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Abstract

The article presents a description and some illustrative results of the application of two optimization models for a
two-component nuclear energy system consisting of thermal and fast reactors in a closed nuclear fuel cycle. These mod-
els correspond to two possible options of developing Russian nuclear energy system, which are discussed in the expert
community: (1) thermal and fast reactors utilizing uranium and mixed oxide fuel, (2) thermal reactors utilizing uranium
oxide fuel and fast reactors utilizing mixed nitride uranium-plutonium fuel. The optimization models elaborated using
the IAEA MESSAGE energy planning tool make it possible not only to optimize the nuclear energy system structure
according to the economic criterion, taking into account resource and infrastructural constraints, but also to be used as
a basis for developing multi-objective, stochastic and robust optimization models of a two-component nuclear energy
system. These models were elaborated in full compliance with the recommendations of the IAEA’s PESS and INPRO
sections, regarding the specification of nuclear energy systems in MESSAGE. The study is based on publications of
experts from NRC “Kurchatov Institute”, JSC “SSC RF-IPPE”, ITCP “Proryv”, JSC “NIKIET”. The presented results
demonstrate the characteristic structural features of a two-component nuclear energy system for conservative assump-
tions in order to illustrate the capabilities of the developed optimization models. Consideration is also given to the
economic feasibility of a technologically diversified nuclear energy structure providing the possibility of forming on its
base a robust system in the future. It has been demonstrated that given the current uncertainties in the costs of nuclear
fuel cycle services and reactor technologies, it is impossible at the moment to make a reasonable conclusion regarding
the greatest attractiveness of a particular option in terms of the economic performance.
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Introduction

Currently, of all possible options for the national nuclear
energy development, two alternatives are most actively
discussed: they are denoted by the common term, i.e.,
two-component nuclear energy system (NES). It is as-
sumed that such a system at different time horizons may
contain in its composition both thermal and fast reactors
coupled by a closed nuclear fuel cycle (NFC) (Ponoma-
rev-Stepnoy 2016, Alekseev et al. 2011, Alekseev et al.
2012, Alekseev et al. 2017, Adamov 2001, Adamov et al.
2012, Adamov et al. 2017, Muravyev 2014).

One of the options (hereafter Option 1) assumes that
the thermal and fast reactors will run on pellet oxide fuel;
at the same time, thermal reactors can use both uranium
oxide and mixed uranium-plutonium (MOX) fuels, and
fast reactors with BR > 1 can operate on MOX fuel. It
is also assumed that plutonium from spent nuclear fuel
(SNF) of thermal reactors will be used as fuel for fast re-
actors, and plutonium from SNF (including the blanket)
of fast reactors can also be used to produce MOX fuel for
thermal reactors. This option involves centralized SNF
reprocessing and fuel production (Ponomarev-Stepnoy
2016, Alekseev et al. 2011, Alekseev et al. 2012, Alek-
seev et al. 2017).

In the second option (hereinafter Option 2), thermal re-
actors will continue to use uranium oxide fuel as long as
there are resources of natural uranium available at an af-
fordable cost, and fast reactors (with or without fuel bree-
ding) will use mixed nitride uranium-plutonium (MNUP)
fuel, plutonium for which can be extracted from SNF of
both thermal and fast reactors. The implementation of
both centralized and on-site NFC is assumed to be possi-
ble under this option (Adamov 2001, Adamov et al. 2012,
Adamov et al. 2017, Muravyev 2014).

Both of these options have their own characteristics,
advantages and disadvantages as well as certain similari-
ties and differences that are discussed in the above publi-
cations. However, there are currently no studies in which
a comparative analysis of both concepts is carried out at
the system level, on a unified methodological and calcu-
lation basis, proceeding from common scenario and mo-
del assumptions. This article is partly aimed at filling this
gap, focusing on identifying the characteristic structural
features of the above concepts using optimization models
of a two-component NES with thermal and fast reactors
in a closed NFC.

Problem statement and initial data

In analytical and foresight studies conducted to justify the
development priorities of nuclear technologies, system

models imitating the NES deployment are widely used.
Corresponding software tools are divided into two catego-
ries: simulation and optimization instruments. For model-
ling the deployment of the two-component NES with ther-
mal and fast reactors in a closed NFC, simulation models
are currently widely used. The simulation models record
all the main scenario assumptions (NES structure, SNF re-
processing schedule, etc.) and make it possible to estimate
the material flows in the system, requirements for NFC
services and products as well as relevant performance in-
dicators. However, they do not indicate the trends of struc-
tural changes in the system to increase its performance.

The optimization tools compensate for this drawback
of the simulation instruments, but remain a less popular
tool for modeling the two-component NES deployment
due to the large efforts required for the development of re-
levant optimization models, their testing, application and
interpretation of results. It seems appropriate to extensive-
ly use the optimization models since they not only identify
the most effective ways to improve the system performan-
ce in the framework of single-criterion and multi-objec-
tive paradigms but also allow highlighting the characte-
ristic structural features of systems and evolution trends
in view of uncertainties in the main scenario and techni-
cal-economic parameters. Due to this, it becomes possible
to indicate directions that provide enhanced performance
and robustness (stability in regard to potential changes in
the technical, economic and scenario parameters) of NES
structures. It is for these reasons that the present article is
focused on the optimization models of a two-component
NES with thermal and fast reactors in a closed NFC.

The MESSAGE energy planning software was used as
the main calculation tool (developed by the International
Institute for Applied Systems Analysis (IIASA), currently
distributed and maintained by the TAEA, used as part of
the software toolkit of the International Project on Inno-
vative Reactors and Fuel Cycles (INPRO)) (Messner and
Strubergger 1995, MESSAGE — Model). National experts,
experts of the JAEA PESS and INPRO sections develo-
ped recommendations on the specification of the NES in
MESSAGE, which meet state-of-the-art requirements in
this subject-matter area (NG-T-5.2 2016, Andrianov et al.
2012). MESSAGE is widely used in national studies and
is one of the benchmark software for verifying original
codes (Andrianov et al. 2012, Andrianov 2012, Andrianov
et al. 2016, Andrianov et al. 2010, Andrianov et al. 2017).

The aim of this study is to demonstrate the added va-
lue which can be provided by applying an optimization
approach to the problem of searching and rationale for
the most efficient structures of a two-component NES.
For this purpose, it is necessary to identify the charac-
teristic structural features of the models of the discussed
two-component NES options, estimate the uncertainties
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in the levelized generation costs (LGC)' and the NES
structures caused by the uncertainty in the costs of NFC
services and reactor technologies. The information base
of the study consists of technical-economic data and
scenario assumptions presented in the publications of
experts from the NRC “Kurchatov Institute”, JSC “SSC
RF-IPPE”, ITCP “Proryv”, and JSC “NIKIET” (Ponoma-
rev-Stepnoy 2016, Alekseev et al. 2011, Alekseev et al.
2012, Alekseev et al. 2017, Adamov 2001, Adamov et al.
2012, Adamov et al. 2017, Muravyev 2014).

A brief description of optimization
models

The existing thermal reactors were combined into two
groups: RBMK and VVER. In the future, the following
reactor types are considered for introduction into the NES:
VVER, VVER-TOI (modified VVER with increased
burnup), VVER-MOX (modified MOX-fueled VVER),
MOX- and MNUP-fueled BN-1200 and BREST-1200
(BR-1200) utilizing MNUP fuel (the possibility of star-
ting this reactor on nitride enriched uranium fuel was not
considered). It was assumed that the VVER and VVER-
TOI could be commissioned from the first year of the
prognosis period, the BN-1200 from 2030, the BR-1200
and VVER-MOX from 2040. The dynamics of commis-
sioning various reactor units is determined by the optimi-
zation problem solution. The schemes of the considered
two-component NES models are shown in Fig. 1.

All values used in the calculations are annual average
ones, i.e., they correspond to the steady-state reactor ope-
rating characteristics, the initial fuel loads and the last
SNF discharges were taken into account (in accordan-
ce with the data in (Ponomarev-Stepnoy 2016, Adamov
2001, Andrianov et al. 2010)). The BN-1200 is represen-
ted in the models separately by the core and the blanket.
The costs of NFC services were taken from (Ponoma-
rev-Stepnoy 2016) (average values). Regarding the cost
of reactor facilities, a conservative assumption was made,
i.e., the overnight capital cost of the BR-1200 is 10% less,
and of the BN-1200 is 10% more, than that of the VVER,
which is $ 4,000/kW. The discount rate was assumed to
be 5% (Ponomarev-Stepnoy 2016, Adamov et al. 2017).

The following assumptions were adopted for the
growth of NES capacities: 43 GW in 2030, 64 GW in
2050, and 118 GW in 2100 (Adamov et al. 2017). To take
into account the boundary effects, the prognosis horizon
was extended up to 2150 (150 GW in 2150). The export
of reactor technologies and NFC services was not consi-
dered. The calculations were carried out taking into ac-
count the prehistory of the Russian NES deployment and
on the assumption that natural uranium reserves amount
to 600 thousand tons, and the capacity of facilities for re-

1 LGC can be considered a system-wide analogous to the
levelized unit electricity cost (LUEC) metric.
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Figure 1. The main structural elements of the two-component
NES models: a) Option 1; b) Option 2
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processing SNF from all reactor types (including RBMK)
will not exceed 2,000 t HM (which approximately cor-
responds to the total capacities of RT-1,-2, PDC, PDPC).
The loading structure of SNF reprocessing facilities is de-
termined by the optimization problem solution. The du-
ration of SNF cooling prior to reprocessing is assumed to
be five years for all reactor types. It is assumed that SNF
reprocessing will be centralized. Accumulated by 2015,
separated plutonium (ex-weapon and reactor-grade) and
plutonium contained in SNF are a resource for the fast
reactor fuel (the data were taken from (Andrianov et al.
2010)). No other constraints were imposed on the models.
The optimization criterion is minimization of the total
discounted costs for the entire development program.

The models developed in accordance with the recom-
mendations (NG-T-5.2 2016, Andrianov et al. 2012) were
verified by comparison with the results obtained using the
original codes, discussed at the IAEA workshops, which
suggests that they are correct. The models make it pos-
sible to optimize the NES structure by the criterion of
minimum total discounted costs, taking into account mul-
tiple resource and infrastructural constraints, to estimate
the scale of NFC material flows, requirements for NFC
services and products as well as economic performance
indicators. They can be used as a starting point for deve-
loping multi-objective, stochastic and robust optimization
models of a two-component NES.
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Some results of applying the
optimization models

The optimal structures of a two-component NES in both
variants are determined on the basis of the requirement to
minimize the total discounted costs for the entire deve-
lopment program, taking into account resource and infra-
structural constraints. The resource constraints are deci-
sive: they determine the range of reactor technologies to
be included in the NES structure to ensure the growth in
demand for nuclear energy generation. The infrastructu-
ral constraints (the decisive factors are the capacities of
SNF reprocessing facilities) have a significant impact on
the dynamics of commissioning reactor technologies and
the structure of their fuel supply, but do not change the set
of technologies.

Taking into account the accepted conservative as-
sumptions regarding the cost data, the levelized unit
energy costs of thermal reactors turn out to be less than
as compared to fast reactors. At the same time, since the
reserves of natural uranium are not enough to ensure the
given increase in the NES capacities, NES structures re-
quire reactors operating on plutonium fuel: in Option 1:
the MOX-fueled BN-1200, in Option 2: the MNUP-fue-
led BN-1200 and BR-1200, the optimal share of which in
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Figure 2. Examples of typical optimal NES structures (annual data
are aggregated over five-year periods): a) Option 1; b) Option 2.

the system at each time interval is determined by the op-
timization problem solution. Therefore, the optimal NES
structures in the absence of accounting for the infrastruc-
tural constraints on the capacities of SNF reprocessing
facilities will include the maximum possible (with given
uranium reserves) share of thermal reactors (the entire
new fleet of thermal reactors to be commissioned after
2015 are the VVER-TOI units in both options). The end
of introducing thermal reactors into the system is deter-
mined based on the requirement that all commissioned
thermal reactors on uranium oxide fuel must be provided
with fuel during the entire plant life (natural uranium re-
serves in this case will be exhausted at the turn of 2120
2130, the total installed capacities of thermal reactors will
not exceed 70 GW).

This deferred (but more intense in the future) option
for introducing fast reactors into the system entails a
significant increase in the requirements for SNF repro-
cessing services in order to timely provide the fast re-
actors with secondary nuclear fuel to meet the growing
demand for nuclear energy generation and compensate
for the intensive decommissioning of thermal reactors.
This will lead to high peak requirements for SNF repro-
cessing capacities after 2060, exceeding up to 2.5 times
the marginal production capacities of the planned SNF
reprocessing facilities, and their subsequent unutilized
capacities after the stages of intensive commissioning of
fast reactors are completed.

Accounting for the infrastructural constraints on the
capacities of SNF reprocessing facilities in accordance
with existing plans will lead to their uniform loading and
earlier, but less intensive, introduction of fast reactors into
the system, which will make it possible to continue ope-
rating thermal reactors on uranium oxide fuel after 2115.
The relevant NES structures are shown in Fig. 2.

For the assumptions made in both options, several
BN-1200 units with a total installed capacity of about 2.4
GW are introduced into the system in 2030. In Option 1,
the total installed capacities of BN-1200 reach 7.2 GW in
2040 and remains at this level until 2060; after which, in-
tensive BN-1200 commissioning begins. In Option 2, in
2040, alongside with the BN-1200 units (4 GW), the BR-
1200 units are introduced into the system, their installed
capacity becomes equal to 9.8 GW in 2056 and remains
at this level until 2085. At this time, the BN-1200 units
are intensively commissioned; their total installed capa-
city reaches 44 GW by 2085 and is fixed at this level.
Since 2085, the BR-1200 units are actively introduced
into the system.

The initial stage of commissioning fast reactors is
characterized by the utilization of separated plutonium and
mainly by the reprocessing of fast reactor SNF (around 60
and 120 t HM/y for Options | and 2, respectively), the
plutonium from which is used to form new fuel for fast
reactors. More intensive commissioning of fast reactors
at the initial stage turns out to be economically inexpe-
dient because of the need to deploy the expensive closed
NFC infrastructure, the availability of sufficient amounts
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of natural uranium and the possibility to ensure the intro-
duction of fast reactors later on, meeting the restrictions
on the closed NFC infrastructure. The stage of intensive
fast reactor capacity expansion is characterized by the be-
ginning of large-scale thermal reactor SNF reprocessing.

To ensure the required NES capacity growth within
the assumptions made, with uranium reserves of 600
thousand tonnes, the BN-1200 reactors (both MOX- and
MNUP-fueled) with a five-year external NFC duration are
able to provide the NES with the necessary amount of fuel
and capacity growth after the construction of the VVER-
TOI reactors is stopped and their intensive decommis-
sioning begins. With a five-year external NFC duration,
without using the “start on nitride enriched uranium fuel”
option, the BR-1200 reactors cannot provide the given
growth rate of NES capacities but, in view of the good ex-
pected economic performance, this reactor type appears
in the system (Option 2) as a BN-1200 companion, which
indicates the economic efficiency of such a combination
of these fast reactor technologies in the considered condi-
tions. On the contrary, the VVER-MOX reactors are not
included under the given assumptions in the optimal NES
structure for Option 1. Forcing them into the system (as a
strict model constraint) will lead to a change in the NFC
material flows, which will be accompanied by an increase
in the total discounted cost, thereby making them econo-
mically unviable. The share of fast reactors in the NES
structure in 2100 reaches 74% for Option 1 and 75% for
Option 2, respectively (the shares of the BN-1200 and
BR-1200 are approximately equal).

The annual natural uranium consumption and require-
ments for its conversion, enrichment and fuel fabrication
for thermal reactors are determined by the program of
their commissioning, and the peak for both options falls
on the beginning of the 2060s. By 2100, about 90% of the
available natural uranium for Option 1 and 86% for Opti-
on 2 will be consumed. The remaining part of the natural
uranium will be consumed after 2100 to provide fuel for
thermal reactors which have not exhausted their plant life
by the end of the prognosis interval.

For Options 1 and 2:

— the maximum conversion requirements will be 8.2 and
7.6 thousand t per year;

— the maximum uranium enrichment requirements will
be ~ 7 and 6.5 million kg SWU per year;

— the requirements for thermal reactors fuel fabrication
will not exceed 1,200 and 1,100 t HM per year.

The average annual requirements for manufacturing
MOX (Option 1) and MNUP (Option 2) fast reactor fuels
(including the first cores) until their intensive commissi-
oning (approximately, in 2060s) will be ~ 50 and 100 t
HM per year, respectively. By 2100, these requirements
will increase for Options 1 and 2 to about 650 and 950 t
HM per year.

The fast reactor fuel fabrication involves the stored
separated plutonium (initially) and plutonium extracted

during the reprocessing of SNF from thermal and fast
reactors (when the separated plutonium is run short).
Although the specific SNF reprocessing costs are higher
for fast reactors as compared to thermal reactors, less
reprocessed SNF of fast reactors is needed to obtain the
required amount of plutonium for producing fuel for fast
reactors; therefore, it is more economically feasible to
reprocess SNF from fast reactors. Thus, if it is enough
to extract plutonium from fast reactor SNF to provide
new fuel for fast reactors, the reprocessing of SNF from
thermal reactors is postponed until an additional amount
of plutonium is required. Since the plutonium content in
VVER-TOI SNF is higher than that in VVER SNF, and
the reprocessing costs are the same, the reprocessing of
VVER SNF begins only after all available VVER-TOI
SNF is reprocessed. For the scenario assumptions made,
the reprocessing of RBMK SNF is economically incon-
venient in both cases. The loading structure of SNF
reprocessing facilities is determined by the material
balances and economic parameters of the NFC process
stages. For Option 1, during the period from 2064 to
2100, more than 50% of the SNF reprocessing capacity
is involved in reprocessing SNF from thermal reactors;
after 2100, most of the SNF reprocessing capacity is
involved in reprocessing SNF from fast reactors. For
Option 2, during the period from 2045 to 2087, SNF
from thermal reactors is mostly reprocessed (more than
50% of the capacity is involved); after 2087, SNF from
fast reactors is reprocessed. The total capacity of SNF
reprocessing facilities will not exceed 2,000 t HM per
year for both options (average load is 83 and 88% for
Options 1 and 2, respectively).

The maximum amount of SNF accumulated in the
at-reactor and away-from-reactor storage facilities will
be about 65 thousand t HM (2064) for Option 1 and 50
thousand t HM (2052) for Option 2, respectively. The
amount of SNF will be reduced to 47 and 29 thousand t by
2100 for Options 1 and 2, respectiveely (not all SNF after
five-year cooling will undergo reprocessing). Since there
is no economic feasibility in reprocessing RBMK SNF, it
will remain in the SNF storage facilities in the amount of
about 19 thousand t HM for the entire prognosis interval
in both options.

In the considered base case of the cost data under
the assumptions made, the difference between the opti-
ons in the total discounted costs for the entire develop-
ment program is less than 1%. Considering significant
uncertainties in the cost data on NFC services and the
construction of nuclear power plants, it is of interest to
evaluate the impact of these uncertainties on the econo-
mic performance of the options (LGC metric) and the
spreads in capacities of different reactor types in the op-
timal NES structures.

The performed calculations of the optimal NES structu-
res (1000 sample scenarios were generated with different
cost data from the range of their uncertainties; the spread
in economic data was taken from (Ponomarev-Stepnoy
2016), without taking into account the infrastructural con-
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mum values, 25 and 75% percentiles, average values)

straints) show that both two-component NES options can
be considered statistically indistinguishable by the LGC
metric since the 95% confidence uncertainty intervals are
overlapping (Fig. 3a). Consequently, it is impossible to
make an unambiguous judgment regarding the prospects
of any of the options considered for this economic perfor-
mance metric, taking into account the existing uncertain-
ties in the cost data. The spread in the total capacities of
various reactor types in the relevant optimal NES structu-
res is shown in Fig. 3b. Note that the BN-1200 is always
present in the NES structure under the conservative as-
sumptions made, but the most effective companion to it
is not the VVER-MOX, but the BR-1200, simultancous
operation with which (subject to the attainability of the
expected economic performance) can provide the mini-
mum electricity production cost.

Discussion

Due to the limited scope of the study, the results of this ana-
lysis obviously cannot form the basis for management de-
cisions, but they are quite sufficient to demonstrate the use-
fulness of using an optimization approach for the purposes
of the scenario analysis of national nuclear energy develop-
ment. Given the assumptions on the costs of NFC process

stages and construction of reactor facilities, resource and
infrastructural constraints, a gradual moderate transition to
a closed NFC turns out to be economically feasible, ma-
king it possible to fully master the closed NFC technolo-
gies, reduce the existing significant uncertainties in the cost
data and make more reasonable judgments regarding the
most economically preferred option in the future.

To ensure the given growth rate of NES capacities in
the current conditions, there is no need for a fast reactor
with high fuel breeding parameters and, as a result, the-
re is no economically determined need to utilize excess
plutonium in thermal reactors (other considerations that
can make this technological option reasonable are not
discussed). The performed evaluations confirm the thesis
that, if it is expected to introduce fast reactors in future,
the question of using plutonium in thermal reactors requi-
res detailed examination, because there are no irrefutable
arguments indicating the feasibility of this option (Mur-
avyev 2014, Andrianov and Schwenk-Ferrero 2017, Gao
et al. 2017, Kagramanyan 2018, Ponomarev-Stepnoy and
Tsibulsky 2007).

On the contrary, in the long term, the technological di-
versity of the fast reactor component in the two-compo-
nent NES structure, suggesting a combination of different
types of fast reactors, seems to be economically viable (as
indicated in (Andrianov et al. 2012, Andrianov et al. 2016,
Andrianov et al. 2017)). In this case, the NES structures
are more stable in regard to possible changes in the main
technical and economic parameters of the system, which
is confirmed by the results of the analysis based on robust
and stochastic optimization approaches (Andrianov 2012,
Andrianov et al. 2017). This fact confirms the structural
stability (robustness) of the found optimal structures of
the national NES, which speaks of fast reactors as the ba-
sis of large-scale nuclear energy.

Conclusion

The results of the analysis of the two-component NES
structures illustrate the capabilities of the developed op-
timization models, demonstrating the characteristic struc-
tural features of NESs based on fast reactors for conser-
vative model assumptions. Under the accepted limitations
and assumptions, the present study determined the types
of reactors required for ensuring the sustainable develop-
ment of the national NES as well as optimal terms and
rates of their commissioning. Estimations were made of
the required scale of NFC facilities utilization (uranium
mining, conversion, enrichment, fuel fabrication, SNF re-
processing, SNF and RW storage facilities). The characte-
ristic features, similarities and differences of both options
were also indicated.

The analysis indicated the economic feasibility of
technological diversification of the fast reactor compo-
nent in the two-component NES, which makes it possible
to form a robust (stable in regard to possible changes in
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technical, economic and scenario parameters) structure
of NES in the future. It has been demonstrated that, gi-
ven the existing uncertainties in the cost of NFC services
and reactor technologies, it is impossible to make a rea-
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