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Abstract

The VVER-1000 thermal neutron reactor can operate on mixed uranium-plutonium fuel with a content of reactor-grade
plutonium up to 5% with a 100% loaded core. In this case, plutonium burns up to 56% of odd isotopes. The energy po-
tential of such plutonium is very low, and its further use in thermal reactors is impractical. However, such plutonium can
be used in fast neutron reactors. The paper presents the results of investigating the possibility for such isotopic plutoni-
um composition to be used in the BN-1200 thermal neutron reactor and its value be increased for the plutonium recycle
in the reactor. For this purpose, a precision model of the BN-1200 reactor has been developed using the Serpent Monte
Carlo code. The model has been verified against the reference values of the nuclear fuel burnup and breeding ratios. The
study has shown that such plutonium can be used in the BN-1200 reactor MOX fuel. Maintaining the operating cycle
length requires the plutonium fraction in the MOX fuel to be increased up to 2%. In the BN-1200 reactor, the isotopic
composition has been found to improve for the further recycle of plutonium in the thermal reactor, i.e. odd plutonium
isotopes increase. The fewer odd plutonium isotopes at the beginning of the BN-1200 operating cycle, the greater their
increase. It can be seen as the result of the calculation that plutonium from VVER-1000 spent mixed fuel must be loaded
into the BN-1200 reactor at least twice to increase the fraction of odd isotopes to the level of reactor-grade plutonium.
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Intl'OdlICtIOIl containing up to 5% of reactor-grade plutonium with a

100% loaded core (Kovalev et al. 2021). Reactor-grade

REMIX is uranium-plutonium fuel cycled in thermal neu-
tron reactors. There are a number of REMIX fuel concepts.
The simplest concept, in terms of mixed fuel fabrication,
is REMIX-E (a mixture of enriched natural uranium and
reactor-grade plutonium 1-5%) (Kovalev et al. 2020).

A thermal reactor of the VVER-1000 type is capa-
ble to operate based on mixed uranium-plutonium fuel

plutonium herein means plutonium extracted from SNF
of thermal reactors using enriched natural uranium fuel.
And the neutronic performance of the reactor core is
in the limits of the design-basis values. The fuel nu-
clides in this case are 2*°U, 2*Pu and ?*'Pu. The fraction
of odd isotopes in reactor-grade plutonium, depending
on cooling time, is about 66%. Such plutonium being
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used further in a thermal reactor, odd isotopes burn up
and their fraction becomes smaller. As the fraction of
odd isotopes decreases to 50%, the energy value of such
plutonium is fully exhausted. In the event of a VVER-
1000 using mixed fuel from the REMIX-E recycling
concept with the maximum plutonium content of 5%,
the fraction of odd isotopes in the unloaded fuel be-
comes equal to 56%. The energy potential of such plu-
tonium is extremely low, so it is not reasonable to use
it further in thermal reactors. Such plutonium can be
however used in fast reactors.

Unlike thermal reactors, fast reactors can operate on
plutonium with practically any isotope composition since
all plutonium isotopes undergo fission in a fast spectrum.
It has been shown by Russian and French experts on the
example of the BN-800 and ASTRID reactors that fast
reactors change the plutonium composition towards an in-
crease in the fraction of odd plutonium isotopes but their
efficiency is not sufficient (Eliseev et al. 2020).

A computational model was developed to find out if it
was possible to use plutonium from the REMIX-E con-
cept mixed fuel SNF in the MOX fuel of the BN-1200
reactor and to investigate the change in its isotope com-
position in the process of burnup in the BN-1200 reactor.

BN-1200 reactor

Favorable conditions are established in fast reactors, in
the absence of a neutron moderator, for more neutrons
to emerge, which are capable to sustain a fission chain
reaction and transform efficiently U and **Th fertile
isotopes into *°Pu and **U fissionable isotopes (Kuzmin
etal. 2013).

The design of an advanced power unit with the BN-
1200 fast sodium-cooled reactor is developed as the ba-
sis for the initial stage in deploying, on a series basis,
reactors of this type. The development of the BN-1200
reactor is based on the maximum possible use of proven
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Table 1. Key characteristics of the BN-1200 reactor core

Description Value
Thermal power, MW 2800
Inlet/outlet sodium temperature, °C 410/550

Core height, cm 85

MOX fuel load, t 47.2
Plutonium content in fuel, % 17.2
Breeding ratio, including 1.19
- core 0.92
- axial blanket 0.16

- side blanket 0.11

and scientifically justified and engineered technological
solutions implemented in the BN-350, BN-600 and BN-
800 fast reactor designs (Reactor BN-1200 2022).

The key characteristics of the BN-1200 reactor
(Vasiliev 2019) are given in Table 1. The reactor core
map, and the core FA, side blanket (SB) FA, CPS control
member (CM) and absorber rod (AR) designs are pre-
sented in Kurashov 2015, Vasiliev et al. 2018, Mosunova
2018, Drobyshev 2021.

BN-1200 reactor calculation
procedure and model

The information for the model construction was taken
from publicly available sources (Anikin et al. 2015),
Kurashov 2015; Mosunova 2018; Vasiliev 2019;
Drobyshev 2021).

The BN-1200 reactor model for the neutronic calcula-
tions was developed using the Serpent Monte Carlo 3D
particle transport code (Anikin et al. 2015) based on en-
ergy-continuous libraries. Monte Carlo method uses all
currently available knowledge to calculate the particle
transport and interaction in conditions of a real 3D ge-
ometry with no approximations at all. These peculiarities
make the method more precise and independent of the
problems solved.

Figure 1. a) Map of BN-1200 zones; b) BN-1200 core FA reloading map.
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The map of the BN-1200 reactor zones (Belov et al.
2014) and the FA reloading map (Egorov et al. 2019)
shown in Fig. 1 were used for the simulation. Zones 1
through 7 are the core FAs; zone 8 is an assembly with
a control rod (CR); zone 9 is an assembly with the inner
ring shim rod (SR); zone 10 is an assembly with the outer
ring SR; zone 11 is the emergency protection assembly;
zone 12 is the hydraulic passive emergency protection
assembly (PEP-H); zone 13 is the temperature passive
emergency protection assembly (PEP-T); zone 14 is an
SB FA (row 1); zone 15 is an SB FA (row 2); and zone
16 is a biological shielding assembly (BSA) FA. In the
core FA reloading map, the first number is the unloading
number, and the second number is the reloading frequen-
cy. The reloading frequency is four for the core zones 1
through 5, five for zone 6, and six for zone 7. The reload-
ing frequency is eight for the SB (row 1), and ten for the
SB (row 2). Due to the absence of detailed data on the SB
reloading, it was assumed for the model that all SB FAs
are reloaded at a time, once in eight years.

Fig. 2 presents the developed geometrical model of
the BN-12000 reactor used in the calculation. The model
built was symmetrical (did not include the steel shielding
assemblies (SSA) zone). The model does not also include
the in-vessel storage (INS) zone and the biological shield-
ing assemblies (BSA) zone. No damaged CPS CMs (Nos.
11, 12 and 13) were used in the model.

Figure 2. Geometrical model of the BN-1200 core used in the
calculation, and the cut is perpendicular to axis Z at a level of
70% H

core”

Verification of the BN-1200
calculation model

The calculation model was verified based on the follow-
ing criteria:

* in the course of the reloading cycle, the reactivity
shall be positive and tend to zero as the cycle ends
(with no control rods taken into account);

* the neutron spectrum shall correspond to the theo-
retical spectrum;

 the unloaded fuel burnup be equal to the reference
values;
* the breeding ratio shall be equal to the reference values.

The model implements the FA reloading function. The
calculation starts with the core fully loaded with fresh
fuel. After each reloading cycle, the material composition
of all burnup zones is written as a binary file. According
to the map (see Fig. 1), FAs are reloaded in the next re-
loading cycle. Due to different reloading frequencies, a
decision was made to calculate 16 reloading cycles of 330
days each. The number of such cycles is defined largely
by the FA reloading frequency. At the beginning of the
initial reloading cycle, the core in the model is filled fully
with fresh fuel, and reactivity is at a high level. Following
8 reloading cycles, however, after all FAs in the core and
in the SB go through the reloading cycles, the neutron
multiplication factor becomes stable. Each subsequent
cycle starts with a reactivity margin of ~2.5% and tends
to become zero as the cycle ends, which is in accordance
with the first criterion we have defined. In further calcula-
tions, the CPS CMs are introduced into the model begin-
ning in the 9% reloading cycle, with their positions chosen
such that the effective multiplication factor equals unity
throughout the respective cycle, and reactivity is accord-
ingly equal to zero.

The BN-1200 neutron spectrum calculated based on
the model is presented in Fig. 3. It has a good fit with the
theoretical spectrum (Nuclear Physics and Reactor The-
ory (1993)). For comparison, the figure also presents the
calculated VVER-1000 spectrum.
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Figure 3. Calculated VVER-1000 and BN-1200 neutron spectrum.

As the result of the FA power density data processing,
burnup values have been obtained for the unloaded fuel.
Table 2 presents the unloaded fuel average burnup values
from several sources. It can be seen that the calculated
value has a good fit with the reference value. The table
also presents the calculated core burnup value and the
maximum core burnup without the axial blanket (AB) and
side blanket (SB) taken into account.

Using the information on the reaction rates obtained,
breeding ratios can be obtained for different zones in the
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Table 2. Unloaded BN-1200 fuel burnup

Reference values Calculation
MW:-day/kgHM
B* 95 (Vasiliev 2019) 92.27
90 (Babushkin et al. 2020)
93 (Vasiliev 2010)
B, ** 99.25
B, ** 109.22

* - Core average burnup value with AB taken into account;
** - Core average burnup without AB taken into account;
*#* _ Core maximum burnup without AB taken into account.

calculation model. The breeding ratios were calculated
using the following formulas:

(M

BRC = ( Ncuzsx + NCPUZ4O)core/( chpuzw + chpu241)core’ )

BR = (NCU238 + NcPu240)r/(chPu239 + NCfPu24l)r,

BRS — (NCU238 + NCPu240 _ NCfPu239 + NC Pu241)

Sb/(NnguZ}‘) + NCfPU241)C0re5 (3)
where N, N, are the capture and fission reaction rates for
the isotope under consideration, and Nc,, ;= N+N_; “r7,
“core”, and “sb” are the “reactor”, “core” and “side blan-
ket” zone indices.

The calculated breeding ratios compared with the ref-
erence values are presented in Table 3.

As the result of a computational study, the identified
criteria for the calculation model verification were met,
and the model can be used for computational studies
of the fuel isotope composition change in the process
of burnup.

Table 3. BN-1200 breeding ratios

Reference value (Vasiliev 2019)  Calculation
BR 1.19 1.19
BRC 0.92 091
BRS (AB) 0.16 0.16
BRS (SB) 0.11 0.12

Determination of the fraction of
plutonium in the BN-1200 MOX
fuel from REMIX-E spent fuel

The usability of plutonium from the REMIX-E concept
mixed fuel SNF in the BN-1200 reactor MOX fuel was
studied, and the fraction of plutonium in MOX fuel was
determined for preserving the design duration of the re-
loading cycle. Table 4 presents the isotope composition
of plutonium extracted from spent uranium and urani-
um-plutonium (1-5% Pu) nuclear fuel of VVER-1000
reactors after 5 years of cooling. It can be seen from the
table that the larger is the initial content of plutonium, the
fewer odd isotopes of value for a thermal reactor remain.

The MOX fuel loaded into the BN-1200 reactor is a
mixture of depleted uranium and plutonium. Due to the
variable isotope composition of plutonium, the content
of plutonium in the BN-1200 MOX fuel has been chosen
such that the duration of the operating cycle remained at
the same level. The results are presented in Table 5.

It was found in the course of the study that plutonium
from the REMIX-E concept mixed fuel SNF can be used
in the BN-1200 reactor MOX fuel. To preserve the design
duration of the operating cycle, the fraction of plutonium
in MOX fuel needs to be increased to 2% depending on
the isotope composition of plutonium (see Table 5).

Determination of the change in the

isotope composition of plutonium
unloaded from the BN-1200 fuel

The developed BN-1200 reactor model was used to inves-
tigate the increase in the plutonium isotope composition
value for its return to a thermal reactor.

It is not possible to improve the isotope composition of
plutonium with a breeding ratio of less than unity. The BN-
1200 BRC, without taking into account the blankets, is equal
to 0.92 (see Table 1). However, since the BN-1200 FAs in-

Table 4. Isotope composition of plutonium in the BN-1200 loaded fuel, %

Isotope VVER-1000 spent nuclear fuel type
U0, REMIX-E

Pu 1% Pu2% Pu 3% Pu 4% Pu 5%
38pu 2.88 3.29 3.52 3.63 3.66 3.66
9Py 54.49 49.77 45.77 43.29 42.03 41.57
240py 23.87 23.68 24.85 26.19 27.27 28.02
2#py 11.93 12.69 13.62 14.22 14.51 14.58
242py 6.84 10.57 12.24 12.67 12.53 12.17
Sum of odd isotopes 66.41 62.46 59.39 57.51 56.54 56.15
Table 5. Content of plutonium in the BN-1200 MOX fuel, %

VVER-1000 spent nuclear fuel type
uo, REMIX-E
Pu1% Pu 2% Pu 3% Pu 4% Pu 5%

Content of Pu in BN-1200 MOX fuel 17.2 18.0 18.6 18.9 19.1 19.2
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Table 6. Isotope composition of plutonium in unloaded BN-1200 fuel (no cooling), %

Isotope VVER-1000 spent nuclear fuel type
vo, REMIX-E

Pu 1% Pu 2% Pu 3% Pu 4% Pu 5%
8Py 1.60 1.83 1.98 2.05 2.07 2.08
Z%Pu 62.85 59.93 57.49 56.00 55.19 54.87
0Py 24.19 23.82 24.36 25.10 25.74 26.22
#1Pu 5.47 5.70 6.07 6.34 6.52 6.60
2Py 5.90 8.72 10.10 10.51 10.47 10.24
Sum of odd isotopes 68.31 65.63 63.57 62.34 61.71 61.46

cludes the AB, the breeding ratio for such FAs will be more
than unity. The maximum effect from the isotope composi-
tion improvement will be achieved through reprocessing of
both the main SFAs and the side blanket SFAs.

After the BN-1200 fuel life if over, the unloaded fuel
includes 1/4 of the main core FA, 1/5 of the core FAs in
the row next to the last row, and 1/6 of the core FAs in the
last row, as well as 1/8 of the SB FAs (row 1) and 1/10 of
the SB FAs (row 2). The isotope composition of plutoni-
um in the unloaded SFAs is presented in Table 6.

Fig. 4 presents the sum of odd plutonium isotopes in
loaded and unloaded BN-1200 fuel depending on the type
of the used plutonium from the VVER-1000 SNF. It can
be seen that the isotope composition ‘improves’ for the
further plutonium recycle in the thermal reactor, that is,
the fraction of odd plutonium isotopes increases. And the
smaller is the fraction of odd plutonium isotopes in the
loaded fuel, the more it increases. Thus, the use of pluto-
nium from the REMIX-E concept mixed fuel SNF with
the initial plutonium content of 5% leads to a 5.3% in-
crease in the fraction of odd plutonium isotopes.

Discussion of results

A precision model of the BN-12000 reactor was built us-
ing the Monte Carlo Serpent code. The model was veri-
fied against the reference values of the nuclear fuel bur-
nup and the BN-1200 breeding ratios.

The model was used to investigate the usability of the
plutonium isotope composition from the REMIX-E con-
cept mixed fuel SNF in the BN-1200 reactor. It was found
in the course of the study that such plutonium could be
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