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ABSTRACT  

Nuclear energy provides a significant contribution to the overall energy supply in 
Europe. With 148 reactors in 13 of the 25 Member States producing a total power of 125 
GWe, the resulting energy generation of 850 TWh per year provides 35% of the total 
electrical energy requirements in the European Union. Worldwide, 441 commercial reactors 
operate in 31 countries and provide 17% of the electrical requirements. Currently 32 nuclear 
reactors are being built worldwide mostly in India, China and in neighbouring countries. 

The used fuel discharged from nuclear power plants constitutes the main contribution to 
nuclear waste in countries which do not undertake reprocessing. As such, its disposal requires 
isolation from the biosphere in stable deep geological formations for long periods of time 
(some hundred thousand years) until its radioactivity decreases through the process of 
radioactive decay. Ways for significantly reducing the volumes and radiotoxicities of the 
waste and to shorten the very long times for which the waste must be stored safely are being 
investigated. This is the motivation behind the partitioning and transmutation (P&T) activities 
worldwide. 

Most of the hazard from the spent fuel stems from only a few chemical elements, 
namely plutonium, neptunium, americium, curium, and some long-lived fission products such 
as iodine, caesium and technetium. At present approximately 2500 t of spent fuel are 
produced annually in the EU, containing about 25 t of plutonium, and 3.5 t of the ‘minor 
actinides’ neptunium, americium and curium, and about 3 t of long-lived fission products. 
These radioactive by-products, although present in relatively low concentrations in the used 
fuel, are a hazard to life forms when released into the environment. 

This paper addresses the potential impact of P&T on the long-term disposal of nuclear 
waste. In particular, it evaluates how realistic P&T scenarios can lead to a reduction in the 
time required for the waste to be stored safely.   

 

1 INTRODUCTION 

  The current drivers for the energy debate today in Europe are climate change and the 
emission of greenhouse gases on the one hand, and security of energy supply on the other. 
The European Union currently imports 50% of its energy and, going by the present trend, this 
may increase to 70% within just 20 years. The Kyoto deadlines on targets for CO2 emissions 
are quickly approaching while the increasing world demand created by China and India on oil 
and gas are adding steep price increases to the equation, not least to the pockets of consumers. 
With 460 million citizens, the EU is one of the largest integrated energy markets in the world 
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with 80% of total energy use based on oil, gas and coal. EU import dependency is increasing. 
From 50% today it could reach 70% in 2030 if nothing is done. 50% of EU gas consumption 
comes from 3 countries: Russia, Norway and Algeria. Current trends show that gas imports 
will increase to 80% over the next 25 years. Oil and gas prices are rising, they almost doubled 
over the past 2 years in the EU and electricity prices follow the same trends. 
  On 8 March 2006, the European Commission published a “Green Paper” on developing 
a common, coherent European energy policy for sustainable, competitive and secure energy 
[1]. The first priority of the Green paper is the development of fully competitive internal 
electricity and gas markets. The second priority concerns security of supply and solidarity 
between Member States in the event of a crisis. The third priority is about the energy mix. 
While it is up to each Member State to choose its energy mix, it is also clear that choices 
made by one MS have an impact on the energy security of its neighbours and the Community 
as a whole. One idea is to agree a minimum level of the overall EU energy mix from 
indigenous, secure and low-carbon energy sources. The Commission is proposing a 
comprehensive Strategic EU Energy Review to analyse all the advantages and drawbacks of 
different energy sources, from indigenous renewable energy sources to coal and nuclear. The 
fourth priority is climate change where Europe is at the forefront, notably on decoupling 
economic growth from increasing energy consumption. Energy generation and consumption, 
in particular in transport and heating account for 80% of greenhouse gas emissions. The focus 
here is mainly on energy efficiency. The fifth priority concerns technology and accelerating 
the development and availability of promising energy technologies on the market. The EU is 
already engaged in a wide portfolio of technologies for renewable energy, clean coal and 
carbon capture and storage, bio-fuels, hydrogen and fuel cells, nuclear energy and fusion 
through the implementation of the ITER agreement. Last but not least, the final priority is 
external energy policy. Ruptures in gas supplies to Eastern Europe allied to fears about future 
Iranian actions etc. highlight the geopolitical risks to EU energy supplies.       
 
  The five key drivers in the nuclear energy debate are:  

− Competitiveness and Sustainability 
− Health & Safety, Environment 
− Nuclear Waste Management 
− Security and Non-Proliferation 
− Generation IV Reactor Systems 

 
With regard to competitiveness and sustainability, one needs to establish if nuclear energy 
makes financial sense.  From the perspective of health & safety and environment, a careful 
investigation of the facts on related issues such as accidents, the evolution of safety standards, 
health effects on workers, transport, comparisons with other energy sectors etc.   
Addressing the “green” credentials of nuclear within Kyoto commitments, one of the most 
important issues related to nuclear energy, is that of nuclear waste management with regard to 
both current and future disposal options available to us. This will form the main body of this 
paper. In terms of security and non-proliferation, it must be realised from the outset that 
nuclear energy is based on dual use technology. In a climate of heightened public fears around 
Iran's nuclear capabilities, it is, however, important to make the distinction between civilian 
and military use. Finally in the longer term, so called Generation IV reactor systems will form 
the backbone of nuclear energy. 
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2 EU FRAMEWORK PROGRAMMES FOR R&D (EC AND EURATOM) [2] 

The FP-6 research programme extended over the period 2003-2006 and consisted of the 
EC part (non nuclear research: 16 270 million EUR) and the Euratom part (nuclear research: 1 
230 million EUR, broken down into 750 M for fusion and 480 M for fission, i.e. 190 M for 
indirect actions organised by DG Research + 290 M for direct actions carried out by DG 
JRC). The total FP-6 research budget (EC and Euratom programmes, direct and indirect 
actions) was 17 500 million EUR. On an annual basis, this EU budget corresponded to circa 5 
% of the public civilian research budget of the EU Member States or to 3.5 % of the EU 
budget 2006. 

In the 6th Euratom research framework programme (FP-6) which during the period 2003-
2006, the total EC contribution for the specific research area “Nuclear Fission and Radiation 
Protection” amounts to 78 million EUR. The related Community research projects (indicated 
in Table 1 below) are spread over the following 4 sub-areas organised in the form of 
“networks of excellence” (NoE) and “integrated projects” (IP): 

 
Table 1: Research projects in FP-6 in “Nuclear Fission and Radiation Protection” 

 
Area  EC contribution 

(M EUR) 
Total cost 
(M EUR) 

safety of existing installations                    
(PERFECT, SARNET, NURESIM, COVERS) 

19 52 

innovative reactor systems             
(RAPHAEL, GCFR, ELSY, HPLWR) 

17 35 

partitioning and transmutation (EUROPART, 
EUROTRANS, RED-IMPACT, ACTINET)  

38 67 

education and training (+ infrastructures) 
(ENEN / NEPTUNO, ENETRAP,…, JHR, 
HOTLAB) 

4 4 

total 78 158 
 
On 6 April 2005 the European Commission announced its proposals for FP-7 covering 

both EC and Euratom: the “Seventh Framework Programme (2007-2013) of the European 
Community for research, technological development and demonstration activities 
(Cooperation, Ideas, People, Capacities)”. The policy objectives are set out in an 
accompanying Communication “Building the ERA of knowledge for growth”– see 
http://cordis.europa.eu/fp7/. The Commission proposed in particular to double the FP-7 
budget of EC actions, compared with FP-6, rising to EUR 73 billion (+ 3 billion for Euratom) 
over the period 2007-2013. On 21 September 2005 the European Commission published its 
proposals concerning the Specific Programmes for the implementation of the FP-7. 

 
Table 2: Euratom research framework programmes for fusion and fission (FP-6 and FP-7) 

 
 FP-6 (2003-06)* FP-7 (2007-11)** 

Fusion Energy       750 1 947 
Nuclear Fission and Rad. Protection     190 287 
JRC’s EURATOM activities (direct actions) 290 517 

Total 1 230 2 751 
*   +10% due to enlargement   
** FP-7 Commission’s revised proposal of 28 June 2006 (final decision in autumn 2006). 
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Table 2 outlines the amounts (million EUR) for Euratom research framework programmes 

covering both fission and fusion energy under the FP-6 and under the proposed FP-7. The 
Commission’s revised proposal of 28 June 2006 for the implementation of the seventh 
Euratom Framework Programme for the period 2007 to 2011 is a budget of 2 751 M EUR. It 
is worth noting that in the proposal for Euratom FP-7 an additional (indicative) budget of 1 
310 M EUR is mentioned to cover the period 2012-2013 for fusion and fission (82 % for 
indirect and 18 % for direct actions). The final decision about FP-7 budget will be taken in 
autumn 2006. 

3 RADIOTOXICITY REDUCTION IN DIFFERENT P&T STRATEGIES 

An important measure of the hazard of nuclear waste is its radiotoxicity arising from the 
radioactive quality of the bye-products produced in the reactor. To investigate the effects of 
different P&T strategies on the radiotoxicity reduction of the nuclear waste, three cases have 
been considered in this study, as well as the open cycle [3]. The resulting radiotoxicity curves 
are shown in Fig. 1, in which the crossover point (with the horizontal dotted line) indicates the 
time at which the radiotoxicity of the waste reaches the reference level. 

 

 
Fig.1. Ingestion radiotoxicity of (1 t) spent nuclear fuel based on ICRP72 dose coefficients. 

 
The following observations can be made: 

(a) The open cycle (top curve, fig.1): the spent fuel is directly sent to long-term storage 
with no P&T. It takes 130,000 years before the radiotoxicity reaches the reference level. 
(b) The full multi-recycling (lowest broken curve) of Pu as well as Am and Cm with 
high overall separation efficiency (99.5% for Pu and 99% for Am + Cm): The crossover 
point is 500 years. If the Cm is left in the waste, this time is extended to 1000 years. 
(c) The full multi-recycling of Pu as well as Am and Cm with less overall separation 
efficiency (99.5% for Pu and 95% for Am + Cm). The crossover point is 1000 years. 
(d) The partial multi-recycling: multi-recycling of the Pu (99.5% efficiency), and one 
single recycling of the Am and Cm. In this case the Am and Cm are transmuted in 
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targets in a fast reactor, with 90% efficiency. Thus the crossover point is around 1500 
years. In this strategy, we can also consider leaving the Cm in the waste, and then 3000 
years are required. 

 
Based on these results it can be concluded that P&T can help reduce the radiotoxicity 

of the spent fuel by more than two orders of magnitude in the time frame 500 to 1500 years. 
The fission products radiotoxicity curve (lower continuous curve in fig. 1) gives the 
theoretical limit to the total radiotoxicity reduction in the case that all the actinides are 
partitioned and transmuted – i.e. no losses. This time is about 270 years to reach the same 
order of magnitude in the radiotoxicity reduction. 

4 P&T STRATEGY TECHNICAL FEASIBILITY 

4.1 Feasibility of the partial multi-recycling strategy  

The partial multi-recycling strategy (Fig. 2) consists of the multi-recycling of the Pu 
and Np in fast reactors associated with one single recycle of Am and perhaps Cm. Targets 
containing small amounts of Am (and Cm) would be placed in the fast reactor and irradiated 
during a long time period. 

This strategy requires the knowledge and demonstration of advanced aqueous 
reprocessing of spent oxide fuel, to recover Pu, Np, Am and Cm. The reprocessing in current 
(but modified) installation requires high separation rates (99.9% for Pu and Np, and 99% for 
Am and Cm), which seems feasible from present research results. The separation efficiency of 
several actinides demonstrates that 99.9% of recovery is achievable for Pu, Np and Am with 
the DIAMEX process. One open question is the treatment of the Cm. If the Cm is not 
transmuted while the Am is, then the separation of the Cm from Am has to be done, which 
needs further experimental demonstration.  

 

 
Fig. 2. Flow sheet of the partial multi-recycling strategy [4] 

 
 
After separation, the minor actinides have to be conditioned preferably in stable U-

free targets for their irradiation in fast reactors for their transmutation by fission. The 
development of the facilities and fabrication processes are going on mainly at ITU and CEA 
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for Europe, and the feasibility of their fabrication, transmutation and good irradiation 
behaviour has been partially demonstrated. New experiments planned in Phenix and HFR will 
further increase the present database and more experiments will still be required before 
considering these new compounds for licensing in commercial installations and for large scale 
utilisation. This can be achieved within a couple of decades taking into account the long lead-
time needed in reactor materials developments. A particular technical question to be resolved 
in this strategy is the high transmutation rate required: the amount of actinides still present in 
the irradiated targets should be less than 10% of the actinides initially loaded. This requires 
high burning rates, and the demonstration that the materials, fuel and cladding, can sustain 
these limits without failure. 

 
4.2 Feasibility of the full multi-recycling strategy 

The full multi-recycle strategy (Fig. 3) consists of the multi-recycling of Pu, Np, Am, 
and possibly Cm in a dedicated reactor. This strategy is preferable from the societal point of 
view since it can potentially lead to radiotoxicity reduction factors of more than 100 after only 
500 years instead of a few thousands of years in the heterogeneous strategy and several 
hundred thousands of years if P&T is not applied. 

As concluded by the European Technical Working Group on ADS [5] this goal 
necessitates first the design of suitable reactors, preferably dedicated ones, as well as 
improved fuel cycle requirements. One such fuel cycle is the “double strata” cycle. The first 
strata reprocessing is comparable to that of the partial multi-recycling strategy, and seems 
feasible in the medium term. The reprocessing of the second strata materials will in any case 
require separate installations, due to the different nature of the materials to be reprocessed: 
they contain large amounts of residual transuranium elements, and they are probably 
embedded in U-free matrices to avoid excessive production of such elements from neutron 
absorption in U. These inert matrices are not yet totally defined: oxides (zirconia-based) and 
nitrides are envisaged in Europe. They all have advantages and drawbacks, among others the 
reprocessability of non-U oxides. Oxide-to-metal reduction followed by electrorefining is 
now under development at ITU and CEA and other laboratories, but feasibility is not 
demonstrated yet at a larger scale. 

 

 
Fig. 3. Flow sheet of the full multi-recycling strategy [4] 

 
The fuel fabrication does not bring additional difficulties compared to the partial multi-

recycling strategy. Only the quantities involved are increased, and larger facilities will have to 
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be considered in the future. On the contrary, the burning rate to be achieved is smaller (20%), 
and fuel design and licensing could be simplified. An important concern related to P&T in 
general and to the full multi-recycling strategy in particular, is the secondary wastes 
production. It comprises all insoluble active residues, degraded solvents or salts, ancillary 
materials, analytical wastes, activation and spallation products in the case of accelerator-
driven systems (ADS), etc. Any P&T implementation scenario will have to consider the 
wastes and provide feasible technical solutions for their conditioning and storage. 

Taking into account these considerations, a large scale demonstration of the full multi-
recycle strategy cannot only be realised over the next two decades. However, one could 
envisage as a compromise a simplification of the best technical options, by using U matrices, 
as already demonstrated on a small scale more than ten years ago with SUPERFACT. U, Pu, 
MA oxide-based fuels require less (although not negligible) design, fabrication and licensing 
efforts. 

5 CONCLUSIONS 

Currently, P&T is at the R&D stage. Although advanced aqueous processing has been 
demonstrated at the laboratory level, it needs to be scaled up to the industrial level. Pyro-
processing is still very much at the R&D stage. Before transmutation can be introduced on an 
industrial scale, new fuels or targets will have to be developed that may contain substantial 
amounts of MAs and be able to withstand high levels of irradiation. The expected time scale 
for such developments could be of the same order as the development of a new large 
commercial processing plant: 

 
(i) Partitioning: aqueous: 5–10 years; pyrochemical: 10–15 years. 
(ii) Fuel and target fabrication: 10–15 years. 
(iii) FR reintroduction: 20–25 years. 
(iv) ADS development: 25–40 years. 

 
The application of P&T would, if fully implemented, result in a significant decrease in 

the transuranic inventory to be disposed of in geologic repositories. Currently, it is believed 
that the inventory and radiotoxicity can be reduced by a factor of 100 to 200 and that the time 
scale required for the radiotoxicity to reach reference levels (natural uranium) will be reduced 
from over 100 000 years to between 1000 and 5000 years. To achieve these results it is 
believed that it would be necessary for plutonium and neptunium to be multiple recycled and 
for americium (curium) to be incinerated in a single deep burn step. 

Partitioning followed by conditioning (the P&C strategy) is an intermediate strategy 
towards P&T. Conditioning of MAs and some LLFPs as future irradiation targets or of IMF 
for long term storage is a dual option that could be pursued until transmutation facilities 
become available. The expected time scale for the start of a P&C strategy is 5–10 years if 
partitioning is performed by aqueous methods and 10–15 years if pyro-chemical techniques 
are to be used. 

The proliferation risk potentially associated with P&C and P&T development and 
application, and their impact on the non-proliferation regime and on IAEA safeguards, should 
be addressed at the early stages of P&C and/or P&T programmes [6]. 
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