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Abstract

The paper presents the results obtained in numerical evaluations of a possibility to reach self-sufficiency of fissile ma-
terials in the joint system of fast and thermal reactors. These studies considered the joint system consisting of thermal
light-water reactors of VVER-type and fast lead-cooled reactors of BREST-type, which are operated within the frames
of the closed (Th-U-Pu) fuel cycle. It was assumed that fast reactors (FR) of BREST-type used the mixed thorium-plu-
tonium nitride fuel, while thermal reactors (TR) of VVER-type used the mixed oxide fuel of natural uranium and **U.
Uranium isotope **U was produced in the Th-fraction of FR fuel for further introduction into the fresh composition of
TR fuel, while plutonium was produced in the natural uranium fraction of TR fuel for further introduction into the fresh
composition of FR fuel. The numerical studies resulted in the determination of the conditions necessary to provide fuel
self-sufficiency in the joint TR-FR system. The following key findings of the research may be noted:

— It is demonstrated the possibility to create the joint TR-FR system with inherent fuel self-sufficiencys;

— Involvement of thorium and #*U in the closed NFC of the joint TR-FR system can arrange an optimal regime for
production and consumption of main FM;

— Purposeful change of thermal power and introduction of natural uranium in the fuel composition of BREST-type FR
made it possible to reach fuel self-sufficiency of the joint TR-FR system;

— Application of radiogenic lead instead of natural lead allowed us to reduce necessary values of thermal power and
content of natural uranium nitride in the fuel of BREST-type FR.
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Introduction (MOX) uranium-plutonium fuel in this reactor presented
the practical beginning for real creation of the two-com-
The national program of the Russian Federation on inno-  ponent NPS.

vative development of the nuclear power industry foresees Main advantages of the two-component NPS:

creating the two-component nuclear power system (NPS)

based on thermal light-water VVER-type reactors and  Utilization of depleted and natural uranium as a
fast reactors. The operational start-up of sodium-cooled feeding fuel of nuclear power reactors.

fast reactor BN-800 in 2015 and the use of mixed oxide  Utilization of plutonium stockpiles.
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* Reprocessing of spent nuclear fuel (SNF).

Many publications (for example, Andrianova et al.
2008; Dekusar et al. 2010; Kagramanyan et al. 2014;
Alekseev et al. 2016; Petrov et al. 2019; Zrodnikov et al.
2021) have analyzed various models of the closed nucle-
ar fuel cycles. Some systems of thermal and fast nuclear
power reactors were evaluated from the standpoint of a
possibility to close the nuclear fuel cycle (NFC) based on
application of MOX-fuel with plutonium recycling.

For example, the publication (Alekseev et al. 2016)
declared that the problems related to SNF reprocessing,
radioactive waste management, and limitation of nuclear
fuel resources might cardinally be solved by creating the
closed-cycle NPS consisting of thermal and fast nuclear
power reactors. The real foundation for successful forma-
tion of the two-component NPS in the Russian Federation
is the contemporary Russian nuclear power with thermal
VVER-type reactors and the sufficiently broad technolog-
ical experience gained in operation of sodium-cooled fast
reactors (BN-type FR).

Two basic scenarios of the NPS development in the
Russian Federation were analyzed in the publication
(Alekseev et al. 2016):

Scenario A: Operation of VVER-type TR within the frames
of the open NFC. Total power of the system will increase
by 2035 in accordance with the RF Target Roadmap.

Scenario B: Operation of VVER-type TR and BN-type
FR within the frames of the closed NFC with plutoni-
um recycling.

The following conclusions were derived from the ob-
tained results:

* The optimal ratio between VVER-type TR and BN-
type FR in the joint NPS from the viewpoint of fuel
balance and fuel quality appeared to be 2:1.

» Highly efficient solutions to the NPS problems were
found for the following aspects: specific consump-
tion rate of natural uranium; amount of radioactive
waste to be ultimately disposed of; reliable prolifer-
ation resistance; innovative potentials of the NPS.

* The problem related to the degradation of plutoni-
um isotope composition in VVER-type TR may be
resolved by the partial introduction of MOX-fuel as-
semblies together with traditional UOX-fuel assem-
blies into the fresh fuel loading. The nuclear fuel
cycle is partially closed, mainly for BN-type FR.

The publication (Petrov et al. 2019) considers the oper-
ation of the two-component NPS within the frames of the
closed NFC. BN-type FR is used to produce plutonium with
isotope composition the best suitable to fabricate MOX-fuel
for VVER-type TR. Main attention is given to BN-type FR
because the industrially mature, safe, and competitive tech-
nology for FR design, construction, and operation is cur-
rently available in the Russian Federation. VVER-type TR

applies MOX fuel instead of traditional UOX fuel. Plutoni-
um extracted from spent VVER fuel is used in MOX fuel
fabrication. Layout of the closed NFC is shown in Fig. 1.

SNF
Reprocessing

MOX
Fabrication

Figure 1. Layout of mutual fuel exchange in TR-FR system.

The scheme of the closed NFC with application of the
unified MOX fuel in both types of nuclear power reactors
was proposed in the publication (Petrov et al. 2019). Such
an approach is able to significantly diminish the expens-
es for MOX-fuel fabrication. However, a possibility for
multiple recycling of the unified MOX-fuel composition
in VVER-type TR remained unknown.

The results obtained in detailed analysis of various de-
velopment scenarios of the two-component NPS with the
closed NFC are presented in the publication (Zrodnikov
et al. 2021) with proper accounting for potential export
capabilities of Russian nuclear technologies. It is as-
sumed that the NFC of the two-component NPS is closed
by plutonium recycling only. Spent fuel assemblies from
both reactor types are reprocessed; the extracted plutoni-
um is used in the fabrication of fresh fuel assemblies for
BN-type FR and, if necessary, in the fabrication of fresh
MOX-fuel assemblies for VVER-type TR. The schemes
of fuel supplies satisfied the following conditions: the
two-component NPS must not consume plutonium from
external stockpiles and accumulate excessive plutonium
amounts. The mass balance between the loaded and dis-
charged plutonium amounts is reached by the properly
chosen ratio between the numbers of TR and FR units as
well as by operational parameters of both reactor types.

The maximal achievable values for total established
power of the two-component NPS were assessed in the
publication (Zrodnikov et al. 2021) as functions of the
breeding ratio in BN-type FR and limitation on natural
uranium resources. The possibility was shown to change
the NPS power within a certain range under the follow-
ing conditions: spent fuel must not be accumulated and
uranium consumption must be shortened. This capability
is an important criterion for the selection of the two-com-
ponent NPS structures and relevant technologies for the
NPS development. It was shown the established power of
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the two-component NPS based on operation of BN-type
FR with MOX-fuel and VVER-type TR with UOX-fuel
could reach 300 GWe if the breeding ratio equals 1.4 and
if the external part of the NFC is 4-years long.

The two-component NPS models were analyzed in the
publications (Andrianova et al. 2008; Dekusar et al. 2010;
Kagramanyan et al. 2014; Alekseev et al. 2016; Petrov et
al. 2019; Zrodnikov et al. 2021) from the viewpoint of po-
tential NFC closure and plutonium recycling as a main fis-
sile material (FM) in MOX-fuel compositions. However,
if NFC became closed, then operation of thermal reactors
(for instance, VVER-type TR) would meet some princi-
pal difficulties. The main difficulty is related to the rapid
degradation of plutonium isotope composition caused by
its shifting towards the heavier plutonium isotopes. The
deterioration results either in the lower number of plutoni-
um recycling in VVER-type TR (no more than twice-fold
recycling) or in the necessity to enhance substantially the
breeding plutonium properties in fast reactors.

The following ways may be used to increase multiplici-
ty of fuel recycling in the two-component NPS, namely full
exclusion of Pu-bearing materials in fuel loading of ther-
mal reactors and involvement of the fissile materials allow-
ing their multiple recycling (for example, #**U from FR).

The problems related to the practical involvement of
23U-bearing materials into fuel compositions of thermal
reactors were analyzed in a lot of publications. For ex-
ample, the paper (Ponomarev-Stepnoy et al. 1998) pres-
ents the project of light-water reactor VVER-T with tho-
rium-bearing materials. The VVER-T project presumes
the use of heterogeneous fuel assemblies with mixed
uranium-thorium fuel in the blanket zone and mixed ura-
nium-zirconium fuel in the driver zone of VVER-1000
instead of traditional UOX-fuel assemblies. The VVER-T
project can provide the following positive results:

* About 30% of thermal energy may be produced by
23U without recycling.

e consumption rate of natural uranium may be re-
duced by 20%;

e The risk of FM proliferation may be reduced by
keeping the content of fissile uranium isotopes at a
level below 20% in all the reactor operation modes;

* The production rate of minor actinides may be sig-
nificantly decreased.

The present paper considers the joint TR-FR system
based on the unification of U-Pu and U-Th fuel cycles. The
joint TR-FR system is the closed system for #*U and plu-
tonium with internal FM reproduction. The proposed TR-
FR system will operate under the following conditions:

* Fuel self-sufficiency with external feeding by natu-
ral uranium and thorium only;

e Multiple fuel recycling in the partial refueling re-
gime;

* SNF reprocessing for the further fuel feeding by
“fresh” 23U and plutonium.

Recycle of fissile materials in the
joint TR-FR system

Unification of U-Pu and U-Th fuel cycles within the
frames of the joint TR-FR system opens an opportunity
for optimal disposition, production, and consumption of
different FM between thermal and fast reactors. In par-
ticular, the combination of two fuel cycles made it pos-
sible to load the system’s reactors with different FM. For
example, plutonium utilization in VVER-type TR seems
unreasonable because of the rapid degradation of neu-
tron-multiplying properties. Simultaneously, application
of #*U as a main fissile isotope in thermal reactors can
provide a remarkable profit in neutron economy because,
within thermal energy range, #**U is able to produce about
0.2 “additional” neutrons as compared with #*U and #*°Pu
(Subbotin 2007). This allows us to regard **U as a prom-
ising FM for VVER-type TR. In addition, high FR capa-
bilities in FM breeding (including intense ***U production
from fertile thorium) make it reasonable to arrange **U
production in BREST-type FR.

If plutonium is produced and consumed in BREST-type
FR, then 23U cannot be accumulated in sufficient amounts
for loading into VVER-type TR. That is why plutonium
should be produced in VVER-type TR. The missing mass
of plutonium from VVER-type TR can be compensated
by the self-produced plutonium in BREST-type FR.

Fig. 2 shows a layout of the exchange of fissile materi-
als between the reactors of the TR-FR system. **U from
BREST-type FR is used as a main FM in VVER-type TR
while plutonium from VVER-type TR is used as a main
FM in BREST-type FR. With this FM exchange scheme,
regular feeding of these reactors with “fresh” #*U and
plutonium is possible within the framework of a single
process of radiochemical processing of irradiated mate-
rials and no zone allocation for special FM production.

Pu .
TR FR
Pu Production Pu Loading
233U Loading qu Production J
233U

Figure 2. Layout of FM production and consumption in the joint
TR-FR system.

An important specific feature of FM recycling in the
joint TR-FR system is reduced degradation of U and Pu
neutron-multiplying properties during multiple irradia-
tion cycles. Reduced degradation is achieved due to:

+ regular feeding of the reactors with “fresh” 2**U and
plutonium;
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* irradiation of plutonium in FR;
* high-grade uranium sent from FR to TR.

Specificity of neutron reactions in fast reactors with
plutonium loading

If TR-produced plutonium is used in FR as a main fis-
sile material, then neutron irradiation can cause some
changes in plutonium isotope composition. Energy-de-
pendent microcross-sections of fission reaction and ra-
diative neutron capture by *Pu are presented in Fig.
3 (Janis Web 2024). The following conclusions can be
derived from these dependencies.

Within the typical neutron energy range of fast reac-
tors (0.01+10 MeV), fission reaction dominates over ra-
diative neutron capture by odd plutonium isotopes ***Pu
and **'Pu. Within this energy range, microcross-sections
of fission reactions for even plutonium isotopes 2*°Pu and
242Py are significantly lower as compared with analogous
values for odd plutonium isotopes, while microcross-sec-
tions of radiative neutron capture are comparable with
those for odd plutonium isotopes (Janis Web 2024). Radi-
ative neutron capture either improves plutonium isotope
composition by transformation of *°Pu to ?*'Pu or con-
verts plutonium into another chemical element (transfor-
mation of >?Pu to **Am).

In general, the specificity mentioned above allowed us
to expect moderate changes in mean neutron-multiplying
properties of plutonium during multiple irradiation cycles
in BREST-type FR.
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Figure 3. Energy-dependent microcross-sections of fission reac-
tion and radiative neutron capture by >°Pu.

Specificity of neutron reactions in thermal reactors
with uranium loading

In thermal reactors, **U is a well-fissile isotope (5> 100
barns), and fission reaction dominates over radiative cap-
ture reaction (Fig. 4). Besides, micro cross-sections of ra-
diative neutron capture by the next uranium isotope 34U
are substantially higher (by three orders of magnitude) as
compared with micro cross-sections of its fission reaction
(Janis Web 2024). So large micro-cross-sections of neu-
tron capture by »#U can lead to intense conversion of U
to 2U. Thus, it can improve uranium isotope composition
under irradiation of #*U in thermal reactors.
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Figure 4. Energy-dependent microcross-sections of fission reac-
tion and radiative neutron capture by **U.

The specificity mentioned above allowed us to expect
moderate changes in mean neutron-multiplying proper-
ties of the uranium during successive irradiation cycles in
VVER-type TR.

Use of FM fractions in reactors under operation in a
partial refueling regime

The scheme of FM production and consumption in the
joint TR-FR system presumes that plutonium extracted
from spent fuel of VVER-type TR is used to feed BREST-
type FR while uranium extracted from spent fuel of
BREST-type FR is used to feed VVER-type TR (Fig. 2).
It should be noted here that this FM exchange scheme
implies a common operating cycle of the TR and FR reac-
tors, which is usually implemented within the framework
of partial fuel reloadings.

In general, if reactors of the joint TR-FR system are
operated in a partial refueling regime with multiplicity of
refueling K, then the average plutonium composition of
FR loading in the stationary operation mode can be de-

K
termined as follows: P_I>,(P u) = <Z ;Z(P U)) /K where
=1

,o_1>(Pu) = E)«(Pu) — isotope composition of plutonium
extracted from spent fuel of VVER-type TR and used to
feed BREST-type FR. Parameters of the partial refueling
regime are mainly defined by the requirement to reach a
certain level of the reactor supercriticality after refueling.

Similarly, the average uranium composition of TR
loading in the stationary operation mode can be deter-

K

%

Pi (U)> /K, where
=1

7

%
mined as follows: PL(U):<

l?l(U ) ZZ(U ) — the isotope composition of uranium
extracted from spent fuel of BREST-type FR and used to
feed VVER-type TR.

The listed above considerations about specificity of
neutron reactions with plutonium isotopes in fast reactors
and neutron reactions with uranium isotopes in thermal
reactors allowed us to apply the following simplified
model of the NPS operation in a partial refueling regime:
Average plutonium composition of FR loading differs
slightly from isotope composition of plutonium extracted
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from spent fuel of VVER-type TR and used to feed
BREST-type FR, i.c., ps(Pu) ~ pi(Pu) = pp(Pu). Simi-
larly for VVER-type TR ﬁ(U) ~ H(U) = ﬁ(U).

The above assumptions correspond to the case of
refueling multiplicity K = 1. Under these conditions,
the possibility to reach fuel self-sufficiency in the joint
NPS consisting of VVER-type TR on uranium dioxide
fuel and BREST-type FR on thorium-plutonium nitride
fuel can be assessed by numerical studies. In addition to
this, it is also necessary to consider the issues of apply-
ing the partial reloading mode to the TR-FR system in a
more general case. At present, the issues of organizing
the system operation in the double reloading mode are
studied. The plans for implementing this mode also in-
clude the influence of operating cycle duration and the
exchange of reactors with multicomponent mixtures of
nuclear materials.

Numerical studies of the joint TR-
FR system

Mathematical model

The main purpose of neutron-physical studies was the
determination of conditions for fuel self-sufficiency of
light-water VVER-1000 TR and lead-cooled BREST-300
FR in the joint NPS. The following assumptions were
used in calculations:

1. U for VVER-type TR is produced in BREST-type
FR fuelled with mixed thorium-plutonium nitride
fuel. Nitride of natural uranium could be added to
thorium-uranium nitride fuel for partial compensa-
tion of plutonium burn-up.

2. Plutonium for BREST-type FR is produced in
VVER-type TR fuelled with mixed dioxide of
natural uranium and dioxide of 23U produced in
BREST-type FR. Similarly, thorium dioxide could
be added to UOX-fuel for partial compensation of
23U burn-up.

3. Two variants of lead coolant were analyzed in cal-
culations of BREST-type FR, namely natural lead
and radiogenic lead with 100% content of lead iso-
tope 2®Pb (extremely weak neutron absorber).

4. Fuel self-sufficiency of the joint TR-FR system with
balance on the production rate and the consumption
rate of 23U was reached by properly changing the
thermal power of BREST-type FR.

5. Fuel self-sufficiency of the joint TR-FR system with
balance on the plutonium production rate and the
plutonium consumption rate was reached by intro-
ducing nitride of natural uranium in the fuel compo-
sition of BREST-type FR.

Layout of material flows in the joint NPS consisting of
thermal VVER-1000 reactors and fast BREST-300 reac-
tors is presented in Fig. 5.

(UN)nat

BREST-300

Reprocessing Fabrication
SNF of BREST-300 PuN - ThN
223y Pu |

Fabrication Reprocessing
3300, - (UO2)nat SNF of VVER-1000
VVER-1000 PuO,

ThO,
Figure 5. Layout of material flows in the joint TR-FR system.

As is seen from the layout, fast reactor BREST-300 is
fuelled with thorium nitride (Alekseev et al. 2014) in a
mixture with nitride of plutonium (Fedorov et al. 2021)
produced in thermal reactor VVER-1000. The major mis-
sion of the BREST-300 reactor is to produce ***U for fur-
ther use as a main FM in the VVER-1000 reactor. Ther-
mal reactor VVER-1000 is fuelled with dioxide of natural
uranium in a mixture with dioxide of #**U produced in fast
reactor BREST-300. The major mission of the VVER-
1000 reactor is to produce plutonium for further use as
a main FM in the BREST-300 reactor. Nitride of natural
uranium can be used as a possible admixture to the mixed
thorium-plutonium nitride fuel of the BREST-300 reactor
for partial compensation of plutonium burn-up. Similarly,
thorium dioxide can be used as a possible admixture to
the mixed UOX fuel of the VVER-1000 reactor for partial
compensation of 23U burn-up.

The parameters of the thermal VVER-1000 reactor
and the fast BREST-300 reactor used in neutron-physi-
cal calculations are presented in Tables 1, 2. A one-year
time period was adopted as a refueling time interval. The
equilibrium content of uranium-232 in the system was ~
0.01%. The cooling time before reprocessing and manu-
facturing was taken to be very short.

Table 1. Parameters of thermal reactor VVER-1000 (Andrushech-
ko et al. 2010)

Parameter

Thermal power 3200 MW
Radius of the reactor core 175 cm
Height of the reactor core 353 cm
Diameter of fuel pellet 7.57 mm
Diameter of central hole 1.40 mm
Thickness of fuel-cladding gap 0.075 mm
Thickness of cladding 0.65 mm
Pitch of fuel lattice 12.75 mm
Fuel density 10.5 g/em?
Material of cladding 99% Zr, 1% Nb
Density of material of cladding 6.5 g/lem?
Water density 0.73 g/em?
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Table 2. Parameters of fast reactor BREST-300 (Borisov et al.
2000)

Parameter
Thermal power 700 MW
Radius of the reactor core 115 cm
Height of the reactor core 110 cm
Diameter of fuel pellet in small-diameter-zone (SDZ) 7.7 mm
Diameter of fuel pellet in middle-diameter-zone (MDZ) 8.2 mm
Diameter of fuel pellet in large-diameter-zone (LDZ) 9.0 mm
Thickness of fuel-cladding gap 0.2 mm
Thickness of cladding 0.5 mm
Pitch of fuel lattice 13.6 mm
Density of thorium nitride 11.5 glen?®
Density of plutonium nitride 14.32 g/em?®
Density of uranium nitride 14.32 g/em?®
Density of lead 10.47 g/em?®
Material of cladding stainless steel
EP-823
Density of material of cladding 7.9 g/em?
Numbers of fuel assemblies in SDZ, MDZ and LDZ 57,72, 56

Initial fuel inventories and effective neutron multipli-
cation factors are presented in Table 3.

Table 3. Initial inventory and neutron multiplication factor

BREST-type fast reactor ThN, ton PuN, ton Initial K
14.8 2.5 1.0

VVER-type thermal reactor (UO,) ,ton (**UO,),ton  Initial K .
95.4 1.6 1.40

Two variants of coolant were used in calculations,
namely natural lead and radiogenic lead (100% 2**Pb).

Neutron-physical calculations were carried out with
application of the computer code TIME26 (Kuzmin et al.
2015) for numerical analysis of cylindrical models of nu-
clear power reactors in 26-group diffusion approximation.
Microcross-sections were taken from the evaluated nu-
clear data library ABBN-78 (Abagyan et al. 1981). These
data were processed by the auxiliary computer code
ARAMACO-S1 to prepare the blocked microcross-sec-
tions for each zone of the reactor core. The applicability
of the BNAB-78 library to the calculation of thermal reac-
tors is considered, for example, in the articles (Abagyaand
Yudkevich 1977; Abagyan et al. 1989).

The computer code TIME26 was also used to deter-
mine time-dependent evolution of fuel isotope composi-
tions in both reactor types by solving burn-up equations
for the chain of isotopic transformations shown in Fig. 6.

Algorithm of searching for fuel self-sufficiency condi-
tions in the joint TR-FR system

The iterative searching for fuel self-sufficiency conditions
in the joint TR-FR system was begun from neutron-phys-
ical analysis of the thermal VVER-1000 reactor. In initial
iteration, it was assumed that uranium produced in the fast
BREST-300 reactor for further use as the main FM of the
thermal VVER-1000 reactor consisted of 2*U only. The
next step included the determination of such a fraction
of uranium (a mixture of natural uranium and ***U) that
provides the reactivity margin high enough for one-year-
long operation of VVER-1000. Then, the burn-up equa-
tions were solved to determine the isotope composition of
VVER-1000 fuel at the end of one-year operation, main-
ly mass and isotope composition of plutonium for further
introduction into fresh fuel of BREST-300, as shown in
Fig. 5. The next step of the iterative process included neu-
tron-physical analysis of BREST-300, with the main goal of
determining such a fraction of plutonium nitride produced
in VVER-1000 in a mixture with thorium nitride that pro-
vides the critical state of BREST-300. The burn-up equa-
tions were again solved to determine isotope composition
of BREST-300 fuel at the end of one-year operation, mainly
mass and isotope composition of uranium (**U-*?U mix-
ture) for further introduction into fresh fuel of VVER-1000.
After this computation, the iterative process came back to
the neutron-physical analysis of VVER-1000 with the new
isotope composition of uranium produced in BREST-300.
The iterative process continued till stabilization of uranium
isotope composition produced in BREST-300 and plutoni-
um isotope composition produced in VVER-1000.

The possibility of reaching fuel self-sufficiency in
the joint system of VVER-type TR and BREST-type FR
may be evaluated via determination of plutonium pro-
duction rate in VVER-1000 and **U production rate in
BREST-300. Then, these production rates must be com-
pared with plutonium consumption rates in BREST-300
and U consumption rates in VVER-1000.

(n, 7) (n, y) (n, 7) (n, y)
238|:)u 239Pu 240PU 2:41PU g42Pu
(n, y) (n, 2n)
237Np . 7) 232 < 233
(n, 7) (n, 7) (n, 7) (n, 7)
235 236| 238 (n. 2n)

Figure 6. Chain of isotopic transformations in (Th-U-Pu)-fuel.

231Pa D 232Th
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To satisfy VVER-type TR demands for 2*U, thermal
power W_ (FR) of BREST-type FR must be changed in
such a way:

W’ (FR)=W_ (FR) - M, (TR) /M, (FR = W,) (1)

233

where M, (TR) is the consumption rate of **U in TR;
M,,,(FR-W.) is the production rate of **U in FR with
thermal power W_(FR).

Then the joint TR-FR system consisting of VVER-type
TR and BREST-type FR with properly changed thermal
power W_*(FR), or several BREST-type reactors with to-
tal thermal power W_’(FR), is balanced on ***U produc-
tion rate in TR and **U consumption rate in FR.

However, the question arises about the balance be-
tween plutonium production rate in VVER-type TR and
plutonium consumption rate in BREST-type FR with new
thermal power. The changed plutonium consumption rate
in BREST-type FR can be determined in such a way:

M, (FR =W *) =M, (FR =W ) - W (FR) / W_(FR). (2)

Then the difference between plutonium production rate
in VVER-type TR and plutonium consumption rate in
BREST-type FR with new thermal power, i.e., plutonium
disbalance (or deficit), can be determined in such a way:

AM,, =M, (TR) — M, (FR = W,") =M, (TR) —
M, (FR —W.) - W_*(FR) / W,(FR). 3)

Neutron-physical analyses of the joint TR-FR system

The following TR-FR system was considered in the first
series of calculations.

VVER-type TR: A mixture of natural uranium dioxide
with dioxide of #*U produced in BREST-type FR was used
as UOX-type fuel. The content of *U dioxide was chosen
to provide the necessary value for the initial reactivity mar-
gin. The function of the reactor in the system was to produce
plutonium for further use as a main FM in BREST-type FR.

BREST-type FR: A mixture of thorium nitride with ni-
tride of plutonium produced in VVER-type TR was used
as a fuel. The content of plutonium nitride was chosen to
provide initial criticality of the reactor. Nitride of natu-

ral uranium could be introduced into fuel composition as
a fertile material to reduce plutonium consumption rate.
The function of the reactor in the system was to produce
23U for further use as a main FM in VVER-type TR.
Natural lead was used as a coolant.

The results obtained in the first series of calculations
on FM production and consumption rates in the joint TR-
FR system are presented in Table 4.

The data presented in Table 4 allowed us to make the
following conclusions. If fuel of BREST-300 does not
contain nitride of natural uranium, then the joint TR-FR
system may be balanced only on the rates of *U produc-
tion and consumption by properly changing the thermal
power of BREST-300. However, disbalance between the
rates of plutonium production and consumption in the
system reaches the value of 226.6 kg/year. The introduc-
tion of natural uranium nitride into mixed thorium-plu-
tonium nitride fuel appeared to be able to reduce the dis-
balance drastically. If content of natural uranium nitride
in fuel composition increased up to 50%, then plutonium
disbalance became positive. So, these results demonstrat-
ed a possibility of principle to reach full balance between
production and consumption rates of main FM (**U and
plutonium) in the joint TR-FR system.

The second series of calculations differed from the
first one only by the application of radiogenic lead (100%
28Pb) as a coolant in the fast BREST-300 reactor instead
of natural lead. The results obtained in the second series
of calculations on FM production and consumption rates
in the system are presented in Table 5.

Comparison of data presented in Table 4 and Table 5
showed the preference of using radiogenic lead as a cool-
ant of BREST-type FR. Full balance between production
and consumption rate of 2*U and plutonium was reached
at the lower content of natural uranium nitride in the fuel
composition of BREST-type FR. The preferability of ra-
diogenic lead in comparison with natural lead is caused
by extremely weak neutron absorption by the lead isotope
208Ph, a major component of radiogenic lead.

In the third series of calculations, the possibility was as-
sessed to compensate, at least partially, the burn-up of 2*U
produced in BREST-type FR and used in VVER-type TR
as a main FM by introducing thorium dioxide into the fuel
composition of VVER-type TR. The following TR-FR
system was considered in the third series of calculations.

Table 4. FM production and consumption rates in the joint TR-FR system”

VVER-1000

BREST-300

#UNWwe % "M (TR), kglyear M, (TR),kglyear M, (FR), kglyear M, (FR), kgyear v MW AM,, kefyear

0 +491.3 -717.6 -230.2 +230.1 2183 -226.6

10 +491.4 -717.6 -200.6 +208.1 2414 -200.3

20 +491.2 -717.6 -170.6 +185.5 2708 -168.8

30 +491.0 -717.7 - 140.1 +162.3 3095 - 1285

40 +491.0 -717.8 -108.9 +138.1 3638 -75.0

50 +491.0 -717.8 -76.5 +113.0 4447 +5.1
*) M, ,,(TR) is the consumption rate of **U in TR; WT’ (FR) is the changed thermal power of FR; ¢(UN)_ is the fraction of natural uranium nitride

in the fuel of FR; M, (TR) is the plutonium production rate in TR; WT’(FR) is the properly changed thermal power of FR; AM,, is the plutonium
disbalance between the plutonium production rate in TR and the plutonium consumption rate in FR.
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Table 5. FM production and consumption rates in the joint TR-FR system

&UN), , % VVER-1090 BREST300 W, (FR),MW  AM, , kg/year
nat’ M, (TR), kg/year M, (TR), kg/year M, (FR), kg/year M, (FR), kg/year T ’ Pu’
0 +491.0 -717.7 -227.6 +230.3 2181 -2183
10 +491.0 -717.7 -197.0 +208.5 2410 -187.1
20 +491.0 -717.7 - 166.5 +186.3 2697 -150.4
30 +491.0 -717.7 - 1355 +163.2 3079 -104.9
40 +491.0 -717.6 -103.7 +139.7 3596 -41.7
45 +491.0 -717.6 -87.7 +127.5 3940 -1.6
50 +491.0 -717.6 -71.2 +115.0 4370 +46.7
Table 6. FM production and consumption rates in the joint TR-FR system
&(ThO,), % VVER-1000 BREST300 W,(FR), MW  AM, , kg/year
L M, (TR), kg/year M, (TR), Kg/year M, (FR), kg/year M, (FR), kg/year T ’ ro K8
0 +491.3 -717.6 -230.2 +230.1 2183 -226.6
10 +438.4 -732.0 -230.1 +230.5 2223 -2923
20 +396.8 -7359 -230.0 +230.7 2233 -336.3
30 +358.5 -733.6 -230.0 +230.8 2225 -372.6
40 +321.2 -727.0 -230.0 +230.9 2204 -403.0
50 +283.5 -716.0 -230.0 +230.9 2171 -429.7

VVER-type TR: A mixture of natural uranium dioxide
with dioxide of #*U produced in BREST-type FR was used
as UOX-type fuel. The content of 2*U dioxide was cho-
sen to provide the necessary value for the initial reactivity
margin. Thorium dioxide was introduced into fuel compo-
sition as a fertile material to reduce **U consumption rate.

BREST-type FR: A mixture of thorium nitride with ni-
tride of plutonium produced in VVER-type TR was used
as a fuel. The content of plutonium nitride was chosen to
provide initial criticality of the reactor. Nitride of natural
uranium was not introduced into fuel composition. Natu-
ral lead was used as a coolant.

The results obtained in the third series of calculations
on FM production and consumption rates in the joint TR-
FR system are presented in Table 6.

The results obtained in the third series showed inability
of thorium dioxide to improve the situation with **U burn-
up and plutonium production in VVER-type TR. Partial
substitution of thorium dioxide for natural uranium dioxide
did not result in remarkable reduction of #*U burn-up rate.
Simultaneously plutonium production rate was substantial-
ly decreased. So negative effect is mainly caused by weak
fuel breeding properties of VVER-type TR. Supposedly, the
situation may be improved by the use of light-water reactor
with super-critical parameters of coolant in the joint TR-FR
system. As is known, light-water reactor with super-criti-
cal parameters are characterized with relatively better fuel
breeding properties as compared with VVER-type TR.

Conclusions

The paper presents the results obtained in numerical stud-
ies of the possibility to create the joint TR-FR system with
inherent fuel self-sufficiency, i.e., with a mutually bal-
anced production rate and consumption rate of **U and
plutonium. The obtained results allowed us to make the
following conclusions:

1. Involvement of thorium and **U in the closed NFC
of the joint TR-FR system can arrange an optimal
regime for production and consumption of main
FM. In particular, the reactors of the system may
be fed with “fresh” FM, i.e., VVER-type TR may
be fed with non-recycled 23U, and BREST-type FR
may be fed with non-recycled plutonium.

2. Purposeful change of thermal power and introduction
of natural uranium nitride into mixed thorium-plu-
tonium nitride fuel composition of BREST-type FR
made it possible to reach fuel self-sufficiency of the
joint TR-FR system on production and consumption
rates of 23U and plutonium.

3. Application of radiogenic lead with a dominant con-
tent of 2°°Pb instead of natural lead as a coolant of
BREST-type FR resulted in remarkable improve-
ment of fuel self-sufficiency conditions in the joint
TR-FR system. Extremely low neutron absorption
by radiogenic lead allowed us to reduce necessary
values of thermal power and content of natural ura-
nium nitride in mixed thorium-plutonium nitride
fuel of BREST-type FR.

4. Introduction of thorium dioxide into mixed oxide
fuel of VVER-type TR for partial compensation
of 23U burn-up did not improve the correlation be-
tween plutonium production and consumption rates
in the joint TR-FR system. Substitution of thorium
for natural uranium insignificantly changed 23U
consumption rate but remarkably reduced plutoni-
um production rate.
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