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Abstract

In this paper the current status of fast reactors development is briefly outlined, including experimental,
demonstration, and commercial installations. Data on the experience gained in development and operation of NPPs
with reactors of this type are presented. The issues are discussed in connection with possibilities of fast reactor
development in the nuclear power structure for the near (up to 2010-2020) and distant future. In the final part of the
paper, an analysis is given of possible ways for R&D development in the field of NPPs with fast neutron reactors.

1. INTRODUCTION

Fast reactors (FR) have gone a complex way in their development. In different stages of
nuclear power development, different requirements were imposed on reactors of this type from the
standpoint of their characteristics. Answering the needs of practical power, designers of NPPs with
fast neutron reactors demonstrated different (both positive and negative) FR characteristics. In this
respect, one has to consider positions of specialists according to which FR are able to provide a safe
and ecologically acceptable development of nuclear power. In spite of this reasonable position some
opponents refuse any type of development of FR. With sufficient experience on the development,
construction and operation of sodium cooled FR, it is possible to sufficiently characterize this reactor
type and, on the basis of detailed analysis, to speak of the present FR role and to predict the
possibility of their use in future.

2. CURRENT STATUS

The history of FR development totals approximately 45 years. The appearance of this
direction in nuclear power was connected with a clear understanding of the fact that only in FR the
most efficient utilization of natural uranium can be realized.

Worldwide, ten countries began to develop the FR technology at different times, including
core physics, coolant technology, structure materials study, thermal hydraulics etc. The works were
started in the early fifties from the creation of rather simple installations of the EBR-1 type in USA
and the BR-1, BR-2 type in Russia. Later, works were started on the creation of experimental
installations modelling major schemes of future NPPs, such as BR-5 in Russia (1958), DRF in the
United Kingdom (1959), Rapsodie in France (1967), etc. A total of nine experimental installations
were built in seven countries (Table I) [1].

The next FR development stage is the creation of demonstration NPPs. To date, six
installations in five countries have been constructed in the power range of 60 through 330 MW(e).
Three of them (BN-350, Phenix and Monju) are still in operation.
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TABLE I. FAST REACTORS DEVELOPMENT IN DIFFERENT COUNTRIES

Country

China
Europe
France

Germany
India
Italy

Japan
Kazakh-

stan
Russia

UK
USA

EFR*

Built

Rapsodie

KNK-II
FBTR

Joyo

BR-10
BOR-60

DFR
EBR-2
FFTF

Under
design
CEFR

PEC

DFR**

Built

Phenix

SNR-300

Monju
BN-350

PFR
Fermi

Under
design

PFBR

CRBRP
ALMR

CFR***

Built

Super
Phenix-1

BN-600

Under
design

EFR
Super

Phenix-2
SNR-2

DFBR

BN-800
BN-1600

CDFR

* EFR - Experimental fast reactor
** DFR - Demonstration fast reactor
*** CFR Commercial fast reactor

The current status of FR technology corresponds to the operation of two commercial
installations: BN-600 and Super-Phenix-1. Note that significant experience in commercial NPP
development has been gained in France (Super-Phenix-1), United Kingdom (CDFR), and Germany
(SNR-2), combining further their efforts in the development of a joint EFR project. Russia and Japan
have also gained essential experience in connection with the development of the commercial designs
BN-800, BN-1600 and DFBR, respectively.

3. EXPERIENCE IN DEVELOPMENT AND OPERATION

The total time of FR operation amounts to 280 reactor-years. On the basis of the experience
gained in development, substantiation and operation of experimental, demonstration and commercial
reactors the following can be noted:

(a) The breeding capability which was initially considered as an important feature of fast
reactors has been fully established with Phenix and BN-350.

The question of the breeding capability deserves some remarks:

In the mid seventies, early deployment of breeders was considered to be urgent. There is no
doubt that in the remote future this basic feature will recover its importance. But today, the
concern is rather how to manage important stock piles of Pu and minor actinides.

(b) Now one can state that the major technical solutions in scheme design and safety systems
have been determined and tested for NPPs with fast neutron reactors. A three circuit NPP lay
out, sodium coolant and MOX-fuel can be assigned to these solutions. In practice, structure
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(c)

(d)

solutions such as integral arrangement of a primary circuit, guard reactor vessel, SA structure
with a rod type fuel pin, circulation pumps, IHX, etc. can be considered as commonly
adopted solution.

An individual solution in each NPP project is made only for steam generators (SG). It can be
explained by different approaches to solving safety issues for a given NPP component. The
range of technical solutions for SG lies from integral (in one vessel) structure in the Super-
Phenix-1 NPP to sectional-modular (24 modules) in the BN-600 NPP. However, both designs
demonstrate reliable operation characteristics.

The problems of materials irradiation in connection with choosing structure materials,
operating under FR conditions with high irradiation doses have been resolved (justification of
the utilization of ferritic and austenitic steels in the range of maximum burn-out levels of 10-

Practically, a high FR safety level has been proved, as determined by the joint effect of the
following factors (Table II):

- peculiarities of physical reactor parameters;
- peculiar coolant features;
- unique engineering solutions.

Specific FR features provide their minimal effect on the environment and humans during
NPP operation. Table III presents comparative data on heat and gas-aerosol radioactive
releases for different NPP types as an example [2]. One can see from the table that heat

TABLE II. FAST REACTOR FEATURES PROVIDING ITS HIGH SAFETY

NPP elements Features
Reactor
(core)

- negative reactivity feedback in cases of power and temperature
disturbances
- stability of neutron pattern
- no probability of local criticality formation
- no poisoning effects

Coolant low pressure
low corrosion activity
high thermal capacity
considerable margin to the boiling point and high evaporation heat
capability of fission products retaining

- pool type of reactor
- guard vessels on the equipment of radioactive primary circuit
- passive elements of safety system
- passive elements in decay heat removal system

Engineering
approaches

TABLE III. HEAT AND RADIOACTIVE GAS AEROSOL RELEASES FOR DIFFERENT NPPS

Type of release
Heat releases

GW/Gwe
Release of radioactive

inert gases,
Ci/Gwe.yr

WWER-1000
2

(l-3)104

RBMK-1000
2.15

(4-12)104

BN-600
1.35

(0.6-4.1)102
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releases for a fast reactor are essentially lower as compared with thermal nuclear reactors.
As for gas-aerosol releases, iodine-131, long-lived and short-lived nuclide releases are
practically not available, and inert radioactive gas releases are mainly determined by
experimental studies in "hot" chambers.

The issue of the safe use of sodium coolant is worthy of special consideration. It is a well-
known fact that negative sodium parameters are connected with the chemical activity of
sodium in relation to water and air.

The accidents occured in NPP SG with leakages of water into sodium have shown that the
engineering methods for safety provision of sodium circuits are available in case of
chemical interaction of the two coolants [3].

As for sodium leakages, with their subsequent burning, the probability of any severe fire
can be lowered down to acceptable values thanks to adequate provisions. Sodium due to its
small heat effect and fire rate cannot lead to substantial fires of the surrounding equipment.
This was confirmed by sodium leakages occurred at operating NPPs [4,5]. Radioactive
sodium leakages at integral equipment arrangement and availability of a guard vessel are
of low probability. The low number of sodium leakages at reactors with a loop equipment
arrangement has shown that fire-fighting systems are capable of fully localizing the
radioactive fire products.

(e) From the point of view of engineering parameters, rather high temperatures at the core
outlet and temperature and pressure of steam have been mastered in fast reactors (Table
IY). The parameters indicated provide good parameters of thermal dynamics for the steam-
water cycle (gross efficiency is up to 42%).

Basically, the efficiency of fast reactor operation is also determined by the fuel burn-out
level. For power installations a maximum fuel burn-out in standard SA reaches 12-15% and
exceeds 30% for experimental installations (BOR-60, Russia).

(f) What is the experience gained from the viewpoint of the economical efficiency of fast
reactors?

The experience gained on fast reactors has shown that investments are more important than
for light water reactors. In the case of a prototype the investment may reach 1.5 times the
investment of a light water reactor. In the case of a series production, French studies in the
frame of EFR indicate that the investment does not exceed 1.2 times the investment of a
light water reactor. These differences are explained by the following reasons:

• For sodium cooled FR an "extremely pure" technology is necessary;

TABLE IV. MAIN CHARACTERISTICS OF FAST REACTORS ON THE CURRENT
STAGE OF THEIR DEVELOPMENT

Parameters
Sodium temperature at the core outlet
Superheated steam temperature
Superheated steam pressure
Efficiency (gross)
Maximum fuel burn-up in standard S/As

in experimental S/As
Average specific metal consumption

Value
up to 565"C
upto51()0C
up to 18 Mpa
up to 42%
up to 15%h.a.
up to 32% h.a.
not more than 13t/MWe
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The use of uranium-plutonium fuel in a fast reactor requires some expenditures for
regeneration of NPP spent fuel;

All constructed NPPs with fast neutron reactors were unique representatives which, on
the one hand, essentially impairs the economical parameters of these installations, and,
on the other hand, did not allow to objectively determine FR reactor competitiveness
as compared with commercial units of other NPP types.

4. PROJECTS FOR DEVELOPMENT

Stores of accumulated, economically efficient uranium in the world will be sufficient up to
2030-2050 for any scenario of nuclear power development [6]. In this connection one can show that
in the near future the positive FR features will not be needed.

This relates primarily to FR capability to reproduce nuclear fuel. At the same time, the use
of fast reactors for electrical power should not be expected in near future, because a well mastered
light water reactor technology is available and besides fast reactors (as mentioned above) are still
exceeded by light water reactors in economical characteristics.

The FR construction during the next decades will be justified if used rationally as NPPs
with modern safety characteristics and for the solution of ecological problems connected with spent
nuclear fuel and efficient use of plutonium stores (both civil and weapon-grade).

In this case it is necessary that the generation which uses "nuclear electricity" should
resolve the problems of long-term handling of nuclear fuel cycle wastes rather than convey these
concerns to the next generations.

The ways to convert a fast reactor from breeder to actinide burner are well studied at a
conceptual level and consist in the replacement of breeding blankets by non-breeding and the
modernization of the traditional core, for example, by increasing fuel enrichment or using fuel
without uranium-238.

If we consider the problem of efficient plutonium utilization (both civil and weapon-grade)
in a fast reactor as a special task of actinide utilization, the following should be noted [7]:

• Although studies are still in progress it already appears that the conversion of a reactor-
breeder to a reactor-burner does not lead to any serious problems connected with the
reactor physics and with its safety provision and that fast reactors may have an essential
role to play due to their ability to recycle Pu, because they can accomodate a high amount
of pair isotopes and, at the same time, burn higher actinides (without producing a
prohibitive rate of minor actinides thanks to their low level of capture).

• Weapon-grade plutonium utilization in a fast reactor permits "to control" in a wide range
the level of its denaturation and, consequently, to solve in an optimum way problems
connected both with subsequent civil use of plutonium and prevention of its use for military
purposes. In any case, the denaturated plutonium should be reliably "brought out" of the
weapon-grade plutonium standard;

• Plutonium utilization in a fast reactor is highly efficient from the safety and ecology
standpoints. In this case the term "efficiency" means the provision of reactor safe operation
and non-proliferation of plutonium, which will be in inverse proportion to the number of
reactor years per unit of plutonium used, and also the provision of safe handling of spent
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fuel, which will be in inverse proportion to its total mass and MOX-fuel content in it per
unit of plutonium used.

To illustrate the above statements, comparative data are presented in Table Y on the
parameters listed above when using the reactor-burner on the basis of BN-800 (breeding blankets are
absent BR<1), and WWER-1000 type reactors modernized for MOX-fuel (1/3 loading).

From the standpoint of a more general ecological problem connected with the utilization
not only of plutonium but also of minor actinides (Np,Am,Cm), it is appropriate to consider a system
consisting of thermal and fast reactors, which is capable "to close" all actinides created in it [8].

As an example, a system is considered below which consists of a fast reactor of the BN-800
type with fuel enriched to 37% by plutonium and a thermal reactor of the WWER-1000 type with
uranium fuel. Plutonium and MA are separated from reactor spent fuel and pass to a fast reactor fuel
where actinides are in a recirculation regime. The calculations show that in this system a slow
increase of actinide is observed in fuel for fast reactor loading (equilibrium composition establishes
after 17 cycles with content of Np, Am, Cm up to 10-13% of the plutonium quantity). In this case one
reactor of the BN-800 type with 10% burn-out is capable "to serve" 1.5 reactors of the WWER-1000
type.

To enhance the ecological safety of the system it is appropriate to locate a MOX-fuel
production plant, a radiochemical plant and a fast reactor at one closed territory. In this case only
WWER spent fuel will arrive at the site. For example, under Russian conditions, the optimal region
for construction of the complex of installations mentioned, as a component of a thermal and fast
reactor system in the initial stage is the South Ural region (integrated plant "Majak").

We can believe that a real state of the art FR and a chosen nuclear fuel cycle strategy will
determine their development in different countries in near future.

If we choose a strategy of deep geological burial of spent fuel without its reprocessing, this
can lead to some delay in FR construction. A similar approach is presently pursued in the USA [9],
although the GE developments on ALMR installations are of interest both from the standpoint of
reactor design and fuel cycle technology.

The strategy of spent fuel reprocessing with the use of uranium restored in P WR reactors and
plutonium in light water and fast reactors is unique in France and Japan. This way is possible when
MA and high active fission fragments are removed to a storage or MA are separated and burned in a
fast reactor.

In the countries mentioned, a particular place in nuclear power is provided for FR, and the
start up of Monju NPP in Japan and the operation of Phenix and Super Phenix in France confirm
this. One can suppose that in the near future FR in France and Japan will not lose their position.
Some peculiarities in FR development exist in Russia:

• Spent fuel reprocessing is carried out with the separation of uranium and power plutonium
(fuel from WWER-440, transport and fast reactors), and excess weapon-grade plutonium is
released. For Russia, a partial replacement of uranium by plutonium as fuel for NPP is useful
in connection with the possibility to sell uranium at the external market [10];

• Technological readiness of FR in Russia for plutonium utilization is higher than light-water
reactors (operation of cores with plutonium at BR-10 and BOR-60, SA testing with MOX-
fuel at BN-600);
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• Economical parameters of NPP with FR (BN-800) under development are approaching those
for new light-water reactor projects (NP-500, WWER-1000);

• An essential positive experience has been gained in Russia in development, construction and
operation (110 reactor-years) of FR having different power.

Taking into account the above and in accordance with the nuclear power development
concept up to 2010, the construction of 3 - 4 BN-800 units with uranium-plutonium fuel is planned.
The solution of electrical power tasks is considered jointly with the complex of ecological
problems, including utilization of civil and weapon-grade plutonium.

Certain progress in FR development is observed also in other countries [11]. The main goal
is to create the nuclear power which would lead to a of self-provision regime for nuclear fuel.

The works in India continue on a prototype fast reactor of 500 MW(e) (Indira Gandhi Centre
for Atomic Research). In the Republic of Korea, work is in progress on a prototype FR 150-350
MW(e) with a planned start-up not later than 2011. The first commercial reactor is planned to be
built in 2025.

Intensive works are carried out in China on the CEFR-25 experimental reactor project, wich
is planned to start-up just after 2000.

5. DIRECTIONS OF FUTURE R&D WORKS

As regards the "large scale" nuclear power in the future, which could take one of the leading
positions in the world's power generating complex, there are grounds for attaching great importance
to the role of fast reactors. This is because of their high safety level, good environmental
characteristics, and capability of nuclear fuel breeding.

However, while the scientific and technological tasks related to the reactor safety assurance
and breeding characteristics have already been solved, additional studies are still required to find
optimum technical approaches when designing reactors for the efficient utilization of actinides and,
in particular, improving their technical and economical characteristics.

At the same time, these are the key tasks to be solved for enabling the use of fast reactors
within the period of 2030-2050, when their function as nuclear fuel breeders will not be required yet.

(a) The increase of economical competitiveness of fast reactors is connected with various R&D
directions. First, further improvement of the NPP lay-out, main component design and
parameters are required. Studies have shown that there is a significant potential for
decreasing the amount of materials in the equipment, simplification of the electric circuits,
etc. Positive experience has been gained in this field in Russia and in France. For instance,
taking into account the experience of the BN-350 and BN-600 reactors operation in the BN-
800 reactor design has resulted in the decrease of the amoung of material in the equipment
(Table 4). Besides, design studies of the BN-600M medium size advanced reactor, based on
the new lay-out and design approaches (such as integral steam generator design) have
demonstrated the possibility of further improvement of fast reactor economics.

Similar results have been obtained when designing the 1500 MWe EFR fast reactor [11, 12].
Possible economical characteristics forecast for commercial EFR reactors as compared to
those of the advanced PWR show that the capital cost ratio may be within the range of
l.l-s-1.26 depending on the specific site conditions (Table 7).
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TABLE V. COMPARATIVE CHARACTERISTICS OF VARIOUS SCENARIOS OF
PLUTONIUM UTILIZATION IN REACTORS

Parameters
Number of reactor-years per 1 ton of utilized ex-
weapons plutonium
Amount of spent fuel per 1 ton of utilized ex-
weapons plutonium
Amount of spent MOX fuel per 1 ton of utilized
ex-weapons plutonium

BN-800
0.58

5.9

5.9

WWER-1000
3.73

83.6

27.8

TABLE VI. SPECIFIC STRUCTURAL STEEL CONSUMPTION VALUES FOR LMFR
AND WWER (IN TON/MWTH)

BN-600
13

BN-800
10.5

BN-600M
8.23

VPBER-600
9.7

WWER-1000
8.44

TABLE VII. ECONOMICAL CHARACTERISTICS OF ADVANCED REACTORS
(EFR AND PWR)

Characteristics
Components of electricity cost, fc/kW-hr
capital cost
operating cost
fuel cost
electricity cost
EFR/PWR characteristic ratio
capital cost
electricity cost

EFR

13.5
4.4
4

21.9

PWR

10.7
3.9
5.1
19.7

1.26
1.11

Second, it should be also taken into account that the current rate of power engineering
increase (including that of nuclear power) is significantly lower than it was predicted 20 or
30 years ago. Besides, a considerable amount of plutonium has been accumulated. Under
these conditions, there is no need in the short doubling time value for the near term fast
reactors, i.e. the uranium blanket can be eliminated, the core power rating can be reduced,
and the fuel cycle can be simplified. All these measures not only improve the reactor safety,
but also favour further improvement of its economical characteristics.

Third, the decrease of the fuel related component of the cost of electricity generated by the
fast reactor NPP is quite essential. From this point of view, R&D works aimed at the increase
of the fuel burnup to 15% or 20% and relevant development of the new S/A and fuel element
designs and materials having improved performance under the high fluences become urgent.

Fourth, some factors influencing economical characteristics of fast reactors have not been
taken into account. As it has been mentioned above, fast reactors are capable of having high
reliability, safety and efficient environmental characteristics. However, methods of technical
and economical analysis have not yet been developed for taking into account these positive
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features of fast reactors (high availability, low radioactive releases, decrease of the total
radiotoxicity of spent fuel, etc.)- For instance, it is easy to take into account economical
losses caused by the introduction of the intermediate sodium circuit, while it is difficult to
estimate (there are no appropriate methods) the benefits caused by taking out the steam
generator failures from the category of radioactive accidents.

(b) A considerable amount of R&D works carried out recently, and those planned for the future
are devoted to the development of special core designs of reactors for burning minor
actinides and efficiently utilizing plutonium.

In order to carry out these studies, the CAPRA programme (France) is currently under way,
which is principally aimed at the development of scientific and engineering approaches for
plutonium utilization. The SPIN programme (France) is devoted to the solution of tasks
related to the minor actinides transmutation in fast reactors.

The PAC programme (France) developing the idea of using the Super-Phenix reactor for the
experimental studies, is an example of the efficient application of reactor plants under
operation for the purposes of plutonium utilization.

Studies related to the development of fast reactor design intended for plutonium utilization
have also been made recently in Russia. R&D works are carried out in conformity with the
BN-800 reactor design being aimed at the development of various core designs for this
reactor. Core concepts have been developed on the basis of both MOX fuel with increased
content of plutonium, and the inert matrix (A1N, MgO, ZrC) based uranium-238 free fuel.
Some studies are conducted using ISTC funding.

(c) Further improvement of fast reactor safety is still an urgent issue, taking into account
technical and economical optimization of the safety systems. In this respect, special attention
should be paid to the systems operating on passive principles (devices for the reactivity
control, decay heat removal systems, etc.).

When developing the new methods of accident analysis, much attention should be given to
the creation of calculational multi-dimensional systems taking into account neutronics,
thermohydraulics, thermomechanics and radiological phenomena. Such works have been
initiated in France, Japan and Russia. The SERAPH code (Japan) is an example of a tool for
the comprehensive study of phenomena taking place in fast reactors.

(d) R&D works in the field of technological studies should first of all relate to the issues of
improvement of fuel cycle technologies. Special attention is given to the development
of various technologies of reprocessing of spent nuclear fuel having a high burnup. In Japan,
for instance, the RETF facility is under development which is intended for testing equipment
for recycling of the spent fuel. The APRS programme (Japan) is developed for
comprehensive studies on the fast reactor fuel technology, which are supposed to be widely
used in the first decades of 21st century.

The issues of further improvement of safety related to the sodium technology are still urgent
(improvement of the sodium leak detection methods in order to prevent large leaks,
improvement of methods of the sodium fire confinement, etc.). Such studies are actively
carried out in France, Japan and Russia.

The search has been initiated for the new coolant alternatives (such as lead and lead-bismuth
alloy), which are possibly capable of improving NPP safety.
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In connection with the trend to increase the NPP design life-time, the development of
new methods of equipment inspections and residual life- time estimation are required.

It is necessary to extend R&D works on NPP decommissioning, while the experience gained
by now in the process of the dismantlement of research reactors (in France, UK and Russia)
is to be used for making recommendations for the future designs in order to significantly
decrease their decommissioning costs. In Russia (IPPE), for instance, a concept of fast
reactor decommissioning has been developed on the basis of an optimum design of the
reactor shielding, the introduction of new materials (titanium and nickel free steels), which
almost do not produce long living activity, the creation of a closed cycle of radioactive
materials in the framework of the nuclear industry, etc. [14].

6. CONCLUSIONS

(a) Fast reactors which have passed experimental, demonstration and commercial stages during
45 years, demonstrate satisfactory performance from the standpoint of reliability and safety,
thus confirming their maturity with respect to the main approaches in technology. The key
feature of fast reactors - nuclear fuel breeding - has been experimentally substantiated.

(b) Taking into account the low rate of development of power engineering as a whole and in
particular of nuclear power, as well as the considerable uranium resources, the most
important feature of fast reactors, namely their capability to breed nuclear fuel (i.e. extensive
introduction of fast reactors into the nuclear power) may be required not earlier than in 2030
- 2050.

(c) There are ways for the significant improvement of fast reactor economics and their safety.
Ways of using these reactors for the efficient burning of the radioactive wastes of spent fuel
and plutonium utilization for electricity production are substantiated.

(d) Taking into account the above considerations, single commercial NPPs with fast reactors can
be built in the countries possessing sophisticated technology of these reactors (France,
Russia, Japan, etc.) until 2030. There is still an interest for the construction of experimental
and demonstration reactors in those countries, where the studies on the technology of fast
reactors have been initiated (China and Korea).
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