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1. Introduction

Nuclear power is an important contributor to the world's electricity needs. In 1999 it supplied more
than one-sixth of global electricity. Due to the fact that it is a capital intensive and sophisticated
technology, the larger part of world nuclear capacity, i.e. 83 %, is concentrated in the industrialized
countries, mainly OECD countries and economies in transition in Central and Eastern Europe (see
table I and table II). Nuclear Power plays an important role in those industrialized countries by
ensuring their energy independence, helping to keep the air clean and reducing carbon emissions.

Table 1. World Regional Distribution of Nuclear Power Plants (Ref. 1)

Region

Western Europe
North America
Eastern Europe
Far East
Middle East and South Asia
Latin America
Africa

World Total

No
Reactors

150
118
68
78
12
5
2

433

Total
MW(e)

126 094
107 143
45 309
63 732
2 022
2 921
1 842

349 063

Total Operating
Experience *
Years

3843
2875
1277
1193
197
76
30

9491
*Rounded to full years

The development of nuclear power in industrialized countries was reached through intensive
development of reactor manufacturing capabilities and a sophisticated fuel cycle
infrastructure. The competitiveness of nuclear power was reached through developing large-
scale reactors units, between 1000-1600 MWe and aggressive NPP construction programmes.
It is understood that waste management becomes economical within national waste repository
concepts when the total national nuclear capacity reaches several GWe. Nuclear power plants
are introduced in large electricity grids and they are used mainly for base load electricity
generation.



Table 2. Operating Nuclear Power Plants in Eastern Europe (Ref. 1)

Country

RUSSIA
UKRAINE
BULGARIA
SLOVAK REP.
HUNGARY
CZECH REP.
ARMENIA
LITHUANIA
SLOVENIA
ROMANIA

Number
of

Reactors

29
14
6
6
4
4
1
2
1
1

Total
(MW(e)

19843
12115
3538
2408
1729
1648
376
2370
632
650

Total Operating
Experience
(years)*

643
227
107
79
58
55
32
29
18
4 •

* Rounded to full years

The majority of currently operating nuclear power plants in the industrialized countries
performs well. Despite continuing improvements in the operation of existing nuclear facilities,
further nuclear power development faces serious challenges in industrialized countries from
the economic and political points of view. There are no commitments for the construction of
new nuclear power plants in the near future either in North America or Western Europe.

Meanwhile, the need for significant increase in the use of energy in developing countries is
becoming a challenge for the world. Many developing countries are thinking about the nuclear
option as a part of their national energy system. It is expected that the use of nuclear energy in
the developing world may increase tremendously in the coming century, though a lot of
challenges would have to be addressed in this respect. (Ref. 2)

• Firstly, most developing countries do not have a sufficiently developed industrial
infrastructure; they seriously lack qualified manpower; their electricity grid systems very
often are of a small capacity and therefore they are not able to incorporate large scale
reactor units.

• Secondly, many developing countries cannot commit themselves to build several large-
scale reactors to make the nuclear power option competitive.

• Thirdly, waste management may also become a serious problem for countries with small
nuclear reactor parks. The cost for nuclear waste disposal may be unacceptably high if the
country tries to resolve this problem purely on a national level.

• Last but not least, nuclear energy is capital intensive. The low capital return rate for
present generation reactors is not attractive to private banks. This makes it very difficult
to attract private capital particularly for nuclear power development in developing
countries. Governmental support is needed, though this poses another challenge.

• Liability is a further serious issue to be properly addressed.

I am glad to see that all the above points are topics for this present Forum.



To my understanding, many of the above issues may be addressed through purely institutional
measures - for example, through regional co-operation in financing nuclear power reactors
and through sharing the burdens of spent fuel and waste management. The IAEA may
contribute to these activities if requested by member states. I feel that this Forum provides an
excellent opportunity to establish the contacts necessary to find acceptable solutions for
neighbouring countries.

Another important measure is technology development. Today there is increasing
understanding that existing reactor and fuel cycle technologies are of restricted dissemination.
New large-scale thermal reactors are competitive only in areas where there is no easy access
to cheap pipeline gas. Today mainly Asian countries plan to construct new large scale nuclear
power plants.

Many in the nuclear community believe that the nuclear industry should work on low cost
advanced technologies that would be able to compete even with gas. It is considered that this
technology will be needed in industrialized countries within 15-20 years when the need to
decommission the existing reactors arises.

Some believe that new technologies should be small sized, mainly factory fabricated, easily
assembled and operated and most importantly, less capital intensive. If this were feasible,
these reactors would also be very attractive to developing countries. So there is a need of
cooperation between those industrialized countries now working on new generation reactor
and fuel cycle technologies and those developing countries looking for attractive, cost
effective reactor and fuel cycle concepts. The role of the IAEA may become the focal point
for harmonizing these requirements and facilitating co-operation in the development of new
generation reactor systems applicable both to industrialized as well as to developing countries.

The following highlights the status of the development of innovative reactors and fuel cycles:

2. The Need for Innovation in Reactor and Fuel Cycle Designs

In the longer term the global power market conditions remain uncertain, but many analyses,
including the recent WEC Statement - 2000 (Ref. 3), strongly support the need to retain
nuclear power as an option. Continuing growth in population and energy demand,
particularly in developing countries, in combination with further experience with and
understanding of the global climate change phenomenon, emphasize a global imperative for a
rapid and extensive deployment of non fossil-fired plants. The March 2000 Intergovernmental
Panel on Climate Change (IPCC) approved a Special Report on Emission Scenarios (SRES)
for the period through 2100. These scenarios expect a large demand for non-carbon energy
technologies in the period after 2020 (Ref. 4). The projection for nuclear energy deployment
is generally quite large. The scenarios foresee a varying nuclear share, but it indicates
consistently a great potential for the nuclear growth - from the current some 6% in primary
energy to between 10 - 30% by 2100, which is equivalent to 3,500-10,600 Gwe (capacity in
early 2000: 34x GWe). For the year 2050 nuclear capacity is projected to be within the range
of 2,000 to 5,000 GWe. (Ref. 5). This means a possibility of world nuclear power capacity
increase of 50-150 GWe per year during 2020-2050

Are we ready for this long-term favourable prospect? What kind of reactors should be
developed by the nuclear community ?



Technology development within the nuclear power community can be characterized as taking
place within three general categories:

• Currently Operating Commercial Facilities - Improvements in maintenance, operations,
engineering support, fuel supply, etc.

• Evolutionary Designs - Improvements in design and operation for near-term future
deployment, involving moderate changes from currently operating commercial facilities

• Innovative Designs - Advances in design and operation involving major departures from
currently operating commercial facilities for long-term future deployment.

Due to uncertain economics in several parts of the world and obstacles with societal
acceptance of nuclear energy, it is difficult to expect a 5-10 fold increase in nuclear energy
capacity based only on existing evolutionary technologies. Innovative R&D activities are
needed to ensure the full participation of nuclear power in the world wide energy market of
the future. Consider the following:

Cost - There is a need to enhance nuclear competitiveness in the deregulated energy market
especially in regions with easy access to gas, with small local grids, as well as for non-electric
nuclear applications.

Infrastructure Compatibility - Much of the future increase in electricity demand is projected to
take place in countries not very familiar with nuclear power. It is not possible for all of them
to develop quickly the needed infrastructure for reactor operation and front end and back end
fuel cycle services. Similarly, local safety review and licensing requirements for plant
construction and operation must be achievable at reasonable cost.

Safety - The current excellent safety record have been achieved without concern for the cost,
both capital and operating, and the complexities of achieving this level of safety have been
substantial. Innovations are needed to make more effective use of intrinsic characteristics to
simplify plant design, analysis, construction, operation and maintenance, and thereby reduce
the cost. A primary goal could be a level of confidence in plant safety sufficient to eliminate
the need for detailed evacuation plans, emergency equipment, and periodic emergency
evacuation drills.

Safeguards Compatibility - A large world-wide increase in the number of NPPs and
consequent increase in the amount of plutonium in spent fuel are concerns for safeguards.
The effort required to achieve a satisfactory level of confidence in the security of nuclear
material should be simplified and reduced by innovative fuel cycle and plant design.

Resource availability - Conventional uranium resources may become too expensive to sustain
a few-fold increase of global nuclear power based only on traditional thermal reactors. A
comprehensive plan should be considered for resources required to meet projected future
needs.

These are the main reasons why there is a need to work on innovative reactor designs and fuel
cycles in addition to the evolutionary reactors.

3. Status of Innovative R&D Activities

3.1 Innovative Reactor Designs

Currently 40% of the nuclear power plants under construction (23% of capacity under
construction), primarily in non-industrialised countries, fall into the small (less than 300



MWe) and medium (less than 700 MWe) size range (Ref 1). They incorporate the basic
technologies of the current large nuclear power plants. The smaller evolutionary reactors such
as AP 600, the VVER 640, the PHWR 500, and CANDU 6 are also based on existing plants.
However, the need for innovative R&D has been recognised by the nuclear industry and by
countries that believe in the overall benefits, viability and importance of nuclear power for the
long term. Currently, significant R&D on innovative nuclear fuel cycle and reactor concepts
is being performed in Argentina, Canada, China, France, India, Italy, Japan, Republic of
Korea, Russia, South Africa, and the USA. Attention has focused on development of small
reactors which have various combinations of relative simplicity of design, economy of mass
production, reduced siting costs, long life core, practically unattended remote operation and
centralised maintenance and refueling services (Ref. 6). Russia has demonstrated commercial
operation of small reactors for heat and electricity in remote areas. The US has particularly
embarked on a Nuclear Energy Research Initiative in 1999 to develop advanced reactor and
fuel cycle concepts and scientific breakthroughs in nuclear technology to overcome obstacles
to the expanded use of nuclear energy (Ref. 7).

Innovative designs directed toward smaller units with shorter construction times and lower
capital costs are under study in many countries. The intent is to produce a design that will be
economical with enhanced safety and proliferation-resistant features. These are not merely
down-sized versions of older designs. On-site construction with factory built structures and
components, including complete modular units for fast installation are some of the intended
features of these reactors. It is also hoped that these will be easier to finance and suitable for
deployment even in regions with modest electricity grids. Table 3 shows new designs under
development which are less than 300 Mwe

From the perspective of innovation, two advanced non-water cooled reactor technologies may
be mentioned. These are direct cycle High Temperature Gas Reactors and Lead/Lead-
Bismuth Cooled Fast Reactors. The 114 MWe He-cooled Pebble Bed Modular Reactor
(PBMR) from South Africa (which is based on the earlier German design) has received a
world wide attention as it claims to have all the desired features (including market
competitiveness) discussed before. The Russians also have made similar claims, although at a
larger size, for their lead cooled fast reactor.

Table 3. Examples of Smaller Reactors under development

Reactor
Carem-25
Floating KLT-40

PBMR
SMART
NHR-200
AHWR
GT-MHR

Capacity/Type
25 MWe PWR
50 MWe/PWR

114MWe/HTR
100 MWe/PWR
200 MWth/PWR
220 MWe/HWR
300Mwe

Developer/Country
INVAP/Argentina
OKBM/Russian
Federation

Eskom/S. Africa
KAERI/ROK
INET/China
BARC/India
GA/USA, Russian Fed.

3.2 Innovative Fuel Cycles for the Future

From early in the development of nuclear power in the 1960s, the closed fuel cycle scheme
with breeder reactor was perceived as the best option for large-scale nuclear energy
deployment. For sustainability of nuclear power, break-through efforts are now required to



cope with a number of issues emerging from non-proliferation, environmental mitigation,
economics and enhanced safety needs (Ref. 8). Many countries with nuclear power
programmes have dealt with these issues and set out new programmes for innovative nuclear
fuel cycles. Desired features of innovative nuclear fuel cycles can be defined as:

• nuclear materials cannot be easily converted for other purposes,

• nuclear waste is minimised,

• economics is better,

• the process is safer,

• generation of minor actinides is less than those of the present process, or incineration of
higher plutonium isotopes, minor actinides (MA) and long-life fission products (LLFP) is
possible.

Table 4 categorises recent work in innovative nuclear fuel cycles. Although large scale
programmes on innovative nuclear fuel cycles are not implemented at present, many countries
with nuclear power programmes are investigating the necessary steps for a break-through in
the current situation.



Table 4. Innovative technologies related to nuclear fuel cycle

Attribute

Fuel composition
& process

Partitioning and
Transmutation
system

Reactor system

Process & System

Pyro-process

Vibropacked fuel

DUPIC system

Th fuel (Th-U Th-
Pu)

Inert-matrix fuel

Accelerator Driven
System

P-T system with FR

Pb (+Bi) FR

GCFR

Relevant
countries

Japan, Russia,
US

Russia
Switzerland,,
UK

Canada, ROK

India, USA

France, Japan,
Switzerland

France, Japan,
USA

Japan, Russia

Russia

(France)

Features

Nuclear waste volume is
smaller and process facility
is simpler than those of wet
process (economical and
environmental advantages
are expected)
Fuel particle is directly
produced from acid solution
from reprocessing
(economical merit is
expected compared to
powder technology)
Pu is not separated from
PWR spent fuel
(proliferation resistance is
expected)
Th resource is abundant.
Fuel with Th-233U
composition generates less
MA than U-Pu fuel
Due to chemically stable
oxide, spent fuel is regarded
as waste form
(environmental mitigation)
High neutron energy
produced in accelerator
destroys MA, LLFP. Sub-
critical core enhances safety.
Existing FR technology is
applied for destruction of
MA, LLFP
Enhanced safety with use of
Pb coolant.
GCFR designed in 1980s, is
again under study.



4. Diversity of Targets for R&D

The basic goals of current innovative R&D programmes are improvements in all major
domains of cost, safety, waste, and non-proliferation. The perceived targets and approaches,
however, differ. As a result, they have led to a wide diversity of reactor and fuel cycle
concepts. Some are taking a new look at older concepts where improvements in materials and
other technologies have made them viable now. Others are attempting to introduce innovative
systems in place of more conventional ones in order to achieve substantial improvements. Yet
others have decided to explore radically new options. There is on-going R&D in practically all
major nuclear fuel cycle and power plant types, Light Water Reactors, Heavy Water Reactors,
Gas Cooled Reactors and Liquid Metal Reactors, with other types also being explored. A
worldwide look at innovative R&D shows some 40-50 different concepts under development.
Some are in the initial conceptual design stages, others are more advanced, in the basic design
stage, and a few are proceeding toward construction of prototypes or demonstration units.

A wider diversity also exists for the requirements/targets in such crucial areas as safety, waste
management, non-proliferation, resource consumption, and types of energy applications. For
example, in the economics area, although all concepts aim to be competitive in the future
energy market, there are different opinions as to whether they should become competitive
taking into account potential introduction of CO2 taxes and increases of fossil fuel prices, or
not. In the safety area some believe that today's ALWRs are sufficiently safe for large-scale
development, because they are neighbor-friendly (no significant release of off-site
radioactivity even in the case of a severe accident). Others insist that the public will accept
large-scale nuclear energy deployment only if we propose a new reactor type with no severe
release of radioactivity at all, as sometimes claimed for modular HTRs or innovative FRs. In
the waste management area, some believe that direct underground disposal of spent fuel is a
sufficiently safe back-end option and to ensure public acceptance, there is only a need of its
practical demonstration. Others insist that only the elimination of nuclear long-lived
hazardous nuclides by burning or transmuting them in fast reactors or ADS is necessary to
receive public support for large-scale nuclear energy deployment. There are different
opinions as to which hazardous elements should be eliminated, and to what extent. In the
non-proliferation area, some propose to develop special "proliferation resistant" reactor and
fuel cycle concepts (new type of fuel, new reprocessing technologies without the extraction of
plutonium, new concept of FR, and so on) with increased reliance on technical measures
against possible diversion of nuclear material. There is, however, no consensus among
researchers as to how to measure the level of "proliferation resistance" and to what extent we
should increase our reliance on technical measures.

The nuclear community must find a way to reduce the multiplicity of options and settle on the
few that hold the most promise for successful development.

5. Need for International Cooperation

With limited individual governmental support of R&D and a large diversity of conceptual
designs, it is possible that one can spend the next crucial 10-15 years just developing
innovative concepts without any new commercial product becoming available for the market.
Realization of some ambitious targets in waste management, safety or non-proliferation may
also lead to an increase in the cost of nuclear energy, lowering the competitiveness of the
nuclear option. Finally, are the existing international standards/norms in safety, waste and
non-proliferation adequate for large-scale global nuclear power deployment?
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These are important issues for the long-term revival of nuclear power that must be addressed
as early as possible. One way to make progress and build a consensus on some of these issues
is through international collaboration and global co-ordination of R&D activities.
International co-operation among governmental research centres, international organizations
like IAEA, OECD/NEA, and EC, and the nuclear industry can expedite progress by pulling
resources together for the common goal. For example, the following type of tasks may be set
as joint efforts for these groups:

• Development of a vision of potential clients, along with a potential scale of use for nuclear
energy in the future for different applications and regions;

• Development of a set of international criteria/standards/norms for safety, long-term waste
disposal, non-proliferation, and resource consumption characteristics of the new
generation of reactor and fuel cycle technologies;

• International co-operation in the development of the most promising concepts.

These are important not only to facilitate the retention of nuclear power's position as a viable
alternative option, but also to ensure that it may gradually strengthen its position as a long-
term sustainable energy supply option. In this regard the International Atomic Energy
Agency can play a special role. The Agency has for more then forty years served "to
accelerate and enlarge the contribution of atomic energy to peace, health and prosperity
throughout the world." And furthering of international cooperation has always been
understood to constitute one of the main areas of activities where the Agency can be of benefit
to its Member States. The Agency's currently on-going activities on innovative reactor and
fuel cycle technologies include several international working groups, coordinated research
projects, and a forthcoming international seminar on small and medium sized reactors. The
Agency plans to direct more attention to this area of its programmatic activities. This includes
promotion of cooperation among national R&D programmes to develop future reactor and
fuel cycle concepts that are competitive, safe, reliable and more resistant to proliferation
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