
FR0201911

PERSPECTIVE OF NUCLEAR FUEL CYCLE FOR
SUSTAINABLE NUCLEAR ENERGY

Kosaku Fukuda ', Arnold Bonne1 and Vladimir Kagramanian2

'Division of Nuclear Fuel Cycle and Waste Technology, Department of Nuclear Energy, IAEA,
E-mail: K. Fukudatajiaea.org and Arnold.Bonne@iaea.org

2Planning and Economic Studies Section, Department of Nuclear Energy, IAEA,
E-mail: V.Kagramanian@iaea.org

IAEA: Wagramer Strasse 5, P.O.Box 100, A-1400 Vienna, Austria

ABSTRACT

Nuclear power, on a life-cycle basis, emits about the same level of carbon per unit of electricity generated as wind
and solar power. Long-term energy demand and supply analysis projects that global nuclear capacities will expand
substantially, i.e. from 350 GW today to more than 1,500 GW by 2050. Uranium supply, spent fuel and waste
management, and a non-proliferation nuclear fuel cycle are essential factors for sustainable nuclear power growth. An
analysis of the uranium supply up to 2050 indicates that there is no real shortage of potential uranium available if
based on the IIASA/WEC scenario on medium nuclear energy growth, although its market price may become more
volatile. With regard to spent fuel and waste management, the short term prediction foresees that the amount of spent
fuel will increase from the present 145,000 tHM to more than 260,000 tHM in 2015. The IPCC scenarios predicted
that the spent fuel quantities accumulated by 2050 will vary between 525 000 tHM and 3 210 000 tHM. Even
according to the lowest scenario, it is estimated that spent fuel quantity in 2050 will be double the amount
accumulated by 2015. Thus, waste minimization in the nuclear fuel cycle is a central tenet of sustainability. The
proliferation risk focusing on separated plutonium and resistant technologies is reviewed. Finally, the IAEA Project
INPRO is briefly introduced.
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1- INTRODUCTION

At present, nuclear power accounts for some 16% of global electricity generation in a, on balance, safe and
environmentally benign manner. Still, while it conforms well with regard to some indicators for sustainable
development, it has to progress further with regard to others. Hence, the future prospects of nuclear power hinge upon
several factors including: adequate supplies of uranium fuel, waste disposal and non-proliferation aspects of reactor
and fuel cycle systems, as well as economic performance and operating safety. Improvements, especially those
brought about by evolutionary innovation, are well under way in most of these areas. This paper aims to review
sustainable development aspects of nuclear power by focusing on the future prospects of uranium supply or the front-
end of the fuel cycle as well as on spent fuel and waste management including the development of technology for
incineration of long-lived minor actinides (MA) and fission products (LLFP) at the back-end of the cycle. Reviewing
aspects of nuclear fuel cycle for sustainable nuclear power growth is based on two scenarios issued by the
International Panel on Climate Change (IPCC), and the International Institute for Applied Systems Analysis (IIASA)
and the World Energy Council (WEC).

2- NUCLEAR ELECTRICITY FOR SUSTAINABILITY

Sustainable Development and Energy
A central goal of sustainable development is to maintain or increase the overall assets (natural, man-made and human
or social) available to future generations, while minimizing the consumption of finite resources. At the same time,
anthropogenic activities and associated waste streams - e.g., from energy production and use - must not exceed the
carrying capacities of eco-systems [1]. The development of nuclear power broadens the natural resources base usable
for energy production, increases human and man-made capital, and when safety handled has little impact on
ecosystems and public health.



The supply of and access to affordable energy services is a prerequisite for sustainable development. Continued
population and economic growth, especially in the developing world, result in substantial increases in the demand for
energy services, despite continued or even accelerated improvements in energy conversion efficiencies and energy
intensities of the economic production process.

Influence of Nuclear Electricity Generation on Ecology
Nuclear power produces virtually no sulfur dioxide, particulates, nitrogen oxides, volatile organic compounds
(VOCs) or greenhouse gases (GHGs). The complete nuclear power chain, from resource extraction and fuel
production to waste disposal including reactor and facility construction, emits only 2-6 grams of carbon equivalent
per kilowatt-hour (gCcq/kWh). This is about the same as wind and solar power including construction and component
manufacturing. All three electricity generating options have GHG emissions of two orders of magnitude below those
of coal, oil, and natural gas (360 -100 gCcc,/kWh) [1].

Globally, nuclear power currently avoids approximately 600 million tones of carbon (MtC) emissions annually, about
the same as hydropower. The 600 MtC avoided by nuclear power equal 8% of current global GHG emissions
assuming that the nuclear share would be replaced by an expansion of the present non-nuclear electricity generating
mix.

Nuclear Electricity Growth
The IPCC published its Special Report on Emission Scenarios (SRES) in 2000. The main objective of the scenarios
is to serve as input to the analyses of the climate modeling, climate impact and climate mitigation and adaptation
communities. The scenarios, therefore, do not reflect any explicit policies and measures to control climate change.
Global primary energy use grows between 1.7 and 3.7-fold between 2000 and 2050. Electricity demand grows almost
8-fold in the high economic growth scenarios and more than doubles in the more conservational scenarios at the low
end of the range. The median increase is by a factor of 4.7 [2],

Most of the scenarios include substantial increases in the use of nuclear power (Figure 1). Thirty-five of the forty
scenarios report results explicitly for nuclear power, not just "non-carbon technology," and the projections for 2050
range between current capacity levels of 350 GWe up to more than 5,000 GWe (with a median of more than 1,500
GWe). These projected growth levels would require added global nuclear power capacity of 50-150 GWe per year
from 2020-2050, even without any policies to reduce GHG emissions. They could be higher if nuclear power were
used to generate more than just electricity (i.e., chemical fuels and desalination).

The SRES also concludes that the future will most likely not be determined by one or more sources of energy running
out. Even the steadily increasing use of fossil fuels, which now supply 87% of the world's primary energy use and
63% of electricity use, is unlikely to exhaust estimated resources. Fossil occurrences are generally agreed to be
plentiful, especially if we look beyond conventional reserves and take into account continuing technological progress
in exploration and production. The same is true of nuclear resources.

Figure 1 :Range of nuclear power in SRES scenarios, 2000-2050. Solid line represents median. Source: IPCC, 2000



3- NUCLEAR FUEL CYCLE FOR SUSTAINABILITY

Prospect of uranium supply
The annual uranium requirements derived from the SRES scenarios vary between 60,000 tU and 948,000 tU with a
median demand of 308,000 tU by 2050. Cumulative requirements to 2050 for the extreme low and high demand
scenarios amount to 3.0 and 19.1 million tU with the median estimated at 7.5 million tU.

In addition to the SRES scenarios providing uranium demand by 2050, the WEC and IIASA in the recent study defined a
wide range of possible future levels of nuclear electricity generation. Based on this study, it is estimated that annual
uranium requirements by 2050 could increase to 177,000 and 283,000 tU, respectively, in the middle and high cases and
fall to 52,000 tU in the low case. The cumulative requirements to 2050 for the low, middle and high cases are,
respectively 3.39, 5.35 and 7.58 million tU.

A new IAEA analysis clarified how known uranium resources (Reasonably Assured Resources (RAR) and Estimated
Additional Resources (EAR-1)) plus Undiscovered resources (EAR-II and Speculative Resources (SR)), supplemented
by secondary supplies, could be utilized to supply reactors to 2050 [3]. Secondary supplies include: existing inventories,
blended down warhead material (LEU blended from HEU), MOX, RepU, and re-enrichment of tails. The balance of
demand is met from Market Based Production (MBP) or: "Uranium produced at or below market price to satisfy
requirements not met by other supply sources".

The analysis concluded as follows: In 2000, primary and secondary supplies are expected to satisfy 58% and 42% of
reactor uranium requirements, respectively in the middle demand case. By 2025, primary supply sources are expected
to cover 94% of requirements, and the role of Market-based Production is projected to grow from satisfying 45% of
requirements in 2000 to 86% in 2025. Known resources are adequate to cover about 96% of Market-based
Production requirements in the middle demand case. However, because of resource distribution and production
capacity limitations, not all resources will have been depleted by 2050, leaving a cumulative deficit between
production and requirements of nearly 850 0001U. This deficit expands 3.5-fold in the high demand case. Even with
the addition of undiscovered EAR-II, there will still be a deficit between production and Market-based Production
requirements of about 307 0001U in the middle demand case.

The challenge for the uranium production industry will be to discover large, relatively low-cost deposits to fill the
projected deficits. Plentiful secondary supply has depressed uranium market prices, which in turn has diminished
incentive to undertake the exploration programmes needed to offset these deficits. Estimates of EAR-II plus
Speculative Resources are more than adequate to offset the projected deficits. In addition, unconventional resources
such as uranium-bearing phosphorite and coal and lignite deposits offer a very high-cost supplement to undiscovered
conventional resources.

Therefore, there is not a true shortage of potential resources. However, these undiscovered resources must be
converted to discoveries, which must then be developed in a timely matter to ensure that their resources can be fully
utilized to offset the projected deficits. Lead times between the beginning of exploration and production can range
between 15 and 20 years. Therefore, expected uranium market prices must increase sufficiently for producers to be
willing to accept the economic risks of uranium exploration and resource development, especially during periods of
weak uranium markets. In addition, it will also be necessary for the uranium industry to continue demonstrating that
it can produce uranium in an environmentally acceptable manner.

The analysis of a projected uranium supply at the upper end of the scale (for which the requirement is 7.58 million
tU) indicates that the high cost uranium (> US$ 78-130/kg U) will come onto the market in 2023, and it is projected
at the present analysis that the cumulative deficit of uranium is about 2 million tU which is much larger than the
deficit for the middle case of about 300,000 tU. It means that, if nuclear power would increase up to 1800 GWe by
2050, supplying such a huge amount of uranium of 7.58 million tU would represent a serious challenge. Moreover,
the SRES scenario predicts a 19.1 million tU uranium requirement for the highest case. If taking the SRES high case
scenario, sustainability would be seriously jeopardized by a large deficit in the uranium supply. Effective utilization
of resources including secondary supplies such as plutonium and reprocessed uranium in existing thermal reactors
and future fast reactors in more effective manner, or introduction of other fuel cycle systems, e.g. utilization of
thorium would become important.
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Spent fuel and waste management
Spent fuel management is an essential part of nuclear fuel cycle, whether it is based on once-through strategies or
recycling. Spent fuel management including storage or final disposal is a key element for sustainable development.
Spent fuel from NPPs has been safely stored for decades at At Reactor (AR) or Away From Reactor (AFR) facilities.
Today, the amount of spent fuel discharged from commercial power reactors ranges from 10 000 to 11 000 tones of
heavy metal (tHM) per year. By 2000, a total of about 220 000 tHM of spent fuel has discharged globally, and about
75,000 tHM of spent fuel was sent to reprocessing. The remaining 145 000 tHM of spent fuel is presently stored. It is
projected by the IAEA model calculation based on the IIASA/WEC scenario on the medium nuclear power growth
that the amounts of spent fuel increases to 260 000 tHM in 2015 [4] and a total capacity of storage in this year is
about 330 000 tHM. For the short time perspective, storage capacity is surplus for the amount of spent fuel in the
global level (not the country level).

However, the long term perspective on spent fuel amount and storage capacity is different. The SRES predicts that
the annual spent fuel amounts discharged from NPPs vary between 11 000 tHM and 155 000 tHM for the lowest and
highest estimates. The median scenario predicts 49 000 tHM. The cumulative quantities by 2050 will amount to 525
000 tHM and 3 210 000 tHM respectively for the lowest and highest estimates and to 1 255 000 tHM for the median.
If all of the spent fuel is stored without either reprocessing or geological disposal, storage capacity in 2015 should be
expanded approximately tenfold by 2050 for the highest scenario, and by about fourfold for the median scenario.
With regard to repositories, it will be necessary to construct more than 50 worldwide having the same capacity of
about 70 OOOt (spent fuel plus vitrified waste) as the Yucca Mountain site at some point in or around 2050 for the
high scenario and more than 20 repositories for the median scenario, assuming that all spent fuel will be disposed of
in repositories and all available repository capacity has therefore been occupied. However, site selection is a major
political issue and no such commercial facility has yet been authorized. This has introduced uncertainties about
future operation, political willingness and financial viability. Several countries have disposal programmes that
envisage repositories becoming operational at some point between 2010 and 2020. In addition to the problems of site
selection, there are financial and environmental protection considerations which do not make it realistic to construct
so many repositories.. In this regard, it is essential for the sustainability of nuclear power to facilitate minimizing
nuclear waste including spent fuel quantities to be disposed of directly.
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Waste minimization is a central tenet of sustainable development. Unlike the solid and toxic waste produced by other
fuel chains, the solid waste produced by NPPs is small in volume, well confined and highly monitored. Final
repositories for low level radioactive waste from NPPs, medical, research, and other applications have been licensed
and already in operation in many countries. High-level waste is more controversial. Although the scientific and
technical communities generally agree that high level can be disposed of safely in stable geologic formations now,
there is also time to work out broadly acceptable solutions assuring full public participation [1].

The development of innovative concepts for nuclear fuel cycles aimed at reducing nuclear waste volumes and
toxicity, thus enhancing safety and cost-effectiveness of the fuel cycle might help to mitigate existing political
concerns to final waste disposal. For example, a pyro-process in combination with nitride or metal fuels is an
innovative back-end fuel cycle approach expected to increase the economic efficiency and reduce the resulting HLW
volumes. Finding new extractants for separation of actinides and lanthanides in aqueous reprocessing could reduce
the radio-toxicity in radioactive waste [5]. Various novel concepts integrating innovative nuclear fuel cycle with
neutron sources such as Accelerator Driven System (ADS), Fast Reactor, fusion blanket or high flux thermal
neutrons have been conceived or developed: They are conceived in the IFR, Double Strata Fuel Cycle System, Self-
Consistent Nuclear Energy System (SCNES) [6].

Non-Proliferation.
Major risk of proliferation is a diversion of separated plutonium and other explosive nuclear materials for
development of nuclear weapons or explosive devices. IAEA Safeguards has been functional for verification of
NPT. In parallel to the verification, institutional arrangement and technologies for non-proliferation have been
progressed. In compliance with the INFCE, the NRC has made a comprehensive assessment on 21 nuclear fuel cycle
systems focusing on proliferation resistant attributes and issued a report on "Alternative Nuclear Fuel Cycle
Arrangements for proliferation Resistance" in 1982 [6]. This report clarified proliferation resistant attributes of
individual fuel cycle systems, and prioritized them. In 1999 a special task force, TOPS was formulated by the DOE
initiative to identify near and long term technical opportunities to increase the proliferation resistance [7]. Two
crucial elements in the TOPS are proposed: First element is the matter of supplier restrictions on sensitive
technologies and materials, and the other is strengthened IAEA Safeguards [8]. In the restriction of sensitive
materials, it is proposed that plutonium should not be provided to States in bulk form.



Plutonium issue is how to reduce increasing inventory with transparency: About 2001 of separated plutonium have
been accumulated worldwide, with considerable additions to this stock projected for the decade to come. Since FR
deployment to consume plutonium is not expected for the time being, the use of mixed oxide fuel (MOX) fuel in
LWRs reduces current and future inventories of separated plutonium. At present MOX fuel is loaded in about 35
LWRs. The amount of MOX fuel produced worldwide in 1998 was about 180 tHM and its production just meets the
demand at present. MOX fuel use, however, is not sufficient if not done in a multi-recycle fashion. The innovation
challenge for MOX, therefore is the development of multi-recycling of plutonium. However, there are a number of
unresolved technical issues such as radiological protection caused by enhanced neutron emissions, heat removal,
increase of non-fissile plutonium in thermal neutron fields, etc. [9]. There are potentials of addressing these
challenges through utilization of the fast reactors.
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Fig. 4 Separated plutonium inventories world-wide reported by the Guidelines of the Responsible Management of
Plutonium (dots) and predicted by the IAEA's VISTA model (lines).The inputs for calculation are as
follows: (1) the world nuclear power capacity grows from 352 GWe in 2000 to 432 GWe in 2010, (2)
notation of SI and S2 means that 50 % of spent fuel discharged from NPPSs are reprocessed, and S3 means
35 % are reprocessed, (3) SI means two recycling of plutonium and S2 and S3, single cycle. Taking account
of the present recycling situation, S3 is the most plausible scenario.

INPRO
Under the auspices of IAEA an International Project on Innovative Reactors and Nuclear Fuel Cycles (INPRO) has
been launched with objective to identify nuclear reactor and fuel cycle concepts consistent with the requirements of
sustainable energy development. INPRO has set out to scrutinize the full range of conceivable concepts ranging from
open fuel cycles (direct disposal of spent fuel) to closed cycles (recycling of Pu with or without Fast Reactors).
Because of IAEA's UN mandate in the area of non-proliferation which also includes the prerogative to provide
guidance on proliferation aspects of new nuclear technologies, the project devotes particular emphasis on
proliferation resistance.



4-CONCLUSIONS

It is predicted that nuclear power, like wind and solar systems, has limited effect on ecosystems and will grow
steadily to 2050. The uranium supply sustaining nuclear power is predicted to be sufficient to 2050, although there
would be a market price increase. We may have two major challenges for the raw material supply in the future. The
challenge for uranium production is to discover large, relatively low-cost deposits to fill the projected deficits
between supply and requirement, and the challenge for technology is to develop the fast reactor fuel cycle system for
effective utilization of resources. Amounts of spent fuel stored will continuously increase in the future, and will be
influenced by several facets such as delayed outset of final disposal or difficulties in spent fuel transportation. Waste
minimization, as well as spent fuel volume resulting from advanced or innovative technologies in the nuclear fuel
cycle, will remain an important challenge for sustainability. It could be addressed also through technology
development, including the innovative fast reactor fuel cycle system. Proliferation resistance in the nuclear fuel cycle
has been considered in institutional arrangements and technologies. An IAEA Safeguards expert has proposed a
limitation on access to sensitive technologies and materials as well as strengthened Safeguards. The IAEA is
implementing an International Project on Innovative Reactors and Fuel Cycle (INPRO) to clarify the requirements of
nuclear power technology for the future.
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