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Abstract

Possible options of organization of two-component energy system with closed nuclear fuel cycle (CNFC) and new
business potential associated with provision of CFC services to foreign customers are examined.

Dominating role in the development of nuclear power generation is assigned to VVER reactors with gradually increas-
ing fraction of sodium-cooled fast breeder reactors (FR) incorporated within the joint nuclear fuel cycle operated on
MOX-fuel.

Components of such energy system perform the following functions:
1. Fast reactors:

e Generate electric power in base-load mode (possibility of fine tuning of reactor power within limited range
(100 — 75 — 100%) is assumed);

e Utilize waste and/or regenerated uranium for re-fueling power reactors, produce plutonium applicable to the max-
imum extent for manufacturing MOX-fuel for VVER reactors;

e Incinerate long-lived highly radioactive wastes — minor actinides separated during reprocessing spent nuclear fuel
of FR and VVER reactors.

2. VVER reactors:

*  Generate electricity in compliance with manoeuvrability requirements imposed by the utility company operating
the energy system;

»  Utilize MOX-fuel instead of UO, fuel;

*  Are offered for export with the option of returning SNF back to Russia;

e Plutonium extracted from VVER spent fuel is used for manufacturing MOX-fuel for SFR.

3. Nuclear fuel cycle facilities:

*  Provide reprocessing of SNF from VVER and SFR with extraction of nuclear materials for recycling;

e Usedepleted or reprocessed uranium and plutonium extracted from spent nuclear fuel for manufacturing MOX-fuel;

e Provide partitioning of RAW for subsequent utilization of minor actinides and reduction of risks of proliferation
of nuclear materials, conditioning and disposal of RAW.

Russia possesses capacities for establishing the two-component system with CNFC, as well as the new business ap-
proach to rendering CNFC services to foreign customers.

* Russian text published: Izvestiya vuzov. Yadernaya Energetika (ISSN 0204-3327), 2019, n. 2, pp. 5-15.
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1. Present status of nuclear power
generation in Russia

As of today Rosatom Concern operates 36 NPP power
units with installed capacity of 30.3 GW; here, capacity
of power units equipped with VVER reactors amounts to
17.9 GW, that of RBMK reactors is equal to 11 GW and
fast reactor capacity is equal to 1.4 GW. Power units de-
signed in Russia with total capacity of about 28 GW are
currently in operation abroad Russia.

The level of failures on the operated NPPs observed
during recent years does not exceed the levels established
by the first INES Scale. Nuclear power units newly put
into operation belong to Generation 3+ reactors.

Energy Strategy of Russia for the period until 2015
provides for the preservation of the fraction of nuclear
power in the total generation of electricity in the coun-
try at the level of 18%. Installed capacity of NPPS may
amount in such case to 38 GW.

Taking into account decommissioning of RBMK reac-
tors, the main contribution in the generation of electricity
will be made by power units equipped with VVER reac-
tors of new generation.

2. Creation of two-component
energy generating system —
development strategy

Solution of the problem of SNF taking into account SNF
delivered from foreign power units, as well as enhance-
ment of their financial competitiveness is the pre-conditi-
on of development of nuclear power generation.

The Rosatom Program of Innovation Development
provides for the beginning of creation of two-component
nuclear energy generation system on the basis of VVER
and SFR reactors (Shutikov 2017, Petrov 2018, Klinov
et al. 2018, Alekseev et al. 2016). The layout of arrange-
ment of NPP power units until 2035 (Executive order of
the Government No. 1209-r dated June 9, 2017) provid-
ing for the construction of BN-1200 power unit on the
site of the Beloyarsk NPP was adopted by the Govern-
ment of the RF.

Commissioning of BN-800 and utilization of MOX-fu-
el in this reactor followed by subsequent reprocessing and
fabrication of fresh MOX-fuel constitute together with
the perspective construction of power units with BN-1200
reactors the beginning of formation of two-component
nuclear power generating system.

Taking into account the extension of their service life
already commissioned NPPs with VVER reactors will
continue to be in operation beyond the end of XXI century.

Although VVER technology (first component of the
two-component nuclear energy generating system) is well
proven and reliable, it requires, however, further enhance-
ment of financial performance. Already operated and de-
signed VVERSs can partially or completely utilize plutoni-
um bred in fast reactors, thus replacing »*U as nuclear fuel.

With commissioning of BN-800 and positive experience
of operation of BN-600 the basis was laid for further devel-
opment of BN technology, as well as the development of pi-
lot technologies for closing nuclear fuel cycle. As of today,
BN technology is ready for commercial implementation.

Advanced nuclear power units with BN-1200M reac-
tors can form the basis for the second component of the
two-component nuclear energy generating system.

It has to be noted that the development of BN technolo-
gies in the two-component nuclear energy generating sys-
tem combine optimally with VVER SNF reprocessing as
the source of plutonium for fueling BN reactors. In such
case, the first BN power unit serves as the basis for pro-
vision of plutonium fuel for VVER power units. Layout
of mutual fuel support of VVER and BN reactor units is
shown in Fig. 1.

The proportion between BN and VVER reactors in
such system is determined by the strategy of development
of nuclear power generation under implementation and its
provision with raw materials. Such proportion is schemat-
ically shown in Fig. 2.

The advantage of the two-component nuclear power
generating system is the fact that it will ensure financial
efficiency of nuclear power generation system due to
the following:

+ Utilization of virtually unlimited potential of waste
and natural uranium as the source of nuclear fuel
makeup for BN and VVER reactor fuel cycle as
opposed to inescapable deficit of uranium and con-
tinuous increase of cost of uranium in the case of
one-component option;

 Elimination of accumulated stock of plutonium;

* Reduction of volumes of accumulated SNF as the
result of its reprocessing and recycling of nuclear
materials and saving costs for the Rosenergoatom
Concern under liabilities for handling SNF;

* Reduction of activity of radwastes and their vol-
umes due to the incineration of long-lived minor
actinide radwastes in BN reactors;

* Plutonium breeding in BN reactors and its utiliza-
tion in the form of MOX-fuel for VVER reactors.
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Figure 1. Layout of mutual fuel support of VVER and BN.
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Figure 2. Proportion between BN and VVER reactors in the
two-component nuclear power generating system: 1 — VVER-
440; 2 — RBMK; 3 — VVER-1000; 4 — BN-600; 5 — BN-800;
6 — VVER-TOI; 7 — BN-1200.

Beside the above, the suggested nuclear power generat-
ing system will open new possibilities for the Rosatom State
Corporation on the foreign markets due to the following:

* Export of VVER reactors jointly with “leasing” nu-
clear fuel;

* Commercial and scientific cooperation in the devel-
opment of BN technologies;

» Provision of additional services as pertains to the
storage and reprocessing of SNF from foreign NPPs
with subsequent utilization of separated materials in
BN reactor cores.

3. Roles played in two-component
nuclear power generating system
BN reactors

* Generate electricity in base load mode; possibility
of adjustment of power level within limited range of
100 — 75 — 100% is assumed,;

» Use accumulated waste or regenerated uranium for
nuclear reactor fuel makeup; produce plutonium

suitable to the maximum extent for fabrication of
VVER MOX- fuel;

* Incinerate long-lived minor actinide high-activity
wastes separated during reprocessing SNF from BN
and VVER reactors.

4, VVER reactors

* Generate electricity in the mode complying with re-
quirements pertaining to the reactor control adjusta-
bility imposed by the systems operator;

* Partially utilize MOX-fuel instead of fuel fabricated
from UO,;

* Are supplied to foreign countries with provision of
services pertaining to the return of SNF to Russia;

* Plutonium separated from VVER SNF is supplied
for manufacturing MOX-fuel for BN reactors.

5. NFC facilities

* Ensure reprocessing of VVER and BN SNF, ex-
traction of nuclear materials for recycling;

» Utilize waste and regenerated uranium and plutonium
extracted from SNF for manufacturing MOX-fuel;

* Ensure fracturing of radwastes for the purpose of
subsequent utilization of minor actinides and reduc-
tion of risks of NM proliferation, conditioning and
final disposal of radwastes.

6. Degree of development of
technologies of fast sodium-cooled
reactors

Development of BN technologies was conducted in Rus-
sia during 60 years (Fig. 3).

BN-600 power unit demonstrates accident-free op-
eration during already 35 years with average duty factor
reaching 77.55%, and maximum achieved duty factor of
87.45 %. Design probability of severe accident (accompa-
nied with reactor core damage) after implementation of ex-
tension of reactor service life is equal to 3.5-107° per year.

BN-800 has design duty factor of 85%. Calculated
probability of severe accidents is equal to 2-10-° per year.

The developed design of advanced power unit with
BN-1200M reactor ensures the following:

» Improvement of operational and financial perfor-
mance;

» Exclusion of the necessity of evacuation of people
in case of accidents;

» Probability of severe damage of reactor core less
than 1-10° per reactor per year;

* Retention of reactor core elements damaged in the
course of accident inside the reactor vessel.
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- Retention of reactor core elements damaged in the course of severe accident inside reactor vessel;
- Exclusion of necessity to evacuate people in case of accidents.

Figure 3. Status of development of BN technologies in Russia.

7. Selection of fuel compositions
for two-component nuclear power
generating system

Use of nuclear fuel with high values of operational relia-
bility, power yield and the perspective of enhancement of
already reached technical and financial performance para-
meters is the mandatory condition for the Concern as the
utility organization.

As of today, uranium oxide and MOX fuel correspond
to the above requirements.

Cost of manufacturing MOX-fuel is lower as compared
with MNUP-fuel while reference burnup and power yield
is higher for MOX-fuel.

For reducing the cost of NFC in two-component nucle-
ar power generating system the target is the use of uni-
fied MOX-fuel for both components of the nuclear power
generating system which implies the use of similar types
of equipment and technologies required for production
of fuel for both VVER and BN reactors. In such case, the
technology must be the most straightforward and referable.

The Concern participates in the development of inno-
vation fuel compositions, as well as of MNUP-fuel and, in
case of reaching by the studies of MNUP-fuel of sufficient-
ly high level; the Concern is ready to start using this fuel.

8. Selection of the type of NFC

organization: centralized NFC

It has to be taken into consideration that NPPs in Russia are
arranged in the close vicinity of consumers of electricity

where construction of various production facilities for ma-
nufacturing and reprocessing nuclear fuel is not possible.

The expediency of reprocessing VVER SNF from NPPs
distributed over the territory of the country and from for-
eign SNF sources requires centralization of reprocessing
production capacities using already existing NFC facili-
ties, such as FSUE “PO MAYAK?”, JSC “SKhK” or FSUE
“GKhK”. It is quite natural that in such case reprocessing
of SNF from BN reactors has to be organized at the same
place at the centralized production facility.

Such approach is in correspondence with all require-
ments of regulatory documents in the field of use of nu-
clear energy as pertains to separation of functions of enti-
ties operating NPPs and NFC production.

It has to be taken into consideration here that econom-
ics of large-scale centralized NFC production is prefera-
ble compared to low-productivity production within the
nuclear fuel cycle structure adjacent to the NPP.

Layout of centralized (distributed among separate
sites) NFC within the two-component nuclear power gen-
erating system is presented in Fig. 4.

9. Option of international
cooperation: centralized NFC in
Russia — NPPs abroad Russia

Operation of two-component nuclear power generating
system with closed nuclear fuel cycle planned to be orga-
nized with participation of foreign consumers is shown in
Fig. 5. The case when Russian production facilities pro-
vide complex services for reprocessing SNF from NPPs
with VVER reactors constructed by Rosatom Corporation
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Figure 5. Organization of operation of two-component nuclear power generating system with closed nuclear fuel cycle with partic-

ipation of foreign customers.

abroad Russia and fabrication of fresh nuclear fuel using
regenerated nuclear materials is shown here.

The main principle amounts to the fact that foreign
Consumer (NPP) must be saved the necessity to solve the
problems of long-term storage of SNF or SNF reprocess-
ing in the conditions of closed nuclear fuel cycle. This
refers, in the first place, to Consumers operating limited
number of power units and not planning to establish full-
scale nuclear industry.

Foreign Customer is offered to simply use a power unit
equipped with advanced VVER-1200 reactor for support-
ing which during the whole reactor lifespan the Supplier
provides services on the supplies of nuclear fuel with sub-
sequent returning of irradiated fuel back to Russia. The

centralized closed nuclear fuel cycle, and BN-1200 power
units remain within the sphere of responsibility of the Sup-
plier (Rosatom State Corporation) on the Russian territory.

Different options of organization of handling products
generated in the process of reprocessing SNF received
from the foreign Customer:

* Retrieval of conditioned radwastes, provision of ser-
vices on the storage of separated materials until the
decision with regard to their further handling is made;

* Retrieval of conditioned radwastes and part of sep-
arated nuclear materials in the composition of fresh
nuclear fuel, storage of minor actinides until the de-
cision with regard to their further handling is made;
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» Retrieval of conditioned radwastes, provision of ser-
vices on the incineration of minor actinides in fast
reactors and, partially, on their technological storage,
return of equivalent quantity of separated nuclear ma-
terials in the composition of fresh nuclear fuel;

* Independent decision making by the Supplier of nu-
clear fuel with regard to all emerging issues in the
case when fuel is supplied to the Customer on lease.

10. Expected timeframe for the
development of technologies for
the two-component nuclear power
generating system

Expected timeframe for the development of the
two-component nuclear power generating system is pre-
sented in Fig. 6.

11. International trends in
the selection of paths for the
development of nuclear power
generation. Conclusions

The above-described strategy of development of nuclear
power generation is, in principle, in concurrence with
worldwide trends. All sources cited in (Zhang 2017, Pi-

Current status of
nuclear power
eneration (NPG
g ‘ 2020
Optimizations
Formulation

systems studies !
defining the structure of requirements
SRR el 50N the components
nuclear power of “WVVER", “BNR”
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NPU) with VVER-TOI reactor—)
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Development
of advanced NPU
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of production fabrication
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vet 2017, Laugier 2019, Bhaduri and Puthiyavinayagam
2017, Sagayama 2017) (authorized representatives of
China, France, India, Japan) provide for the strategic de-
velopment of nuclear power generation in their respective
countries in the form of two-component system based on
PWR and sodium-cooled fast nuclear reactors. Conclusi-
on can be drawn based on the analysis of works conducted
in the USA on the development of VTR test sodium-coo-
led fast reactor (Heidet 2019) that the USA is returning
to the ideology of development of fast reactors within the
structure of the national nuclear power generation.

Roles assigned to thermal and fast nuclear reactors
within the two-component nuclear power generating sys-
tem coincide with the strategy of development of nuclear
power generation in Russia described above. The differ-
ences refer at the present moment only to Korea and the
USA intending to use the technologies of metal urani-
um-plutonium-zirconium fuel in fast reactors.

As of the present moment Russia goes ahead of other
countries with regard to the degree of its preparedness
to the implementation of two-component nuclear power
generating system with closed nuclear fuel cycle by vir-
tue of the fact that it has experience of development and
operation of BN-600 and BN-800 nuclear power units,
already developed design of BN-1200 reactor and op-
erated facilities for reprocessing irradiated nuclear fuel.
Using this advantageous position Russia has possibil-
ities to establish and offer on the markets of the new
business associated with provision of CFNC services to
foreign customers.

2034
2024

Construction
of pilot NPU for the
two-component
NPGS with UOX
and MOX (MNUP)

Elaboration
of rector
technologies
and CNFC

Construction
of lead NPU
(PRORYV)

Construction
of lead U-Pu-fuel
production
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2035 - commercial operation of:
- Lead nuclear power unit (NPU) with BN-1200M reactor;

- Lead modernized NPU with VVER-1200-TOlI reactor;

- Production plant for fabrication of MOX-fuel for BN-1200M reactor;
- Production capacities for reprocessing spent MOX-fuel from BN-1200M within the CNFC

Figure 6. Expected timeframe for the development of the two-component nuclear power generating system (UOX — uranium oxide

fuel, MNUP — mixed nitride uranium-plutonium fuel).
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