlikti 
naudojantis SCALE 6.1 programų paketo TRITON mo-
duliu, kuriame neutronų pernašos lygtis sprendžiama 
su NEWT deterministinio skaičiavimo programa. Skai-
čiavimams naudota 238 energijos grupių nuklidų skers-
pjūvių biblioteka ENDF-B VII. Apšvitinto branduolinio 
kuro nuklidinė sudėtis įvertinta su ORIGEN-S progra-
ma. Naudojantis sudarytomis vienos grupės biblioteko-
mis buvo įvertintos kritiškumo saugai svarbiausių ak-
tinoidų koncentracijos ir jos palygintos su prieinamais 

eksperimentiniais duomenimis bei kitų mokslininkų 
skaičiavimų rezultatais. Su eksperimentiniais duome-
nimis taip pat palygintos ir dalijimosi produktų (Cs ir 
Nd izotopų) koncentracijos. Nustatyti sudėties skirtu-
mai esant skirtingam branduolinio kuro įsodrinimui 
ir šilumnešio (vandens) tankiui eksploatavimo metu. 
Palyginimas rodo patenkinamą nuklidų koncentracijų 
skaitinio modeliavimo ir eksperimentinių verčių atitiki-
mą, išskyrus 238Pu ir 241Am nuklidų koncentracijas. Dar-
be aptartos šių neatitikimų priežastys. Nustatyta, kad 
įsodrinimas ir išdegantis sugėriklis turi didelę įtaką pa-
naudoto branduolinio kuro sudėčiai. Esant didžiausiai 
analizuotai išdegimo vertei (29  GWd/tU) kritiškumo 
saugai svarbių aktinoidų koncentracijų skirtumai nuo 
2 iki 2,8 % įsodrinimo kuro sudarė 11–52 %.


