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Syntheses Report  
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PATEROS Coordination Action (CA) was aimed at establishing a European vision for 
the deployment of Partitioning and Transmutation of Nuclear Waste, up to the level of 
industrial implementation. It proposes a Roadmap for identifying the required 
programmes, projects, actions, budgets and manpower to produce a sound advancement 
in this complex technology, which can be very relevant for reducing the radioactive 
inventory and radiotoxicity of the nuclear waste in the long and very long term. 
 
This objective is fully in agreement with the concept of Sustainable Development and 
with the growing techno-economic opinion about the need of Nuclear Fission Energy at 
mid and long term in order to meet world’s demand of electricity with a severe 
limitation in the emission of greenhouse effect gases. It is therefore very important to 
underline that the primary objective of P&T is to contribute to the deployment of 
Sustainable Nuclear Energy, by producing a substantial reduction of the final wastes of 
the advanced nuclear fuel cycles. Indeed, this effect will have a very positive effect on 
the specifications for interim and final waste repositories, both in heat load and 
radioactive inventory. However, the impact of those effects on the evaluation of the 
repositories has not been assessed in this report, because it will depend on the actual 
fuel cycle deployed in each case or each country. It goes without saying that P&T is not 
aimed at eliminating the need of those repositories, which will have to address the 
problem of confining the final waste in a safe way for the required time span. 
 
The present document proposes a P&T Roadmap in the framework of advanced fuel 
cycles leading to a sustainable nuclear energy. It identifies P&T as an important 
component to be considered per se and worldwide, irrespective of the different national 
policies and different options vis-à-vis nuclear (fission) energy.  
 
Besides being a scientific document with an inherent value, the document is particularly 
designed as an input for the E.U. Commission and a communication to the Sustainable 
Nuclear Energy Technology Platform (SNE-TP). Although P&T can only reach its full 
significance in the complete field of Nuclear Fission Energy, it seems it needs specific 
attention because of its very particular features as a technology and as a potential tool in 
nuclear waste management. 
 
It is worth noting that P&T is a relatively new field of research within Nuclear Fission 
Energy, although the nuclear reactions and the chemistry properties relevant to it, were 
known for many decades. Anyway, P&T was not considered as such in the International 
Nuclear Fuel Cycle Evaluation (INFCE,1978-1980). It became a truly identified field of 
research in the early 90’s, and soon after its start, many nuclear entities became 
interested in it. That was the case of the International Atomic Energy Agency (IAEA) 
and the Nuclear Energy Agency of the Organization for Economic Cooperation and 
Development (NEA-OECD). Both agencies have promoted international studies and 
have held seminar and workshop on this topic.   
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EURATOM has also been interested in this subject, and it has been progressively 
embodied into the Framework Programmes, as will be briefly described later on. It will 
also be underlined the importance of the European Added Value in this research, 
because of the very nature of the topic and the synergies that can be established in order 
to get a full programme with enough resources and critical mass. Indeed, one of the 
most challenging questions in preparing a Roadmap in P&T (and surely in ant Fission 
topic) is how to coordinate and eventually integrate the national programmes in this 
field. It is obvious that European synergies can help promote this research, but it cannot 
be forgotten that nuclear installations are subject to national authorities, and must be 
approved by the corresponding Regulatory Bodies (which do not share, so far, a 
common view on nuclear standards). In spite of this difficulty, it seems that the quest 
for Nuclear Energy Sustainability needs an answer to the questions already posed about 
how to use the nuclear physics features and the chemistry properties for the sake of 
minimizing the radiological burden of the nuclear waste and to reduce the uncertainties 
related to its management in the very long term.   
 
In order to make a systematic description of this complex field of research and its 
potential evolution at European scale, this document is structured into six sections: 
 

• Background and overall perspective 
• Objectives and external framework 
• P&T rationale and added value at European level 
• Fuel cycle scenarios and transmutation potential performances 
• State-of-the-art of transmutation facilities and fuel cycles technologies relevant 

for P&T. Research infraestructures. 
• The Roadmap; key elements and decision process 



 4

1. Background and overall perspective 
 
A sketch of the Roadmap is presented in the attached figure, where three main lines of 
research are pointed out: 

• Reprocessing techniques for making the suitable partitioning of the spent 
fuel components. 

• Fabrication of appropriate fuels that could be used for transmutation 
processes. 

• Design and construction of nuclear facilities where the offending nuclei 
could be transmuted. 
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Of course, P&T cannot be considered as an isolated quest. It has to be considered both 
in the global perspective, as a potential contribution for the safest use of Nuclear Power, 
and at national level, because Nuclear Energy is a subject under the independent control 
of the countries, even within the European Union, where the EURATOM Treaty 
remains as the only one outside the Treaty of the Union. From this viewpoint, a 
Roadmap for P&T has to take into account the ways currently considered for the 
possible additional deployment of Nuclear Energy in Europe. Indeed, P&T would only 
be relevant if, at least, some countries decide to go ahead with such a deployment at a 
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large scale, for not to say the largest scale. Next two figures are related to the need of 
integrating P&T in the overall framework of the future of Nuclear Power. 
 

Overall P&T Roadmap, PATEROS 2008
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In last figure, it is indicated the need of having an evaluation of the P&T impact by the 
Nuclear Waste national Agencies, once the actual transmutation performance could be 
demonstrated in pilot plants. It is well known that national policies differ quite a lot in 
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the field of the final management of nuclear wastes, but it has also to be recognized that 
those policies could be reformulated if P&T could show a strong and posistive impact in 
reducing risk and uncertainties of the final disposal of nuclear waste. Moreover, the 
very definition of nuclear waste could change according to the advancement provided 
by P&T research and demonstration. 
 
Properly speaking, that demonstration needs he support of nuclear systems where the 
neutron availability and spectrum could offer the right values for getting the anticipated 
transmutation performance. This means that either critical or subcritical Fast Reactors 
are needed to that goal. As a matter of fact, both types of reactors are need in an overall 
picture of P&T deployment. Thai is why it is directly connected to the development 
sketched in next two figures, the first one on FR, the second one on fast ADS, i.e., 
subcritical reactors driven by an intense neutron source activated by accelerated nuclear 
particles. 
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FR will mainly be developed for the sake of energy production, but they will also be ad-
hoc tools for transmutation. From this point of view, P&T will largely depend on FR 
new strategies of R&TD. 
 
At first, ADS will be developed for transmutation, although other applications cannot be 
discarded in a very long term, for instance in relation of the thorium cycle. For the 
moment, our analysis of P&T considers ADS as specific tools for some irradiation tasks 
in the transmutation domain. 
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In a similar way, there will have to be specific material developments for transmutation 
applications, particularly about fuels and claddings. This point is also connected to the 
FR development, although the fabrication of specific fuels for transmutation with a high 
inventory of Minor Actinides can pose very challenging problems. This alternative is in 
relation to the so-called heterogeneous transmutation, where specific targets of MA 
would be used. Transmutation can be done in a homogeneous way, by diluting the 
offending nuclei in a general matrix of fuel prepared for energy production, In this case, 
the fuel will also present some peculiarities, and will have to be properly characterized 
by suitable irradiation tests.  
 
The content of the transmutation fuel will be defined by the fuel cycle strategies 
established in a given country or set of countries. In order to fulfill that demand, suitable 
partitioning techniques will have to be developed at industrial level. It is worth pointing 
out that many techniques are already available at laboratory scale, with very high values 
of extraction of the different nuclei considered to that aim (notably, Minor Actinides). 
Of course, the right choice of the reprocessing method will depend on the type of fuel to 
be treated, which means that this problem is clearly associated to the former one. In 
turn, the fuel will depend on the type of fast reactor deployed in the future. Molten 
metal  FR will likely have different fuels than Gas-cooled FR. In summary, there will be 
an evolution of R&D in the field of Materials and Reprocessing that will condition quite 
a lot the alternatives and feasible solutions in P&T. Two sketches on those topics are 
presented below. 
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2. Objectives and external framework 
 
The European society as a whole has expressed its demand for more innovative 
processes for management of nuclear waste. This situation calls for an overall 
evaluation of what could be the contribution of partitioning and transmutation for the 
reduction of the amount and the radiotoxicity of these wastes. At this stage, answers are 
required regarding technical capabilities, potential advantages, collateral effects, and 
even more provide a vision of a deployment plan. The PATEROS CA will contribute to 
achieve these objectives aiming at defining “A strategic road-map for unified 
research in the EU with a view to establishing a true European Research Area in 
partitioning and transmutation” 

 
PATEROS CA has paid particular attention to structuring and integrating the European 
activities related to P&T, and it envisions its deployment that can lead to establishing 
the European Research Area in this specific field. Moreover, PATEROS proposals look 
into the long-term future as they include the basis for enabling the industrial 
implementation of this technology, which needs a huge R&D effort. PATEROS is 
therefore providing a global European strategy, which will have very positive features: 

• Avoid the fragmentation of the present P&T community by focusing the 
objectives and indicating mid-term milestones. The programme includes the 
definition of demo facilities and testing installations at pilot scale, plus the 
economical feasibility of P&T of Minor Actinides. Transmutation of Fission 
Fragments is considered not relevant in this context. However, it seems 
advisable to separate Cs and Sr isotopes from the main stream of reprocessed 
fission fragments, as a tool to alleviate the heat load in Geological Repositiories;  

• Offer a stable research environment for this community avoiding so the drain of 
European specialists from this strategic area for the energy security of Europe; 

• Serve as a trigger for maintaining the national funding in this field at an 
adequate level; 

• Encourage innovation activities leading to new technologies that could 
contribute to solving problems related to security of energy supply, and adequate 
treatment of associated environmental and wastes problems. 

 
Despite the diversity between the Member States in terms of the fuel cycle policy, the 
P&T development and the R&D needed for its deployment request an integrated effort 
at the European level and even worldwide. PATEROS’ proposals will convey important 
effects, as:  

• An integrated vision: after 10 years of exploratory research, it is time to put 
research in the position of being able to quantify indicators for decision-making, 
such as the potential effect of P&T in waste management. The common vision 
also addresses issues relating to safety, radiation protection, transport, secondary 
waste, costs, and scheduling. These elements, worked out on the basis of the 
extensive knowledge already acquired and an overall system approach including 
existing PWR and ADS installations in scenario studies, are the basis for the 
proposed Roadmap formulated in this document as a preliminary text.  

• A technical evaluation structured in stages: the vision mentioned above must 
be complemented by a progressive and collective technical evaluation of the 
scientific difficulties. The knowledge available today and at the end of the FP6 
projects is and will be already important; nevertheless, the task now is to 
evaluate and gain a better understanding and control over the different 
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components required for the deployment of P&T up to industrial scale level, 
including the selection of the major installations to be developed in this area. 
This implies consolidation and sharing of knowledge beyond what would 
ordinarily be practiced by the various scientific communities involved. This 
policy contemplated in PATEROS is fully in agreement with the Strategic 
Research Agenda of the SNE-TP and with the premises of the SET Plan, still to 
be developed.  

• An European base, ERA style: PATEROS proposals could and should 
contribute to establish the so called European Nuclear Research Area on sounder 
grounds, because of the benefits from a common analysis based on a broad base 
of skills, taking also into account the various national strategies. The co-called 
“mirrors groups” must play an important role in the implementation of the 
proposed Roadmap. 

• Integrating significant resources: PATEROS is identifying synergies between 
European and National research programmes in this field. It could be of 
particular interest to promote and fund combined projects. In many cases, these 
projects would belong to a given national programme, but they should be 
developed under EURATOM umbrella and with EURATOM budgetary support. 

  
PATEROS work has taken into account the development of various EU projects funded 
in Framework Programme 6, related to P&T. They are listed below, where a picture can 
be seen on the coherence that must be sought in the results of these projects, In the 
figure at the end of this section, a scheme of the ongoing FP 6 projects on P&T is 
presented. 
 
Another very important boundary condition for PATEROS is the launching of the 7th 
FP, which also contains actions in this field. It is worth pointing out that EU 
Commission officers have been in permanent contact with this CA, so having received 
timely inputs from the CA workings and results. There are currently some projects 
under processing for Grant Agreement, particularly: 
Project:ACSEPT 
Actinide recycling by Separation and Transmutation  
 Chemical separation processes compatible with fuel fabrication techniques, with a 

view to their future demonstration at pilot level     
Project:GETMAT 
 Gen IV and Transmutation Materials 
 
 
 
 



 11

 
 
 
 
 
In a broader context, the Roadmap has to take into account the general european 
initiatives in Nuclear Energy, which are practically embodied in the ongoing activities 
of the Sustainable Nuclear Energy Technology Platform. In particular, its Strategic 
Research Agenda is identifying the challenges and priorities in the different lines of 
development and the different time horizons. In the long term, the concept of Nuclera 
Waste Minimization is considered as a fundamental objective, very close to P&T. In  
the SRA document version 1.3 of August 4th, sections II.2.2 and II.3.2 are devoted to 
this topic. It can be said that there is not any contradiction between the SRA and the 
PATEROS approach and structure, although some details are still to be defined. Besides 
the specific questions directly related to P&T, the SRA document contains other 
elements of primary importance for the potential deployment of these techiques, as the 
programmmes for the development of different types of Fast Reactors (SFR, GFR, 
LFR) and ADS. The latter is very tightly connected to the development of a 
Transmutation Prototype. Other important points of contact between SNE-TP (SRA) 
and PATEROS are the « cross-cutting » topics, covering Material research (Fuel and 
Structural material) ; Codes &Standards ; Modelling & Simulation, and Safety. For 
instance, in point VI.4 of the cited version of SRA, inside the Fuel Research section, 
one of the priority actions is devoted to Minor Actinide bearing fuels, which is a 
classical topic of P&T, as pointed out in the PATEROS documents. The same can be 
said about nuclear Reseach Infrastructures for fuel development, reprocessing and 
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irradiation, because the needs for developing the different lines of new reactors are 
pretty much the same as those found in P&T, although in our case ther can be specific 
points, as the problems associated to a sizeable inventory of Cm in the transmutation 
fuels.    
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3. P&T rationale and added value at European level  
 

Nuclear power contribution to the Energy sector 
 
Nuclear energy generates close to 30% of the electricity of the EU, at a competitive 
price, without production of CO2 or other greenhouse effect gases, and contributing to 
reduce the energetic dependence from third countries and from the carbon based fuels. 
Its characteristics, which will be further enhanced in the future generations of reactors, 
perfectly match the requirements of reduction of emissions, security of supply and 
competitiveness, defined by the EC as the priorities for the future energy supply in the 
EU. However different countries in Europe make a different evaluation of the cost and 
risk of nuclear energy versus its benefits, and we can find in Europe countries that have 
a clear policy to maintain or increase the current nuclear installed power, others 
planning to reduce or phase out the electricity generation from nuclear fission, and 
countries considering to initiate in the coming years their nuclear industry. In addition, 
these policies might in some countries change with time or as a function of the future 
evolution of its economical and political environment. 
 
Political acceptance and public attitude towards Nuclear Fission Energy seem to depend 
quite a lot on the Nuclear Waste issue, according to the results of several 
Eurobarometers and different polls at national level. For instance, Finland’s approval 
for a fifth nuclear power unit was strongly favoured by the decision to start the 
construction of a Deep Geological Repository (DGR), because it was a clear signal that 
public authorities were taking important decisions to ensure the long-term safety of the 
nuclear waste. In this sense, P&T could contribute even more to that perception, 
because the resulting final waste to be disposed of in the DGR could be of much lower 
radiological risk for future generations. The construction of a DGR is also an indication 
that the techniques to cope with this problem are already available, after a long-standing 
R&D effort in the very many areas involved in that case (from geological studies to 
technological barriers). Similarly, a sound R&D programme on P&T could be very 
helpful to provide the European citizens with the data and facts about a waste-treatment 
technique that could reduce the radiotoxicity legacy for the future, as already said. 
 
Nuclear waste and Sustainable Development 
 
It is also very important to underline that Sustainable Development has become a 
fundamental concept for guiding new policies for a new, environmentally cleaner world. 
This guidance is particularly needed in the management of any kind of waste. Within 
this context, a general principle can be stated as follows: before the final disposal of any 
waste, any possible chemical and/or physical treatment has to be applied in order to 
reduce the waste’s toxicity, provided the treatment does not convey unacceptable risks 
or unacceptable costs. 
 
The application of this principle to Nuclear Waste leads to the question: can anything be 
done to reduce the waste’s radio-toxicity before storing it in a final repository? 
 
Unlike most of chemical wastes, high activity nuclear waste (HANW) cannot be 
disposed of by spreading it into the environment. HANW has to be confined in a proper 
place sufficiently separated from the biosphere, for a period of time long enough for the 
waste activity to decay to naturally occurring values. This means of the order of one 
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hundred thousand years. Therefore, before disposing of HANW into such places, the 
former question has to be answered. And the answer is simple from the viewpoints of 
nuclear phenomenology and radiation effects: long-lived nuclei conveying very high 
radio-toxicity in the very long term (much longer than one thousand years) can be 
converted into nuclei decaying within much shorter time spans. The techniques to do it 
are called Transmutation. As the spent nuclear fuel is made of a large number of 
radioactive nuclei, a separation process (Partitioning) is needed to prepare the nuclear 
material to be irradiated for converting the offending nuclei into stable or much short-
lived ones. In that way, by using Partitioning and Transmutation (P&T) the nuclear 
inventory in a final repository will reach the naturally occurring radiation levels in a 
much shorter period of time, of the order of one thousand years or even less. (However, 
the activity levels for short periods, about one hundred years, will likely be higher than 
in the case of not applying Transmutation to the HANW, although the waste can be 
confined easily, with a very high level of safety, similar to those of current NPP). 
 
P&T is thus a potential treatment based on well-known nuclear mechanisms, although it 
has not reached yet a level of technical development so mature that it could be 
considered an actual option for nuclear waste treatment. Nevertheless, some facts 
(chemical separation processes, selected types of nuclear reactions induced by neutrons 
of tailored energy) set up a positive prospect for P&T to become a reality. In order to 
make it possible, R&D efforts must be structured into efficient work programmes and 
projects, taking into account the results of the previous efforts done by the P&T 
community, which are actually significant, and do constitute a suitable basement for a 
further, more practical development.  
 
Europeans institutions and companies have been very active in this field, representing a 
large part of this community. The work done so far has been fairly integrated, and there 
is already a very good level of scientific collaboration among those actors. Nevertheless, 
a new drive is needed to move this field ahead in the most fruitful way. The Roadmap 
presented here is the proposal from the European P&T community for converting this 
potential treatment into a reality that could be used to reduce the long-term radiological 
burden of the spent fuel coming from the electricity generated in the Nuclear Power 
Plants. 
 
Also from the sustainability point of view, it is worth noting that the spent fuel of the 
present Light Water Reactors, LWR, contains very valuable materials, typically 95% of 
the Uranium of the fresh fuel and Plutonium with as much energy potential as 25% of 
the fissile part (235U) of the fresh fuel. There are several reactor concepts, particularly 
Fast Reactors, but also the new generation of thermal LWR, that are able to use these 
components of the spent fuel to generate large amounts of electricity. These reactors 
will fission this new fuel to generate energy, transmuting it from long-lived actinides to 
fission fragments with largely reduced radiotoxicity and, for most of them, of much 
shorter half-life. Some of these reactors are also able to use higher actinides (Np, Am 
and Cm) bringing further the utilization of the energy potential and the minimization of 
wastes from the spent fuel. A continuous recycling of the actinides (U, Pu and minor 
actinides), that can be implemented combining reprocessing technologies with some 
advanced Fast reactor concepts, allows to multiply the amount of energy extracted per 
ton of mined Uranium by a factor between 30 and 100. It should be noted that, 
according to the most recent estimations, the Uranium resources at acceptable 
exploitation cost might be only enough for 60 to 200 years, with the technologies of the 
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reactors presently in operation. Recycling will make these resources sufficient for 
several thousand years, making these components of the spent fuel high valuable 
resources.  
 
The potential impact of P&T 
 
In order to reduce the amount of long-lived radioactive materials sent to the final 
disposal a process of separation and recycling, typical of many other industries, has 
been proposed. As previously explained, this methodology is generically described as 
Partitioning and Transmutation, P&T. The first step is to separate, or partition, the spent 
fuel into different components according to its final use or disposal requirements. 
Different options are considered for combinations but the basic components are: 

- The irradiated Uranium, with large mass and volume, low specific radioactivity 
and thermal load and large energetic potential; 

- The transuranium actinides, highly radiotoxic, with very long half-lives and high 
thermal load, high energetic potential and proliferation attractive; 

- Some selected short lived fission fragments, the Cs and Sr, that include the 
isotopes (137Cs and 90Sr) producing most of the thermal load of the spent fuel for 
the first hundred years with half-lives of ~30 years.  

- Some selected long lived fission fragments, the I and Tc, they represent the largest 
contribution to the radiotoxicity at very long term after the actinides and are some 
of the main responsibles of the dose at long term from the geological disposal; 
they are a small fraction of the total and very low specific radioactivity and 
thermal load, 

- The rest of radioactive fission fragments, with relevant thermal loads at very short 
times, but after hundred years they have small specific radioactivity and thermal 
load; 

- The activated structural materials and other intermediate level wastes, of high 
volume, low specific thermal load and an specific activity that can be low or 
medium depending on technological choices; 

After this partitioning some of these groups will be recycled in normal or advanced 
reactors (including subcritical ADS). In these reactors the actinides (U, Np, Pu, Am, 
Cm, …) are fissioned becoming fission fragments or converted in other actinides, this is 
described saying that they had been transmuted. The spent fuel from this transmutation 
normally still contains significant amounts of actinides and it is necessary to repeat the 
Partitioning and Transmutation steps several times (i.e. apply a multirecycle strategy). 
In addition, the transmutation of the selected long-lived fission fragments, even if it 
could be in principle done by neutron capture in thermalized neutron spectra, has been 
discarded by most leading laboratories, in view of practical difficulties (difficulty to 
find appropriate support matrices, slow pace of transmutation, neutron economy 
penalties etc). As for the actinides, present studies indicate that very large reduction 
factors (typically 1/100) can be expected for e.g. the potential source of radiotoxicity. 
The following figure shows the evolution of the radio-toxicity of the nuclear waste in 
different cases. The reference scenario is the current “open cycle”, with a once-through 
pass of the fuel in the reactors. In the case of recycling Pu in current LWR, after a few 
decades a gain of a factor 3 to 5 is observed in terms of radiotoxicity reduction. 
However, in terms of resources exploitation, it is much more advisable to wait for Fast 
Breeder Reactors to use Pu fuel. Anyway, a substantial difference in the radio-toxicity 
evolution is seen when Transmutation is applied to the full set of transuranics. Although 
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several technical options can be devised and calculated, the outcome is a substantial 
reduction of the time span that must be waited until achieving a radio-toxicity level 
similar to that of the natural uranium. 
 
 
 

 
 
 
 

With P&T, a reduction factor larger than 100 on the mass of these transuranium 
elements can be achieved, reaching the same reduction factor on radiotoxicity. This 
large reduction on the inventories provides significant reduction of the consequences of 
low probability accidents, like human intrusion, and drastically reduces the potential 
proliferation interest of the repository. The inventory reduction also implies that the 
radio-toxicity reaches the level corresponding to the Uranium ore mined for the 
fabrication of the fuel in less than 1,000 years, whereas the spent fuel in the open cycle 
will take several times 100,000 years to reach the same level. 
 
In order to reach this reduction, very high separation efficiency (99.9% for U, Pu and 
M.A.) is required in the reprocessing technologies. The feasibility of this reduction also 
requires the use of fast neutron systems for transmutation. Fast critical reactors or ADS 
could both be used in principle. However the use of critical or sub-critical fast reactors 
has to be evaluated in terms of objectives of specific scenarios, as it has been shown in 
other PATEROS deliverables and as it will be summarized in paragraph 3 below. 
This reduction of the transuranium actinides also conveys a large reduction of the 
thermal load of the wastes send to the geological disposal. The major contributors to the 
heat load depend on the fuel being disposed and its caracteristics. However studies 
performed in the USA at ANL and in Japan at JAEA (and by and large confirmed by a 
OECD-NEA study and by a EU sponsored project, REDIMPACT), indicate in 
particular the significant contribution of actinides such as Am-241 and Cm isotopes and 
of a few relatively short-lived fission fragments like Sr-90 and Cs-137. Indeed, if 
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recycling is applied to all the transuranium elements (i.e. only TRU losses at 
reprocessing are sent to the repository), the thermal load would be largely dominated by 
the Cs-137 and Sr-90 fission fragments. Their short half live, 30 years, provides a fast 
decay of the thermal load send to the repository. Delaying the disposal time for 100 or 
200 years provides, in the case of fully closed cycles with P&T, large reductions, above 
a factor 10, on the heat load of the material sent to the repository. Alternatively, the 
separation of these two elements from the high level waste produces immediately the 
same thermal load reduction factors. In this second case, a specific interim storage is 
required for the Cs and Sr. It is interesting to note that such results are confirmed also 
by the reginal studies performed explicitely for PATEROS, and that will be documented 
in deliverable 2.2. 
 
 
For countries planning for a sustainable use of the nuclear energy from fission, 
advanced fuel cycles with P&T is an unavoidable component. It is needed to extend the 
potential use of nuclear fuel from less than 200 years to several thousands, and 
simultaneously reduce the amount of high-level radioactive waste per unit of energy 
generated, avoiding the need of large number of repositories. 
 
Advanced fuel cycles with P&T is also useful in case of reduction or shut down of 
nuclear energy, as it allows reducing the burden for final storage, both from the size and 
the duration points of view. It has been proposed in a previous study to investigate if the 
collaboration within countries in a region could reduce the R&D efforts required to 
implement this technology for countries reducing nuclear energy exploitation. This 
issue has been explored in a separate deliverable of PATEROS, and some indications of 
the proposed approach will be given in paragraph 3 below. 
 
P&T technologies are attractive also from the point of view of countries considering 
launching a new program of nuclear energy. It provides the framework for minimizing 
the difficulties of the back end of the fuel cycle and allows the progressive development 
of nuclear technologies. Proliferation risks can be drastically reduced and initiatives that 
foster these potential favourable caracteristics have been proposed or are under study 
(e.g. in the frame of IAEA). 
                                                                                                                                                                          
A key point in P&T R&D: the European added value. 
 
A key criterion for the selection of projects and activities to be funded by the European 
Union is the European Added Value. 
 
It is obvious that fields and subjects requiring an approach at European level are 
considered specifically suited for E.U. funding. Such a European dimension of an 
activity can be based on different features: for example, the existence of problems 
affecting several or many countries, and the possibility to establish sinergies in the 
collaboration among countries. These are two main pillars in identifying the European 
Added Value of an initiative. 
 
Partitioning and Transmutation of Nuclear Waste is an activity very well qualified for 
scoring a high European Added Value. Although Nuclear Policies are established by 
each member state, the technical solutions that could be considered in those policies can 
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be developed in the framework of international collaboration. In some cases, as in P&T, 
is almost mandatory. 
 
When reviewing the R&D efforts on P&T in last years, it is clearly seen that 
collaborative efforts have been very fruitful. From this experience, the following points 
can be stated: 
 

• P&T is a complex scientific and technical field involving very unique 
experiments and developments that need a sizeable manpower and appropriate 
funding. Duplications are therefore not advisable at all. On the contrary, a well-
structured collaboration can be very cost-effective and can shorten the time span 
for its development. 

• Almost any country potentially interested in P&T, would be unable to develop 
by its own the necessary efforts in this quest. International complementary 
actions are therefore needed. 

• Some specific activities in this field can only be made in a few, highly 
specialized laboratories in Europe, some of them belonging to JRC. Although 
bilateral collaboration would be possible, a coherent global approach would be 
much more productive. 

• Some countries could be interested in developing definite projects relevant for 
P&T advancement, but they could not be able to carry them out without 
international support, which could be established within the E.U. Additionally 
the E.U. Added Value in P&T would be highly incremented by those definite 
projects. 

• The global consideration of R&D needs in P&T, leads to the idea of defining a 
Roadmap where different pathways could be assessed and a work programme 
could be defined. This Roadmap should embody all ongoing efforts in the E.U. 
and should take into account the general prospect at a global international scale. 
This is the specific duty of PATEROS CA. 

 
In summary, Advanced fuel cycles with P&T are fully in agreement with the 
sustainability requirement of Generation-IV systems, and are a technological option that 
can help change in a substantial way the possibilities of Nuclear Energy to contribute to 
electricity supply in a much larger scale than today, within a Sustainable Development 
framework. The European Union is very well placed in this field, as far as scientific 
expertise is concerned, and can mobilize a programme that could be very useful for the 
planet as a whole. Some actions are now needed to promote research and technology 
development on a sounder basis and with more ambitious goals.  
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4. Fuel cycle scenarios and transmutation potential performances  
 

In order to provide guidelines to draft a European roadmap towards Partitioning and 
Transmutation (P&T), a few selected Scenarios for the implementation of P&T in 
Europe within an original regional approach  have been considered. In fact, it seems 
essential to study the possibilities to share fuel cycle facilities, since e.g. it is rather 
unrealistic to implement P&T in a country not already committed to spent fuel 
reprocessing. Moreover, one can envisage a concerted use of materials, in order to 
optimise the use of resources and investments in an enhanced proliferation resistant 
environment at a regional level.  

 

 

4.1. REGIONAL FUEL CYCLE SCENARIOS DEFINITION 
 

The Scenarios consider different Groups of countries:  

- Group A is in a stagnant or phase-out Scenario for nuclear energy and has to manage 
his spent fuel, 

- Group B is in a continuation Scenario for the nuclear energy and has to optimise the 
use of his resources of Plutonium for the future deployment of Fast Reactors, 

- a subset of Group A, after stagnation, envisages a nuclear “renaissance”, 

- some countries, initially with no Nuclear Power Plants, decide to go nuclear. 

 

Four different Scenarios have been considered. The first three Scenarios correspond to 
the two most probable implementation strategies of P&T, i.e. making use of Fast 
Spectrum Reactors, both ADS type (Scenarios 1 and 2) or critical (Scenario 3). 

 

Scenarios 1 and 2 consider the deployment of a group of ADS shared by countries A 
and B. The ADS use the Plutonium of Group A and transmute the Minor Actinides of 
the two Groups. The Plutonium of Group B is either mono-recycled in PWR and then 
stored for future deployment of Fast Reactors (Scenario 1) or is continuously recycled 
in PWR (Scenario 2). 

 

Scenario 3 considers the deployment of Fast Reactors in Group B. These Fast Reactors 
use the Plutonium of Groups A and B and recycle all the Minor Actinides. 

 

Scenario 4 corresponds to some “renaissance” of nuclear energy in selected countries. 
Two variants have been considered:  
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4.1) Starting from Scenario 1, some countries of Group A envisage the 
deployment of Fast Reactors, and also countries of Group B introduce Fast 
Reactors. 

4.2) Starting from Scenario 3, both Group B and some countries of Group A 
will dispose of Fast Reactors to handle their own TRU inventories. 

 

These Scenarios are not intended for a stiff classification of the European countries in a 
given category, nor are they intended to be an exhaustive list of possible Scenarios, but 
rather as a working tool to make a systematic approach to the subject. The numerical 
examples have been based on the available information provided by a group of 
European selected countries (Belgium, Czech Republic, France, Germany, Spain, 
Sweden and Switzerland), that are very representative of the overall present European 
situation. 
 

In these Scenarios, the regional facilities to be deployed are:  

a) the standard spent fuel reprocessing facility for Group A and for Group B;  

b) the Fast Reactor fuel fabrication facilities;  

and if ADS are to be deployed : 

c) the ADS spent fuel reprocessing facility;  

d) the ADS fuel fabrication facility;  

e) the ADS. 

 

 
4.2. SPECIFIC CHARACTERISTICS AND HYPOTHESES OF THE 
SCENARIOS  
 
Scenarios 1 and 2 
These Scenarios consider the deployment of a transmuting ADS fleet shared by the 
Groups of countries A (Belgium, Czech Republic, Germany, Spain, Sweden and 
Switzerland) and B (France). In these Scenarios the ADS will use the Plutonium of 
Group A and will transmute the Minor Actinides of the two Groups; the Plutonium of 
the Group B will be mono-recycled (Scenario 1) and then stored for future deployment 
of Fast Reactors or multi-recycled (Scenario 2) in PWR . 

 

The main objectives of these Scenarios are:  

i) to decrease the stock of spent fuel of countries A down to 0 at the end of the 
century 

ii) to stabilize the MA inventory of Group B within the end of the century 
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iii) to investigate the required number of ADS to be deployed 

iv) to determine the number and capacities of the fuel cycle facilities needed 

v) to stabilize the Pu inventory of Group B 
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Figure 4.1 : Scenarios 1 and 2 – Flow chart 
 
 
 
Scenario 3 
 

This Scenario considers the deployment of a group of Fasts Reactors in Group B. These 
Fast Reactors are deployed with the Plutonium of the two Groups A and B and recycle 
all the Minor Actinides. 

 

The main objective of this Scenario is to decrease the stock of spent fuel of countries A 
down to 0 at the end of the century. 
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Figure 4.2 : Scenario 3 – Flow chart 
 
Detailed assumptions 

The annual electrical production of Group B is 430 TWhe.  

 
The type of Fast Reactors is “Na-cooled EFR CD 9 91” with 3 versions:  
- without blanket (breeding gain = - 0.196), 
- with axial blankets (breeding gain = - 0.061), 
- with axial and radial blankets (breeding gain = + 0.022). 
 
The pace of deployment of the Fast Reactors in Group B is 2 GWe/year from 2040 to 
2050 and from 2080 to 2100, as illustrated in Figure .  
 
The reprocessing strategy consists in:  
- reprocessing 850 tIHM/y from 2040 for Group A PWR and BWR spent fuel, 
- reprocessing 850 tIHM/y from 2010 for Group B PWR spent fuel,  
- reprocessing all Group B FR spent fuel just after the minimum cooling time. 
 

The separation of the MA starts in 2040. 
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Figure 4.3 : Scenarios 3 and 4.2 – Installed capacity in Group B 

 
The result of the study will be the number of Fast Reactors involved in the 
transmutation of the Minor Actinides to decrease the stock of spent fuel of countries A 
down to 0 at the end of the century.  

 

The regional facilities in this Scenario are the reprocessing installations for the spent 
fuel of Group A and of Group B, which in this case can also be considered as a unique 
facility. 

 

Scenario 4 
In this Scenario, Group C (subset of Group A) decides, after a certain period of time, to 
restart the development of nuclear energy with Fast Reactors, which should also have 
the mission to handle their own TRU inventories. The other countries of Group A 
continue to pursue their objective of waste minimisation. Two variants are considered, 
according to Group B strategy before 2050. 

 
Variant 4.1 

The starting point is the Scenario 1 in 2050. 
Group B starts its own Fast Reactors, using the Pu in the spent MOX fuel. 
The deployment of the ADS is stopped and replaced by Fast Reactors in Groups B and 
C. 
 
Detailed assumptions 
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The annual electrical production of Group B is 430 TWhe. 

 
The stock of spent fuel of Group C in 2050 is the stock available at ADS shut down. 
The stock of spent fuel of Group B in 2050 consists in spent MOX fuel. 
 
The type of Fast Reactors is “Na-cooled EFR CD 9 91”, same as Scenario 3. 
 
The pace of deployment of the Fast Reactors in Group B is 2 GWe/year from 2050. 
All TRU from Groups A and C are used for the deployment of Group C Fast Reactors. 
 
The result of the Scenario study will be the maximum level of electricity production 
achievable at equilibrium for the Group C. This result will depend on the amount of 
Plutonium available and on the rhythm of Fast Reactors deployment. Here again, fuel 
cycle facilities characteristics and parameters related to the repository will be obtained. 
 
The regional facilities in this Scenario are all the reprocessing and Fast Reactor fuel 
fabrication facilities. The facilities for the reprocessing of the spent fuel of Group B and 
of Group A can possibly be merged in a unique facility. 

This variant 4.1 has not been studied in the PATEROS project. 
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Variant 4.2 

The starting point is the Scenario 3 in 2050. Group C starts its own Fast Reactors. The 
spent fuel of the other countries of Group A is used to facilitate the deployment of 
Group C Fast Reactors, as in Variant 4.1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Figure 4.4 : Scenario 4.2 – Flow chart 
 
 

Reprocessing assumptions 
Reprocessing time is assumed to be 0. The aging of both Pu and MA is taken into 
account in the fabrication time. 

The separation efficiency is 99.9 % for U and Pu. 

In case of MA separation, the separation efficiency is 99.9 % for Am, Np and Cm. 

 
Fabrication assumptions 

Fabrication time for fuel with Pu and MA is 2 years. 

 
Scenarios 3 and 4.2: required regional facilities  

For the Scenario 3, the regional facility to be deployed is the reprocessing plant (or 
plants) to be used by both Group A and Group B countries. For Group A, considering 
the total amount of spent fuel in this Group, i.e. 27800 tons (mainly UOX), the 
reprocessing capacity of 850 tons by year allows to reprocess all the spent fuel within 
33 years. The reprocessing capacity for Group A can be reduced by increasing the 
period for reprocessing. For Group B, a capacity of 850 tons per year for PWR UOX 
and MOX spent fuel is sufficient for the deployment of Fast Reactors. An additional 
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capacity of 330 tons in order to reprocess FR spent fuel is necessary at the end of the 
century (100 % fissile fuel). 

 

For the Scenario 4.2, the regional facilities needed for this Scenario are: 

a) the reprocessing plant for Group A and Group B  

and  

b) the fuel fabrication plant for the Fast Reactors of Group A and B. 

 

a) Reprocessing facility 

For Group A, the maximum reprocessing capacity is necessary at two different stages. 
At first, for the reprocessing of the initial PWR spent fuel, i.e. approximately 850 tons 
per year (as for the Scenario 3). Successively, when Fast Reactors are deployed, the 
maximum installed capacity in the Group A related to the newly deployed Fast Reactors 
is 49.5 GWe (breeding gain = 0.022 and 1 year cooling). The reprocessing capacity is 
then approximately 400 tons per year (61 % of fissile fuel and 39 % of blankets). For 
Group B, the required reprocessing capacity is around 500 tons per year (61 % of fissile 
fuel and 39 % of blankets). This value is higher than Scenario 3 because the Fast 
Reactors contain also axial and radial blankets which need to be reprocessed. 

 

b) Fabrication facility 

The full fabrication capacity for the Fast Reactors of Groups A and B is needed at the 
end of the century, when all Fast Reactors are deployed.  

As for Group A, since the maximum installed capacity is 49.5 GWe (breeding gain = 
0.022, 1 year cooling), the annual fabrication capacity should be approximately 400 tons 
per year (61 % of fissile fuel and 39 % of blankets). 

As for Group B, since the maximum installed capacity is 64.5 GWe at the end of the 
century (430 TWhe per year, load factor = 76 %), the fabrication capacity needed is 
approximately 500 tons per year (61 % of fissile fuel and 39 % of blankets). 
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4.3. Comparison between regional Scenarios 1 and 2 and cases without 

transmuters  (no P&T deployment) 
 

In order to keep the out-of-pile fuel inventory in interim storages as low as 
possible (with a given cooling time) both in Scenarios 1 and 2, and in order to reduce 
the consequent middle and long term radiotoxic impact on repository, the number of 
required ADS units to be deployed is much higher than the number required just to 
stabilize the MA inventory (as specified by PATEROS goals). For Scenario 1 a total of 
25 units were necessary to achieve this goal (vs. 16 in order to stabilize only the MA 
main stock inventory); whereas for Scenario 2, 27 units are needed. 

If only the MA stabilization goal is pursued, the advantage of the regional approach is 
evident from the COSI6 simulations: a smaller number of ADS units has to be 
employed (or, otherwise, with the same number of transmuters the MA inventory is not 
simply stabilized, but it is reduced down to 0). 

An important point is the reduced need of separate fuel cycle installations while 
comparing the regional deployment of P&T and the deployment of P&T by countries 
“in isolation”. In fact, in the regional case there is no need of specific installations in 
Group A. 

Due to the specific EFIT performance, which does not burn Plutonium, this type of 
transmuter is suitable essentially for a regional approach, where the exceeding amount 
of Plutonium is used to generate more energy. However this feature is a serious 
drawback if we would consider nations phasing-out nuclear “in isolation”, as it will be 
discussed below.  

Finally, the particular composition of ADS EFIT fuel should be considered (45 % Pu, 
55 % MA), since it would require specific technology developments (particularly 
complex, considering that the reprocessing and fabrication of ADS fuel is not yet a 
proven technology). 

A point to be taken into account in the mono-recycling Scenario is the aging of the Pu in 
FR stock. In fact a considerable amount of Am241 will be generated by radioactive decay 
over time, forcing to shorten the storage period as much as possible by a more 
aggressive Fast Reactor fleet start up. 

Concerning the Pu multi-recycling option (i.e. with recovering of Plutonium from spent 
fuel) it allows extracting more energy from the mined uranium, thus enhancing sensibly 
the fuel, and consequently, natural resource utilization. Moreover it was demonstrated 
that in this case MA are better stabilized, due to different Plutonium vectors in the fuel 
cycle. The drawback is however a lesser (perhaps insufficient) quantity of Plutonium 
available for a future Fast Reactor fleet. 

If Group A pursues independently the P&T transmutation strategy, the ADS units 
should obtain the Plutonium, needed for their start up cores, from its (i.e. Group A) 
spent nuclear fuel. In 2022 Group A spent fuel legacy should contain, according to 
preliminary assessment (see Table 2), ~320 tonnes of Plutonium and ~44 tonnes of MA. 



 28

Since Plutonium constitutes 88 % of the TRU mass, the ADS used to transmute that 
TRU must necessary employ relatively short cycles. It was shown in [9] that the steep 
burn up reactivity gradient resulting from use of Group A TRU inventory limits the 
ADS cycle burn up to 40 MWd/kg (with a reactivity swing ∆keff =0.03) and the cycle 
time to slightly less than one half of a year (168 days), in case of a sodium-cooled metal 
fuelled ADS (840 MWth and LBE target). The very low Pu transmutation rate of 
EFIT (less than 2 kg/TWhth) would imply for phasing-out nations of Group A no 
significant reduction in total Pu inventory and the lack of benefit which the destruction 
of Pu isotopes (especially Pu238) brings for disposal options. These restrictions of ADS 
performance constitute a drawback for Group A acting alone and might daunt the 
nations phasing-out from choosing EFIT as dedicated facility to transmute their TRU. 

 
 
4.4. Results of scenarios 3 and 4 (4.2) 
 

Waste characterization 
 

Figure 4.5 gives the cumulated radiotoxic inventory of the HLW in the Groups A and B 
for the Scenario 3. The HLW accounted are the waste produced between 2010 and 
2200. 
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Figure 4.5 : Scenario 3’ – Radiotoxic inventory of the High Level Waste 

 
The red plot gives the evolution of the radiotoxic inventory of the spent fuel of the 
Group A in case of no reprocessing and transmutation strategy is applied for TRU. The 
green plots indicates that the radiotoxic inventory of the HLW have been reduced by a 
factor 1000, this reduction being obtained thanks to the separation efficiency of the 
regional reprocessing plant (99.9 % for U, Pu and MA). The plot “B before 2040” 
indicates the major part of the radiotoxic inventory in the Group B is coming from the 
HLW produced before P&T implementation. It is to be noted that the initial HLW in 
2010 have not been accounted in these calculations.  
 

Figure 4.6 presents the decay heat of the cumulated HLW in the Groups A and B for the 
Scenario 3’. The HLW accounted are the waste produced between 2010 and 2200. 
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Figure 4.6 : Scenario 3’ – Decay heat of the High Level Waste 
 
The red plots gives the evolution of the decay heat of the spent fuel of the Group A in 
case of no reprocessing and transmutation strategy is applied for TRU. The green plots 
indicates that the decay heat of the HLW after 100 years of cooling have been reduced 
by a factor 10. At this time, the contribution of the fission products to the decay heat of 
the HLW remains important. 
 

Figure 4.7 gives the cumulated radiotoxic inventory of the HLW in the Groups A and B 
for the Scenario 4.2. The HLW accounted are the waste produced between 2010 and 
2200. 
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Figure 4.7 : Scenario 4.2’ – Radiotoxic inventory of the High Level Waste 
 
Result for Group B  

For a cooling time higher than 500 years, the radiotoxic inventory is dominated by the 
waste produced before the deployment of P&T, as for the Scenario 3’. 
 
Result for Group A 

For a cooling time higher than 500 years, the radiotoxic inventory is decreased by a 
factor higher than 10, compared to the direct disposal of spent fuel. Moreover, the 
annual electrical production in this Group is 330 TWhe, compared to the direct disposal 
where no electricity is produced. 
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Figure 4.8 presents the decay heat of the cumulated HLW in the Groups A and B for the 
Scenario 4.2’. The HLW accounted are the waste produced between 2010 and 2200. 
The same trends are obtained as for radiotoxic inventory. 
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Figure 4.8 : Scenario 4.2’ – Decay heat of the High Level Waste 
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4.5. SUMMARY ON SCENARIOS 1 AND 2 
 
The main results of the regional P&T Scenarios 1 and 2 can be summarized as follows.  

The spent fuel stock of Group A can be decreased, as required, down to 0 by 2100: all 
the fuel was reprocessed by that date. In Scenario 1 the Pu mono-recycle option implies 
that the reprocessed Plutonium is stored in order to be successively transferred to Fast 
Reactor Plutonium stock; it will be introduced in a later stage in FR fuel cycle of Group 
B. In order to stabilize the MA production from Group B, the required number of ADS 
of the EFIT type (384 MWth) was determined to be 25 units for Scenario 1, and 27 for 
Scenario 2 (due to Plutonium multi-recycling and consequently higher MA generation). 
The final Plutonium inventory available in Scenario 1 at 2100 for Fast Reactors fleet 
will be 840 tonnes. The results of the Scenario 2 simulation with COSI6 show that the 
Plutonium main stock inventory of Group B is stabilized starting from 2100 at ca. 100 
tonnes, while the total inventory increases slightly vs. time due to accumulation of “bad 
quality” Plutonium coming from the MOX multi-recycling (which is associated 
however to a lesser MA production by radioactive decay with respect to Plutonium 
mono-recycling). 

For the proposed transmutation strategy, a total reprocessing capacity of 3700 tonnes 
per year is needed in the case of Scenario 1 and of 3300 tonnes in the case of Scenario 2 
: 850 tonnes per year for ADS reprocessing plant, 850 for Group A spent fuel legacy, 
and 2000 for Group B in Scenario 1, 1600 for Group B in Scenario 2. The PWR fuel 
reprocessing capacity required for Scenario 1 is about 18 % higher than the one today 
available in France, while the ADS reprocessing facilities have obviously to be 
developed and deployed in the future. 

In Scenario 1 the annual capacity of fuel fabrication plants should be : 1000 tonnes/year 
for UOX, 100 for MOX, and 30 for ADS. In Scenario 2 the needed capacity is : 690 
tonnes/year for UOX, 390 for MOX, and 40 for ADS. The total capacity is quite similar 
in the two cases considered, while only MOX/UOX fabrication capacities proportions 
are sensibly different (respectively, 1: 10 and 1: 1.77). 

As a final consideration on the EFIT design, we should mention that this type of 
transmuter offers potential benefits only in regional Scenarios, but it seems not suitable 
for phasing-out nations implementing a P&T strategy in isolation, because its 
transmutation performance was focused exclusively on MA and leaves most of the Pu 
stocks unchanged. 

 
4.6. SUMMARY ON SCENARIOS 3 AND 4.2 
 
The major result of the Scenarios 3 and 4.2 is the possibility to manage the Pu and MA 
of several countries through a regional approach with Fast Reactors either burners or 
breeders, depending on the strategies applied in the countries. 

It could be important to use the flexibility of a Fast Reactor and the reversibility from 
burner to breeder, as demonstrated in past studies (see e.g. Ref. [11]). This would allow 
to make the transition from burner to breeder configurations for the Fast Reactors (all or 
part of them), at a specific point in time. This feature can allow tuning future strategies 
at a regional level that account both for sustainability and for waste minimisation.  
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A significant reduction of the radiotoxic inventory of the High Level Waste is obtained 
for both Groups of countries, even in the case of a restart of nuclear energy in the Group 
A. 

Moreover, the added value of the Fast Reactors compared to the ADS is the electricity 
produced (330 TWhe per year in the Group A in the Scenario 4.2). 

It has also been pointed out that the optimisation of Scenarios depends, as expected, by 
a number of parameters, and, among them, parameters that characterize the fuel 
cycle (cooling times etc) are particularly significant and will have to be investigated in 
detail. 

 

4.7. OVERALL SUMMARY AND PERSPECTIVES 

 
Regional strategies can in principle provide a framework for implementation of 
innovative fuel cycles, with appropriate share of efforts, accounting for proliferation 
concerns and resources optimisation. In the present paper we have presented the first 
results of specific Scenarios, presently investigated within a wider effort underway in 
Europe in order to shape a roadmap to implement Partitioning and Transmutation 
technologies. 

The indications obtained so far underline that if, e.g. Fast Reactors with homogeneous 
recycle of not-separated TRU are envisaged, there is the need to optimise the Fast 
Reactor characteristics (e.g. the conversion ratio), and the fuel cycle characteristics (e.g. 
the fuel out-of-pile cooling time), in order to meet the potentially different objectives of 
different countries within a regional area. 

In the present study, we did not investigate the impact of introducing critical Fast 
Reactors using heterogeneous recycle of MA, and this can be the object of future 
studies. However, the potential limitations in terms of maximum allowed amount of 
MA that can be loaded in a target and the potential absence of fertile blankets can 
reduce the flexibility of Fast Reactors, as discussed above, that allows coping with a 
range of objectives within a regional area. 

Another relevant finding of the study is related to the characteristics of the ADS chosen 
to transmute MA in Scenarios of the “double strata” type. In fact, most ADS design 
studies, and in particular those performed in the frame of EUROTRANS, have 
considered a fuel loading and a transmutation potential mostly adapted to “MA”, and 
not “TRU”, consumption. Then, this type of ADS is more apt to be used in a “regional” 
Scenario where different countries with different objectives do share resources, facilities 
and spent fuel inventories in order to minimise wastes. The same type of ADS will not 
be useful in the case of a country committed to a stagnant or decreasing use of nuclear 
energy that would decide to deploy P&T in “isolation” for waste management. 

In this respect, an interesting addition to the present study would be the introduction of 
a critical “burner” Fast Reactor (i.e. with a conversion ratio in the range 0.5-0.8) in 
Scenarios 1 and 2. 

As far as the impact of the implementation of P&T at a regional level, the results of the 
Scenario studies indicate that the expected beneficial potential of P&T, i.e. reduction of 
the radiotoxicity in a repository to the level of the radiotoxicity of the initial ore after 
few hundred years, and the reduction of the heat load in the repository (more than one 
order of magnitude), applies to whole region, providing a potential significant benefit to 
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all the countries of that region (e.g. Europe), despite their different policies in terms of 
nuclear energy. Moreover, the present studies have shown the potential of a regional 
strategy in order to favour a nuclear “renaissance” in some countries. 
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5. State-of-the-art of transmutation facilities and fuel 
cycles technologies relevant for P&T 

 
Although Nuclear Energy is a mature industry which generates more than 15% of the 
total electricity in the world, it has had a very modest development, as compared to the 
inherent capabilities of the nuclear reactions in the nuclei available in nature, and in 
those that can be produced by neutron irradiation. In fact, all current commercial 
reactors are thermal ones, and spent fuel reprocessing and recycling is still very limited. 
It is well established that the potential of Nuclear Fission Energy is much higher than 
the status it has developed for more than half a century.  
 
It is very important to declare this situation, because the state-of-the-art in many fields 
relevant to P&T is still very modest as well. The industrial interest has been focused in 
reactors with very sound safety standards and very simple, but competitive open fuel 
cycles. The Nuclear Waste problem is not an urgent one, because the total amount of 
spent fuel is very small (as compared to any other waste of any industrial or commercial 
origin) and can be kept safely confined very easily. This is not in contradiction to the 
fact that Deep Geological Repositories have already been identified in some countries as 
the final site for keeping the waste in safe conditions for the time required for a 
substantial reduction of its radiotoxicity. 
 
For P&T development, most of the items will have to be specifically developed.  
However, there is a lot of scientific expertise in many areas that could significantly 
contribute to P&T. This is the case of Fuel Reprocessing, particularly. This is less so in 
Fuels (and dedicated irradiation targets) because of the lack of extensive tests on new 
fuels. In fact, there is also a lack of irradiation facilities that could be used for 
transmutation materials development. From this point of view, the state-of-the-art does 
not present a very prominent status, except for fuel reprocessing at laboratory scale. 
Even so, we can declare that this is not an actual problem for launching an R&D 
programme on P&T, but an initial condition. In the following paragraphs, a brief 
summary is presented about this subject, which can be described as the first block for 
paving the way of PATEROS Roadmap. 
 
  
State-of-the-art of Fuel cycles technologies 
 
Reprocessing and fuel fabrication are the two major topics in this context. In particular, 
reprocessing methods have undergone an impressive advancement in last ten years, at 
laboratory scale, and very high separation (or concentration) factors have been achieved 
for all nuclei of interest.  
 

Two major technologies have been explored so far to meet the requirements of advance 
partitioning:  

• Hydrometallurgical processes that benefit from more than 60 years of research 
and developments and a proven experience at the industrial level, 

• Pyrochemical processes, firstly studied in the 50-60s for the treatment of spent 
fuel from Molten Salt Reactors and Breeder Reactors, and more recently for 
specific applications, but without reaching the industrial development level. 
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Hydrometallurgy 
 
As regard to partitioning processes, many countries have developed for the past 4 
decades hydrometallurgical processes to recover TRU elements in order to decrease the 
radiotoxic inventories of nuclear waste. However, none of these processes has ever been 
implemented at the industrial scale but their development studies have sometimes 
reached demonstration tests at the laboratory scale. Most of the partitioning strategies 
rely on a three-step approach: 

1) Separation of U (and sometimes also Pu) from spent fuel dissolution liquors; 

2) An(III) + Ln(III) co-extraction; 

3) An(III)/Ln(III) separation, the latter step being the most difficult because of the 
similar chemical properties of these elements. 

 
The processes developed around the world differ from the extracting systems involved 
in these different steps and the possibility to shrink two of these steps in a single one. 

• For the first step, TBP (tri-butyl phosphate) is the basis of the PUREX, 
UREX and COEX™ processes, developed in Europe and the US, whereas 
monoamides initially studied in France support the BAMA (branched alkyl 
monoamides) process now developed in Japan and in India. 

• For the second step, malonamides, CMPO (carbamoyl-methylene 
phosphine oxides) and TODGA (diglycolamides) are used in the DIAMEX, 
TRUEX and ARTIST processes, respectively developed in Europe, US and 
Japan. TRPO (trialkyl-phosphine oxide) developed in China or UNEX (mixture 
of several extractants) jointly developed in Russia and the US allow all actinides 
from U to Cm to be co-extracted from the dissolution liquors. 

• Finally, for the third step, lots of soft donor atom containing extractants, 
such as polyaromatic nitrogen ligands (BT(B)P) or dithiophosphinic acids have 
been developed in Europe, China and Japan to selectively extract the trivalent 
actinides, wheras soft donor atom containing ligands, such as 
polyaminocarboxylates (HEDTA, DTPA) have been tested in France, the US 
(reverse TALSPEAK) and JAPAN (SETFICS) to selectively strip the trivalent 
actinides. 

 
All these processes have shown potential viability at the lab-scale, but they are not 
equally suitable for industrial implementation, with respect to process development 
requirements (number of cycles, amount of secondary wastes generated, scale-up of 
equipments, process control, sturdiness, safety analysis,…) or to molecules management 
(treatment for recycling, by-products management, sometimes not CHON 
molecules,…). These processes all show potential tracks of progress and needs for 
optimization.  
 
In Europe, the TODGA-based process for An(III)-Ln(III) co-extraction developed 
during FP6-IP EUROPART and previous IPs has been tested successfully on a Purex 
raffinate as well as on a PUREX concentrate; in both cases, the process shows 
promising assets for a future potential implementation at pilot-scale even though 
optimization is still required with also some efforts to be concentrated on TODGA by-
products identification and treatment. In parallel, the current SANEX-BTBP reference 
system for An(III) selective extraction has been mostly studied; however today it does 
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not fulfill all process development requirements, in terms of ligand stability vs. 
radiolysis, An(III) extraction/stripping kinetics, loading capacity and process 
simplification (3/2/1 steps). Thus, significant progress still has to be made in the future.  
 
Still at the European level in the framework of FP6-IP EUROPART, the TRU actinide 
group separation (i.e.: Np, Pu, Am, Cm) from spent fuel dissolution liquors (probably 
after a bulk U partitioning cycle) has only been scarcely investigated, and many 
challenging technological obstacles (e.g.: solvent loading capacity, oxalate substitute) 
will have to be overcome before demonstration tests can successfully be carried out. 
 

Pyrochemistry 
For more than 50 years, pyrochemistry has been studied as an alternative strategy in the 
reprocessing of spent fuel.  
 
Until now, two processes have been developed up to the pilot scale, both in chloride 
media, the first one starting from and ending to an oxide fuel and the second one 
starting from and ending to a metallic fuel. 

• In chloride media, U and Pu present stable oxi-complexes. This property was 
used to develop a process for mixed UO2-PuO2 recovery first in Hanford (USA) 
in the 60s and also at RIAR (Russia). This process, commonly named DDP for 
Dimitrovgrad Dry Process can allow the electrorefining of MOX fuel either for 
recovering UO2 alone, or UO2-PUO2 (+NpO2) together according to the gaseous 
conditions applied in the electrolyser. Since the 70s, more than 3,6 tons of UO2 
fuels and 2 tons of UO2-PUO2 fuels were thus produced for Russian fast reactors 
BOR60, BN350 and BN600. 

• For the treatment of metallic fuels, some processes were developed in the US, 
first to produce pure Pu for military applications and then in the 50s to treat 
spent nuclear fuels. The only application at pilot scale is the treatment of the 
EBR II spent fuel for new conditioning. This sodium bonded spent fuel can not 
be stored directly for a long time and it is then electrorefined to produce three 
fluxes: pure uranium at the cathode, an anodic residue, and a salt bath as a waste. 
More than 2 tons of fuel (core and blanket) were treated by this process at INL. 

In both processes, the main target is Uranium, even if in the first one, Plutonium and 
Neptunium can also be recovered. Minor actinides (MA) always remain in the bath. In 
the field of the IFR project, a general flowsheet was established for Plutonium and MA 
recovery. It consists in a second electrolytic step on liquid reactive cadmium cathode. 
The Pu-MA-Cd alloy would then be distillated to evaporate Cd. These studies are still at 
the lab-scale. 

Based on these past studies, pyro-processing has been considered as the reference route 
for molten salt reactor fuel treatment, but also as an alternative technology that could be 
applied to some types of fuels today envisaged for Gen IV systems or ADS in case they 
could not be compatible with current hydrometallurgical processes. 

At the European level in FP5 PYROREP and in FP6 EUROPART projects, European 
scientists involved in the treatment of nuclear wastes, have carried out studies and 
research programmes together to increase the level of knowledge in pyrochemistry with 
respect to process development, specific waste treatment and confinement. In these 
projects, the effort was put on basic data acquisition mainly in molten chloride and on 
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core of process assessment. Two promising cores of process were developed and 
assessed: electrorefining on solid aluminium in molten chloride and liquid-liquid 
reductive extraction in molten fluoride/liquid aluminium. In parallel, progresses were 
made in the decontamination of spent chloride salt by fission products precipitation or 
filtration. Some original confinement matrices were also studied for waste conditioning. 
Finally, integration studies have been initiated in order to assess and to compare some 
selected process flowsheets and possibly to redirect R&D programs. 

 
 
State-of-the-art of transmutation facilities 
 
Any neutron field can be considered as a transmutation tool, including commercial 
reactors. However, the basic physics features of “transmutation” can be demonstrated 
introducing samples with very tiny amounts of any specific isotope into a neutron field 
and measuring the sample composition after irradiation. This type of “clean” 
demonstration experiments have been performed in large number in the past, e.g. at the 
Phenix reactor in France or within some experiments on the HFR at Petten. However, 
most of the “transmutation” experiments are devoted to the test of new appropriate 
fuels, e.g. highly loaded in TRU elements. Large programs of innovative fuel irradiation 
have been launched and are documented in a separate deliverable of PATEROS. In this 
respect the facilities needed are essentially irradiation reactors, as Phenix, HFR or BR-2. 
As far as the facilities are devoted to transmutation, their type depends, as indicated 
above, on the specific objective. Transmutation within a sustainability scenario 
(including waste minimization) requires a “standard” fast reactor loaded with a fuel 
containing the standard amount of Pu and a relatively modest amount of MA (e.g. 2-
5%), according to homogeneous recycle schemes described previously, or higher MA 
content > 10% as expected with heterogeneous recycling (ongoing study). 
 
In the case of scenarios that require a strong reduction of TRU, it has been indicated that 
ADS systems could be of interest. As indicated previously, the Accelerator Driven 
Systems (ADS), consist in a subcritical reactor being fed by an intense neutron source, 
which is activated by an intense proton beam accelerated in a suitable reactor.  

Within the Sixth Framework Programme (FP6) of EURATOM, the integrated project 
(IP) EUROTRANS is running from April 2005 for a duration of 48 months. This large 
project (35 main partners, the 17 universities having been regrouped under one banner) 
is devoted to the demonstration of the feasibility of an ADS-type dedicated high-level 
waste transmuter. EUROTRANS objectives are: 

• To carry out a first advanced design of a 50 to 100 MWth eXperimental facility 
(realisation in a short-term, say about 10 years) demonstrating the technical 
feasibility of Transmutation in an Accelerator Driven System (XT-ADS), as well 
as to accomplish a generic conceptual design (several 100 MWth) of the 
European Facility for Industrial Transmutation EFIT (realisation in the long-
term), (…); 

• To develop and demonstrate the necessary associated technologies, especially 
fuels development, heavy liquid metal technologies, and the required nuclear 
data,  (…). 

• Experimental validation of the coupling of components, sub-criticality 
measurements and monitoring… (GUINEVERE objectives) 
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Inside the European Union, the MYRRHA project is the only one that has been 
proposed. The MYRRHA project started at SCK•CEN in Belgium in 1998. This 
original, multi-purpose, research installation should be fully operational in 2020 and 
consists of a high power proton accelerator, coupled to a lead-bismuth cooled subcritical 
reactor by means of a spallation target, which is also made of liquid lead-bismuth 
eutectic. In its present design, the accelerator delivers 350 MeV protons with a current 
of 5 mA and the reactor produces around 50 MWth. The machine aims at various tasks 
going from performing as a HLW transmutation demonstrator, through a test bench 
facility for GEN IV LFR components and an irradiation facility capable to replace the 
aging BR2 reactor at SCK•CEN, to a tool for fundamental research. 
 
Other projects or activities have been summarized in deliverable 5.1 
 
Research infrastructures 
 
Besides specific laboratories and facilities devoted to the main domains of P&T, 
previously described, the R&D programme will need infrastructures of general purpose, 
for the coherent development of the required materials and components. In particular, 
material testing and coolant loops will be some of the fundamental infrastructures that 
will be needed for a coherent and comprehensive R&D programme for P&T.  
 
It is obvious that most of these infrastructures would also be useful for power reactor 
development, particularly within the efforts of Generation IV. From this viewpoint, the 
planned Jules Horowitz Reactor and other facilities should be taken into account in the 
detailed specification of the P&T Roadmap. For the moment, facilities such as the 
Phenix reactor (France), HFR (The Netherlands) and BR-2 (Belgium) can be used for 
some tests. These infrastructures must not be confused with the specific facilities in the 
different P&T domains, which are treated in section 5.5., “Demonstration facilities”. 
 
At present, it can be considered that all the installations and facilities of the National 
Laboratories and Universities involved in projects about P&T (see map of page 4), 
including Joint Research Center’s installations, notably the Institute for Transuranium 
Elements (ITU). The complete list of laboratories can be found in the corresponding 
documents of the projects, as well as in annual reports and web-pages of these 
institutions. 
 
The present situation of experimental reactors in Europe 
At present, experimental reactors are used to support many important fields of interest to 
industry and research institutions in Europe: safety, lifetime management and operation 
optimization of current nuclear power plants, development of new types of reactors 
compatible with the objectives of improved resources utilization and advanced fuel 
cycles, medical applications and material development for fusion reactors. 
European experimental reactors have been built in the 60’s and most of them are 
operated on a national basis. Europe has gained a worldwide leadership with the 
continuous operation of several Material Test Reactors (BR2, Halden, HFR, LVR15, 
Osiris, R2, Siloe, Maria), and with the start-up and operation of experimental reactors 
and prototype reactors (Rapsodie, Phenix, DFR, PFR, KNK II, and Dragon, AVR, 
THTR) devoted to the development of the sodium and gas cooled reactor technologies, 
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Some of these facilities are already shut down and most of them will be more than 50 
years old in the next decade and will face increasing probability of shut-down due to 
their obsolescence. Such a situation will be a severe drawback for any future 
development of nuclear power. One outstanding example is the demonstration of the 
TRU recycling step of advanced fuel cycle options that implies to perform experimental 
irradiations (different objects- pellets, pins, etc. - bearing different elements – Pu, Am, 
Cm, etc.-, corresponding to the diverse recycling possible strategies and scientific and 
technical challenges) and to develop the corresponding fuel manufacturing and 
processing facilities.  
 

 

Countries Reactor Operation
Power 
(MWth)

Czech Rep. LWR 15 1957 10 

Norway Halden 1960 19 

Sweden R2 1960-2005 50 

Netherlands HFR 1961 45 

Belgium BR2 1961 60-120 

France OSIRIS 1966 70 

Poland MARIA 1974 30 
 
Other neutron sources 
Other research infrastructures are dedicated to fundamental research application by 
providing high quality neutron beams: reactors such as ILL-RHF (1971, Laue Langevin 
institute, France, Germany, Great Britain), ORPHEE (1980, France), FRM2 (2004, 
Germany) and spallation neutron sources as SINQ at PSI-Switzerland. These facilities 
are commonly operated within European collaborations. In the area of science of the 
matter, a set of effective and up-to-date facilities using neutron beams are available 
within Europe. 
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6. P&T Roadmap proposal in the context of Advanced Fuel 
Cycles leading to a Sustainable Nuclear Energy.   

 
On the basis of the findings documented in the different deliverables of PATEROS, a 
preliminary indication of a P&T Roadmap proposal for advanced fuel cycles leading to 
a sustainable nuclear energy has been proposed at the request of the EU to serve as a 
contribution to the establishment of a sustainable nuclear energy platform in Europe 

 A consolidated Roadmap proposal will be of course the outcome of the full PATEROS 
action, by August 2008. The preliminary outline of the Roadmap is based on the 
following analysis: 

 
6.1. P&T objectives 
As indicated above, he P&T approach has been developed within radioactive waste 
management strategy studies in several European countries. There is a wide consensus 
of the potential benefits of P&T to relieve the burden of a deep geological storage, both 
in terms of reduction of waste mass/volume, residual heat and potential radiotoxicity, 
and in terms of a potentially very significant mitigation to the consequences of 
accidental scenarios (e.g. human intrusion) in the repository evolution with time. 

However, despite this common generic interest for P&T, different objectives are 
pursued in Europe, which have to be taken into account to establish a consensual 
European roadmap towards P&T implementation. These different objectives can be 
gathered into three categories: 

1) Multirecycling in FRs of TRU as unloaded from LWRs and, 
successively, from FRs, if a transition from a LWR fleet to a FR fleet is foreseen. 

This objective is consistent with a waste minimization objective and should be 
compatible both with a sustainable development of nuclear energy and with an 
increased proliferation resistance of the fuel cycle. 

2) Reduction of TRU inventory as unloaded from LWRs. 

This objective is related to the management of spent fuel inventories, as a legacy 
of previous operation of nuclear power plants. 

3) Reduction of MA inventory 
This objective is compatible both with a use of Pu as a resource in LWRs for a limited 
period of time, in the hypothesis of a delayed deployment of fast reactors, and with a 
sustainable development of nuclear energy, based on the deployment of fast reactors. 

Despite the different objectives, the options for P&T implementation show a significant 
common trunk, which allows to draw a consensual European roadmap and also to 
propose a regional approach of shared fuel cycle installations. Moreover, even if not 
explicitly stated by every country interested in P&T, there is a general consensus on 
defining 2040-2050 as the time horizon for industrial implementation. 

 
6. 2. P&T implementation options 
According to the transmutation objectives, fast neutron spectrum reactors are the 
preferred transmutation technology and offer flexible options for implementation: 
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Multirecycling of TRU as unloaded from LWRs. 
 In this case the ratio Pu/MA is ~ 8.5/1.5 for most spent fuels as unloaded from UOX or 
MOX PWRs or BWRs. 

As for reprocessing, it is possible to consider a grouped TRU recovery without 
separation of Pu from MA (e.g. as envisaged in the GANEX hydrometallurgical process 
at CEA). 

For this reprocessing type, the best strategy seems to be the homogenous TRU recycling 
in a critical fast reactor. The fuels could be rather standard mixed oxide fuels, with MA 
content of the order of a few percent (e.g. less than 5%). 

 
Reduction of TRU inventory as unloaded from LWRs. 
In this case also the ratio Pu/MA is ~ 8.5/1.5. As for reprocessing, a grouped TRU 
recovery without separation of Pu from MA can be envisaged. 

 To maximise consumption, a U-free fuel (inert matrix) in a fast neutron spectrum 
device (essentially an ADS) with conversion ratio CR=0, can be envisaged. However, a 
conversion ratio CR ~ 0.25 (which corresponds to a ratio U/TRU ~ 1) or less, that 
allows ~ 75% (or more) of the maximum theoretical TRU consumption, can also be 
envisaged.  

This means that an alternative to U-free fuels is to use a U-matrix, i.e. a mixed oxide 
fuel. The corresponding critical cores could still be rather difficult to conceive regarding 
location of MA bearing fuel for transmutation, while ADS is fully designed   as 
transmutation devices.  

 
Reduction of MA inventory. 
With respect to cases a) and b), in this case it is necessary to change the chemical 
separation process: in fact the separation of Pu from MA (which can be kept together, or 
implementing a process of separation of Cm from Am, with Cm storage in a specific 
installation) is now required.  

As far as the transmutation strategy, two options can be envisaged: 

Option 1: MA targets for heterogeneous recycling in critical Pu-fuelled fast 
reactors. MA content should be defined according to reactor core design and fuel 
configuration. This option is compatible with a sustainable development of nuclear 
energy, based on fast reactor deployment.  

Option 2: MA fuels in ADS with Pu/MA ~1(optimum value, according to 
numerous previous studies) and CR=0. Pu from LWRs will be recycled in MOX-LWRs, 
as foreseen in the double strata strategy. This option can be compatible with a delayed 
deployment of fast reactors. 

However, in this case an oxide fuel or U -matrix can also be considered as 
alternative to U-free MA targets or fuels, if the TRU consumption saturation 
(demonstrated for fuels with a ratio Pu/MA=8.5/1.5) is confirmed as well for a ratio 
Pu/MA~1. 

 
6.3.  Milestones for P&T implementation 



 44

To implement P&T at the horizon 2040-2050, it is expected in 2012: 

1. Review of national positions, of the potential for a practical 
implementation of a regional approach and of the consequences of P&T on the 
geological repository in terms of requirements and capacity. Scenario for P&T 
implementation and the evaluation of options such as homogeneous / 
heterogeneous recycling should also take into account the national capacities in 
fuel reprocessing and fuel fabrication, notably during the transient period. 

2. Review of ADS vs. Critical fast systems and different coolants. Decision 
on priorities 

3. Review on group recovery of TRU vs. MA separation  

4. Review on U-free vs. U matrix (i.e. mixed oxide fuels and/or targets) as 
the base option for all the different P&T objectives. 

5. Decision on demonstration facilities to be built in the period ~2012-2020: 

a. Experimental reactor, to demonstrate a) an alternative technology 
with respect to Na (if this coolant is chosen as reference), b) to 
demonstrate the ADS concept (if decision in this respect has been 
taken) and its transmutation potential and c) to provide a fast 
neutron irradiation facility. 

b. Advanced Processing facility  

c. Advanced Fuel fabrication facility  

In the period 2009 – 2012, a common trunk (i.e. independently from the choices 
indicated above) of R&D on technologies is required, to support the reviews and the 
decisions to be taken in 2012, as indicated above. 

 
6.4.  Common trunk R&D (2009-2012) 

In the period 2009-2012, common trunk should be performed in the following 
areas: 

• Priority will be put on common support technology on advanced 
reprocessing, MA-loaded fuels, coolant technology and materials: 

– Advanced processing of LWR fuels, for not-separated TRU (e.g. 
GANEX), and for separated MA recovery; hydro and pyro-
metallurgical processes will be considered for these two objectives.  

– Innovative fuels with high minor actinide content development, 
fabrication, reprocessing. Establishment of a material data library 
(thermal and mechanical data with burn-up dependency) 

– Structural Materials for liquid metal and gas fast reactor systems (ADS 
and critical reactor) 

– Thermal-hydraulics for HLM and gas systems 

– Coolants technology and measurement techniques (HLM, gas) 

 

Further R&D in that period is expected in the following areas: 



 45

• Components or Concept development: 

– Simplifications / innovations for SFR, LFR, GCFR, including various 
core configurations (homogeneous/heterogeneous core)  

– Complete design XT-ADS (focus on UPu-MA)O2 fuel), progress on 
EFIT (Industrial ADS) up to cost assessment when realistically feasible 

– Complete target (windowless concept and back-up window concept) 
validation 

– ADS component coupling at power   

– Updating of instrumentation, ISI and RH capabilities 

• Safety and licensing related investigations 

– Fuel / coolant interactions and properties at high temperatures 

– Investigations on design and beyond design transients scenarios 

– Implication for multiple safety barrier concept and design objectives for 
the primary/secondary containment structures 

• Scenario studies 

– Impact of P&T on deep geological storage (e.g. volume,heat and 
radiotoxicity reduction) 

– Evaluation of the P&T technology and process feasibility accounting for 
the European need in waste management and capacity in fuel 
reprocessing, and fast reactor / ADS deployment 

– Transition scenarios studies  

 
6.5. Demonstration Facilities (2012-2025) 

• Advanced processing facility: 

Today, the ATALANTE facility allows applying advanced aqueous partitioning 
processes to irradiated fuel according to a 15 kg/batch, one batch/year. 

In order to have available the MA necessary for a first demonstration irradiation, 
(e.g. ~one subassembly to be loaded in a prototype after 2020), it is needed to have an 
Advanced Processing Pilot Unit (APPU) able to process the equivalent of 1 ton at a time 
horizon of 2020. Dry reprocessing has shown at the laboratory scale (a few hundred 
grams of fuel) excellent capabilities for a co-reprocessing of actinides and should 
therefore develop as an alternative reprocessing option to be scaled up to a similar level 
at a time horizon 2025-2030.  

In the following figures, a synopsis is presented on the main alternatives for 
hydrochemistry reprocessing and for pyroprocessing methods. In the period 2008-12, 
R&D is needed to support advanced processing of LWR fuels, for separated MA 
recovery (e.g. DIAMEX, SANEX) and for not-separated TRU (e.g. GANEX. In the 
period 2012-17, the preliminary design and start of construction of a partitioning facility 
is envisioned, according to the decision taken at the end of the previous phase.  The 
demosntration facility should be built by 2025. 
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 A summary of the process options developed for An-Ln coextraction and for 
An/Ln separation. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 General advanced pyro-process scheme for metallic fuel. Oxide fuels require 

a head-end conversion 
step.
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• Advanced fuel fabrication facility:  
Today the MALAB has limits e.g. in the maximum amount of Am which can be 

handled in one year (~500 grams). Moreover, no Curium-bearing fabrication has been 
made, with the exception of the METAPHIX experimental pins. 

In order to have the fuels for one or more subassemblies to be put in a prototype 
(beyond 2020) it is needed to have an Advanced Fuel Fabrication Pilot Unit (AFFPU, 
beyond APPU)) with a capacity between 100 and 200 kg/year, at a time horizon ~2025-
2030. Of course, this time horizon could be adjusted, according to, e.g., the MA content. 
This installation should also produce the fuel pins for the first demonstration irradiation, 
as mentioned above. 

As for fuel fabrication, it will also be needed (by ~2018) a Fast Reactor Fuel 
Fabrication Workshop (FRFFW) first for the fuel (probably mixed oxide) to be initially 
loaded in a prototype fast reactor (~ 10 to 20 tons of MOX Fuel for a prototype of 
several hundred of MWe) and then for the experimental reactor. 

 

 
 

Modes of MA transmutation, reactor types and fuel candidates.  
 

Strategy Reactor Fuel 
composition 

 
Fuel 
type 

Clad 
Type 

MA 
concentration

Expected 
MA 
burn 

Status 

Homogenous-
recycling  
(once-
through) 

HTR, 
VHTR 

(U,Pu,MA)O2-x 
(U,Pu,MA)C 

(Th,Pu,MA)O2-

x 
(Th,Pu,MA)C 

Coated 
particules

SiC ≤5wt% in HM 80-90 % 

 

Homogenous-
recycling  
(multi) 

SFR 

(U,Pu,MA)O2-x 

pins 

ASS 
FMS 
ODS 

≤5wt% in HM 50-70 % 

Past 
experiments: 
FACT, MTE2, 
SUPERFACT, 
TRABANT … 
Planned 
experiments: 
… 

(U,Pu,MA)C 
(U,Pu,MA) N 

pins     

(Th,Pu,MA)O2-

x 
pins     

Metal 
U-Pu-Zr-MA 

pins 

   

Past 
experiments: 
METAPHIX… 
Planned 
experiments: 
FUTURIX FTA

LFR 

(U,Pu,MA)O2-x 
(U,Pu,MA)N 

(Th,Pu,MA)O2-

x 

pins 

ASS 
FMS 
ODS 

≤5wt% in HM 50-70 % 

No experience 
for Pb-coolant, 
but all SFR 
experience can 
be used  
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GFR 

(U,Pu,MA)O2-x 
(U,Pu,MA)N 
(U,Pu,MA)C 

(Th,Pu,MA)O2-

x 

Fuel 
plates or 

pins SiC-
fiber, ≤5wt% in HM 50-70 % 

No experience 
 

LWR 
(U,Pu,MA)O2-x 
(Th,Pu,MA)O2-

x 

 
 <1wt% in HM  

 

       

Heterogeneous 
recycling  
(once-
through)  

SFR 

IMF: 
(Pu,MA)O2-x 

+YSZ 
 

 

ASS 
FMS 
ODS 

Up to ~100 %  

Past 
experiments: 
EFFTRA-
T4(+bis), 
MATINA, 
ECRIX… 
Planned 
experiments: 
HELIOS, 
CURIOS 

        

 LWR 

IMF: 
(Pu,MA)O2-x 

+YSZ 
 

 

 Up to ~100 %  

 

Heterogeneous 
recycling 
(multi) 
 

SFR 

IMF: 
(Pu,MA)O2-x 

+MgO or 
(Pu,MA)O2-

x+Mo 
 

 

ASS- 
FMS- 
ODS 

Up to 100 % 50-70 % 

Past 
experiments: 
EFFTRA-
T4(+bis), 
MATINA… 
Planned 
experiments: 
FUTURIX 

(U, MA)O2-x 
 

pins 
ASS- 
FMS- 
ODS 

Up to 20%  
 
No experience 

LFR 

IMF: 
(Pu,MA)O2-x 

+MgO or 
(Pu,MA)O2-

x+Mo 
 

 

ASS- 
FMS- 
ODS 

Up to ~100 % 50-70 % 

Past 
experiments: 
EFFTRA-
T4(+bis), 
MATINA… 
Planned 
experiments: 
FUTURIX  

        

Recycling in 
dedicated 
reactors 

ADS 

IMF: 
(Pu,MA)O2-x 

+MgO or 
(Pu,MA)O2-

x+Mo 
(Th,Pu,MA)O2-

x 
(Pu,MA,Zr)N 

 

ASS- 
FMS-
ODS, 
SiC-
fiber, 

50-60wt% in 
HM 20-30 % 

No experience 
Planned exp. 
FUTURIX 

 FR 
(compact) 

(U,Pu,MA)O2-x 
(U,Pu,MA)N 

  10-20wt% in 
HM    
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Technical feasibility of transmutation (meaning ability of the fuel to be fabricated, 
irradiated and dissolved) is proved for Np and Am on heterogeneous and homogeneous 
mode in PWR and FR. Performances of transmutation have still to be validated as 
they depend on initial MA content and transmutation rate. Both of them have not 
reached the target values in the current irradiation program. 
 

- (U Pu AM)O2-x with MA%<2.5 behave similarly to standard fuels. Up to 6.5% 
MA, no negative consequence of helium production has been observed. 
 

- Inert Matrix Fuels (FR, ADS) have been widely studied in the 90’s, leading to 
optimized concepts regarding helium swelling and matrix amorphisation swelling. 
 

- Metallic and nitride fuels still have to be studied to estimate their performance. 
 
Manufacture of MA-assemblies is complicated by the alpha, beta, gamma and neutron 
emissions of americium and curium, whatever the MA content. Neutron activity and 
decay heat of curium is especially penalizing compared to standard MOX and UO2 
fuels. Thus the use of conventional processes and technology based on powder 
metallurgy is questionable; vibrocompaction or infiltration process are under 
development.  

Roadmap and schedule for the Experimental Pin Facility (EPF) dedicated to the 
production of blanket pins (heterogeneous recycling) or fuel core assemblies 
(homogeneous recycling) is proposed as follows 
 
Schedule: 
2008: preliminary design specification files of EPF plant 
2009: end of preliminary design 
2012: detailed design of Experimental Pin Facility 
2020: EPF operational 
 
Specifications for EPF 
 

 Reference composition 
(values still under 
discussion) 

Nominal capacity Minor actinide need 

Homogeneous 
transmutation 

U = 80 % ; Pu = 18 % ; 
MA = 2 % 

300 kg/year 
~ 350 pins/year 

6 kg/year 

Heterogeneous 
transmutation 

U = 90 % ; MA = 10 %  60 kg/year 
~ 70 pins/year 

6 kg/year 

 

 

• Experimental reactor for the demonstration of:  
– alternative coolant technology with respect to Na 

– ADS concept and its transmutation potential at a few subassemblies level 
and to provide a fast spectrum irradiation facility. 

 

Power ~100 MWth and time horizon ~ 2020 
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6.5.1. Complementary information on research needs 
 

 
 New large research infrastructures for irradiation and prototype 

demonstrations 
Based on the various analysis already accomplished in the last decade and as proposed in 
the vision document of the SNE-TP, Europe will be holding its worldwide leading 
position in the field of reactor technology and its future development only if this 
community fosters its efforts towards the realization of a European Research 
Infrastructure. The development of new concepts of reactors and fuel cycles as required 
by the objectives of sustainability and waste minimization and by any P&T strategy, as 
described in Deliverable 5.1, will require a robust irradiation capability due to the 
development of innovative fuels and will require the development of prototypes to 
demonstrate key new reactor features. It can be expected that in some cases both 
missions (fuel/material irradiation and key feature demonstrations), could be 
accomplished in the same installation, as it has been the case in the past. In this respect 
the infrastructure for irradiation and prototype demonstrations should be based on the 
following facilities:  
 
JHR: Jules Horowitz Reactor. JHR construction has been started in March 2007. JHR is 
a European Material Testing Reactor funded by a Consortium of European partners 
gathering representatives of research institutions (CEA (Fr), SCK*CEN (Be), NRI (Cz), 
CIEMAT (Sp), VTT (Fi), and major European companies such as EDF, Vattenfall and 
AREVA. JHR is open to international collaboration and JAEA (Japan) and DAE (India) 
have joint the partnership. JHR will be answering needs from industry and public bodies 
in the fields of structural material and fuel behaviour under irradiation for Gen.II & III 
applications as well as some generic Gen.IV research. JHR will be also acting as back up 
irradiation facility for radioisotopes production. 
 
ASTRID (GEN IV SFR prototype) : France has launched in 2006 a project to construct 
a sodium-cooled fast reactor (SFR) prototype by 2020, open to industrial and 
international partnerships. ASTRID (Advanced Sodium Test Reactor for Industrial 
Demonstration) will be both the precursor of a First Of A Kind Gen IV SFR and a tool 
to perform irradiation experiments. It could in particular be used for irradiations 
dedicated to transmutation fuel not only at pin scale but also at several assemblies scale. 
Detailed specification of this prototype reactor will be proposed in 2012 according to 
the results of the current R&D program on innovative features for SFRs. This prototype 
will have a power of several 100 MWe to be representative of the core physics and of 
the technological options of the selected SFR plant. 
 
ALLEGRO (present name for the ETDR) is a European Gas Cooled Fast Reactor 
demonstrator. ALLEGRO will be the first gas cooled fast reactor to be ever constructed. 
It will be a small experimental reactor (50 to 80 MWth) with the objective to 
demonstrate the viability of the specific GFR technologies (fuel, fuel S/As, safety, 
systems) and to demonstrate elements of the whole gas cooled reactors technological 
pathway. ALLEGRO will be also a fast spectrum irradiation reactor (including 
irradiation for transmutation fuel) and a test bed for high temperature components and 
heat applications. 
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MYRRHA: a small fast neutron spectrum facility (~50 MWth in its version published in 
2005), presently serving as a basis of the XT-ADS within the FP6-EUROTRANS 
project and further developed during the FP7 as MYRRHA fast spectrum experimental 
facility (MYRRHA-FSEF). MYRRHA is a facility which will be first devoted to test the 
coupling between an accelerator and a sub critical core, and possibly used to test 
transmutation. 
 
PALLAS at Petten in the Netherlands, presently under design for serving the main 
objective of securing the radioisotopes production for medical application for Europe: 
this activity (the medical isotopes production), including investment and operation, will 
be self sustained and recovered on a commercial basis). Pallas will be a complementary 
facility in support of the industrial needs for technological development for present and 
future reactors. 
A Gen IV HLM prototype, based on the ELSY design, with the objective to 
demonstrate the viability of the specific LFR technologies (fuel, fuel Subassemblies, 
safety, and components). 
 
 
Role of the new large research infrastructures for R&D on 

transmutation and innovative fuel cycles 
Each of the 5 new large research infrastructures described in the last chapter have 
several functions. These facilities can also be used for R&D on transmutation, for 
instance for the irradiation of pellets, pins or fuel assemblies of fuel with minor 
actinides. This chapter describes the main possibilities of these facilities when they are 
used for transmutation test. The main parameter is the level of neutron flux and the 
neutronic spectrum. 

 
The Jules Horowitz Reactor (JHR), a mature project meeting nuclear industry and public 
needs 
To meet the needs for the coming decades, JHR will be a high performance 100 MWth 
MTR providing a significant fast neutron flux in an under-moderated core (1015 n/cm²/s 
perturbed flux above 0.1 MeV) and high thermal neutron flux in the moderator (5 1014 
n/cm²/s, < 0,625eV). Compared to existing MTRs, JHR will offer advanced 
experimental capabilities such as on line fission product measurements and dedicated 
cells to manage safety experiments with damaged fuel samples.  
 
The JHR will have the possibility to test transmutation fuels in several neutron spectra 

at pellet scale or pin scale. 

 
ASTRID (GEN IV SFR prototype) 
ASTRID (Advanced Sodium Test Reactor for Industrial Demonstration) and the 
associated manufacturing facilities (driver fuel, Minor Actinide bearing fuels) will 
constitute a unique platform in Europe. The prototype will be equipped with irradiation 
capsules and is expected to provide irradiation services in fully representative SFR 
irradiation conditions at pin(s) scale and assembly scale (advanced fuels, structural 
materials, and transmutation fuels). In particular, in the frame of June 2006 French Law 
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on the sustainable management of wastes, transmutation fuels will be tested at a 
significant scale in order to show industrial feasibility.  
 
ALLEGRO (ETDR) 
ALLEGRO is a candidate for testing transmutation fuels capabilities in fast neutron 
spectrum. Cooled by helium under pressure, this demonstration reactor has a potential 
for large irradiation volumes with six sub-assemblies (5 Liters each) devoted to 
experiments in a 75 MWth core. Fast neutron flux can reach 0.8 1015 n/cm2/s (> 0,1 
Mev) and a dose of 13 dpa/year on structure material, thus ensuring short delay for 
testing. Specific operating conditions (temperature, coolant) for various transmutation 
fuels must be still evaluated, and adapted sub-systems could be developed to ensure 
representative conditions. 
 
The MYRRHA Fast Spectrum Facility 
This facility is based on the use of an alternative coolant to the sodium namely a Pb 
alloy. MYRRHA is a facility which will be first devoted to test the coupling between an 
accelerator and a sub critical core. In a later stage MYRRHA will be serving as a fast 
spectrum irradiation facility for material and fuel developments for Gen IV and fusion 
reactors. It will therefore not only replace the current BR2 reactor, but through its fast 
spectrum enlarge the research capabilities. MYRRHA will also hold a back up role for 
classical radioisotopes production and focus on those requesting very high flux levels. 
The basic thermal power of MYRRHA is ranging between 50 and 100 MWth, the 
current XT-ADS version within the EUROTRANS project considers a 70 MWth core. 
The targeted flux levels (at target location) are of the order of: 
total neutron flux :     > 3 1015 n/cm²/s 
fast neutron flux (> 0,75 MeV) :  > 1 1015 n/cm²/s 
   (> 1,0 MeV) :   > 0,8 1015 n/cm²/s 
 
A Gen IV HLM prototype 
It should be mentioned that to fully implement the technology of a European HLM-
cooled transmuter, Europe will also benefit of the planned LFR-DEMO, a 100 MWe 
Technology Pilot Plan based on the ELSY design under development, and with the 
objective to demonstrate the viability of the specific LFR technologies (fuel, fuel 
Subassemblies, safety, and components). 
 
The PALLAS reactor 
The Petten site, in The Netherlands, integrates on the same site the reactor HFR, hot cell 
laboratories and medical-oriented production facilities. The Pallas project replacing HFR 
after 2015 will provide an innovative nuclear infrastructure and reinforce the supply of 
radio nuclides for medical application in Europe. Key elements are a flexible core and a 
moderated power. Like the HFR, also the Pallas reactor will act as complementary and 
back up facility for material, fuel and nuclear components research, and possibly as an 
irradiation device for R§D on transmutation. 
The basic thermal power of PALLAS is 40 MW with a 30-80MW power range 
Fast neutron flux : 5 x 1014 n/cm2/s (~ 2xHFR) 
Thermal neutron flux : 5 x 1014 (~ 2-3xHFR) 
 
Reference : http://www.pallasreactor.eu 
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The following table gives some indications on the maximum neutron flux available in 
these facilities. 

Neutron flux – Maximum values 
 Fast neutron flux  

(> 0,1 Mev) 
Total neutron flux 

JHR ~1015 n/cm²/s ~2.4 1015 n/cm²/s 
GEN IV Prototype ~1.8 1015 n/cm²/s ~4 1015 n/cm²/s 
ALLEGRO ~0.8 1015 n/cm2/s ~1.2 1015 n/cm2/s 
MYRRHA (2005 version) 2 1015 n/cm2/s 3 1015 n/cm2/s 
PALLAS ~0.5 1015 n/cm2/s ~1 1015 n/cm2/s 
 
 
 Summary on the experimental / prototype reactors 
In the previous paragraphs we have given an overview of six potential new nuclear 
infrastructures in Europe. One of these infrastructures, the JHR is under construction. 
Each of these infrastructures has several functions: material testing, component testing, 
radioisotopes production, prototype reactor, technology demonstration reactor, etc. Each 
of this facility will play a role for the R&D in support of advanced fuel cycles based on 
the implementation of P&T. In fact, we have seen in Deliverable 5.1, the most effective 
P&T strategies rely on the implementation of innovative fast reactors, being these 
critical or sub-critical, with new fuel types. 
The SRA in the frame of the SNE-Technology Platform will give more detailed 
indications on how these infrastructures will contribute to the future sustainable 
development of nuclear energy including the P&T technologies.    
 
Technology development support area 
In what follows, and for consistency purposes, indications on priority needs for 
technological facilities required to implement the P&T options indicated above i.e. 
based on critical FR with Na, Gas or HLM coolant and sub-critical ADS with HLM 
coolant have been extracted from the SRA (Ref. 1). 
 
Material testing reactors (OSIRIS, HFR, BR2, JHR …see above), hot laboratories 
(LECA, LECI, ITU, etc.), fast critical mock-up facility for studies of innovative SFR 
core neutronics (MASURCA type) and access to fast spectrum reactors (as indicated 
previously) are needed for all fast spectrum systems considered in the SRA. 
 
R&D needs for fast neutron systems 
The development of fast neutron spectrum reactors will require materials testing 
reactors and hot cells. Additional required infrastructures are testing and qualification 
facilities for systems technologies, components, coolant quality control (specific liquid 
metal loops, gas loops and hot cells), as well as code qualification and validation which 
are mandatory for safety analyses.  
 
 
Experimental facilities needed to support the R&D programme of the SFR 
The status on the Sodium technological facilities available is given in the following 
table : 
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Sodium experimental facilities 
Facility 

ID/Name 
Locati

on 
Functional 

Type 
Description Status Remarks 

STRUCTURAL INTEGRITY AND MATERIALS TEST FACILITIES 
TERMINATO
R 

CEA-
Cad. 

Fatigue 
creeping 
interaction 
studies 

Can reach up to 500°C in a 1 
3m volume of static sodium 
for thermal fatigue 

Cocoon Planned to be in 
operation in 2008 

FAENA CEA-
Cad. 

Thermal 
stripping 
studies 
(mechanica
l) 

Max temp Na : 600°C (400 
°C in the cold branch); 0,18 
3m volume of dynamic 
sodium (2 pumps of 0,5 3m/h)

Cocoon Planned to be in 
operation in 
2008/09 

THERMAL-HYDRAULICS TEST FACILITIES  
FRUCTIDOR CEA-

Cad. 
Gas cover 
thermalhy
draulics - 
Aerosol 
behaviour 

0,3 3m static Na Cocoon Planned to be in 
operation in 
2009/10 

ALINA FZK Small scale 
heat 
transfer 
experiment
s 

Loop, max temperature 400°C, 
21m3/h 

In 
operation 

- 

  COMPONENTS AND SYSTEMS QUALIFICATION FACILITIES 
FUTUNA 2 CEA-

Cad. 
Sodium 
leak 
detection 

Enable to simulate a sodium 
leak and evaluate its early 
detection (550 °C, 0,15 Na 
volume, 0,05 to 30 3cm/min). 
Can test mock-up of 2 m 
length and 0,7 m diameter 

Standby Do not need an 
heavy 
refurbishment 

ECRIN CEA-
Cad. 

Sodium 
purification 
and quality 
control 

Dynamic loop : 400 liters of 
Na, 500°C, 1 3m/h and two 
experimental lines 
Physico-chemistry of oxide 
and hydrides precipitation.  
Suitable to perform studies on 
cold traps operation and 
efficienciy  

Stand-by   

ANAPURNET
TE 

CEA-
Cad. 

Sodium 
purification 
and quality 
control 

Loop offering a lot of 
possibilities in the field 
phycico-chemical tests in 
sodium 
1,5 3m of Na, 550 °C, 1,5 
3m/h, 0,25 dimater and 1,5 m 
length test section size 

Standby   
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Facility 
ID/Name 

Locati
on 

Functional 
Type 

Description Status Remarks 

DOLMEN CEA-
Cad. 

ISIR 
testings 

Multifunctional loop enable 
to test several process in the 
field of ISIR 
3 3m of Na, 580 °C, 1,5 3m/h. 
2 pits available (1,5 3m and 
0,6 3m ) 

In 
operation 

  

TRIPOT CEA-
Cad. 

Large 
sodium 
pots for 
sodium 
technology 
developme
nt 

Multifunctional loop enable 
to test several process in the 
field of sodium technology 
development (scale 1) 
140 3m of sodium, 600°C, 40 
3m/h, 3 experimental pits (70, 
24 and 11 3m) 

Cocoon Need a deep “de-
cocooning” 

SUPERFENN
EC 

CEA-
Cad. 

Small 
sodium 
loop for 
technology 
developme
nt 

Used as a teaching loop it can 
be used for small 
technological application 
150 l of Na, 550°C, 2 3m/h 

In 
operation 

  

MINI-NANET CEA-
Cad. 

Facility 
used to test 
cleaning 
processes 

R&D on washing processes 
with water/sodium interaction

In 
operation 

  

AUTOCLAVE 
REACTOR 

CEA-
Cad. 

Used for 
sodium/wat
er reaction 

Maximum Na mass of 1 Kg; 
1,2 3m experimental vessel 

In 
operation 

Will be upgraded 
to test Na/CO2 
interaction kinetics

CARNAC CEA-
Cad. 

Sodium 
carbonatio
n 
developme
nt process 

Series of 5 glove boxes 
devoted to the development of 
carbonation process 

In 
operation 

Can be used for 
other purposes 

PENELOPE CEA-
Cad. 

Sodium 
handling 
and testing 

Large glovebox in support to 
other program 

In 
operation 

Can accept liquid 
Na 

HARPAGON CEA-
Cad. 

Sodium 
technology 
developme
nt 

Sodium loop where high 
temperature can be reached 
for wetting studies or material 
behavior in static conditions 
250 l of Na,600 to 700°C 

Cocoon   

LIQUIDUS CEA-
Cad. 

Sodium 
technology 
developme
nt 

Large glovebox in support to 
other program 

In 
operation 

Can accept liquid 
Na 
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Facility 
ID/Name 

Locati
on 

Functional 
Type 

Description Status Remarks 

DIADEMO CEA-
Cad. 

Heat 
Exchanger 
developme
nt for Pb-
Bi 

Loop devoted to compact HX 
testing 

In 
operation 

In 2008, a sodium 
branch will be 
added for testing 
between 2009 and 
2012 an 
elementary pattern 
of a Na/Gas heat 
exchanger. 

SET CEA-
Cad. 

Scale 1, 
steam 
generator 
testing 

Has been used to test SPX SG 
and EFR SG. Could be used 
for Na/Na heat exchangers 
too. 
15 3m of Na, 600°C, 150 
3m:h 

Cocoon Need an important 
refurbisment 

SAFETY/SEVERE ACCIDENT EXPERIMENTAL FACILITIES 
FONTANA, 
SURBOUM, 
VAUTOUR, 
TRANCES 

CEA-
Cad. 

  Sodium fire / hydrolysis     

 
Additional generic needs of experimental infrastructures to support the R&D issues for 
SFR systems are: 
In common with GFR and LFR/ADS programs: 

• Material testing reactors and fast reactors for irradiation testing of innovative 
structural materials and nuclear fuels (chapter 2) 

• Hot laboratories for manufacturing innovative fuels (e.g. dense fuels and/or 
minor actinides bearing fuels) 

• Hot labs and equipment for post-irradiation experiments of innovative fuels 
and structural materials 

• Fast critical mock-up facility for studies of innovative SFR core neutronics 
(MASURCA type) 

 
Other facilities: 

• Safety dedicated research reactor for RIA studies (Reactivity-Initiated 
Accident) 

• Small and medium size sodium loops for the development and testing of 
small- and intermediate-scale sodium components or for tests of in service 
inspection and repair techniques 

• Large sodium loop for the development and testing of large-scale sodium 
components (steam generator, heat exchangers…) 

• Test bench for monitoring the interface between primary sodium and the 
cover gas (heat transfer and thermo-hydraulics) 

• Test loops for simplified intermediate system with fluidic thermal coupling 
(tests of operating principle and corrosion with molten salts, Pb, Pb-Bi …) 

• Test loops for gas powered conversion systems (He-N2 or supercritical CO2) 
for validation of operating principle and specific component technology 
(including IHX) 
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• Test facility devoted to severe accidents with damaged core configurations 
• Loops for corrosion tests (sodium / innovative structural materials, or gas / 

materials, alternative fluid / materials) 
• Workshops to manufacture innovative structural materials (such as ODS 

cladding), to control their quality against specifications and to perform 
mechanical, corrosion and welding tests 

• Platform to measure physical properties of fuels (crystal structure such as 
lattice parameters, heat capacity, thermal conductivity, melting temperatures 
(solidus and liquidus), vapour pressures) 

• Shaking tables for core structural dynamics and seismic tests. 
 
 
 
 
 
Experimental facilities needed to support the R&D programme of the LFR and 

ADS cooled with HLM 
The list of main experimental facilities needed to support R&D programme of LFR and 
ADS cooled with HLM shows a large common trunk. 
Already available small and medium scale HLM loops in Europe, to develop 
technologies as e.g. coolants chemical quality, to perform materials and thermal-
hydraulics studies are listed in the following table: 
 
 
 
 

HLM facilities available in Europe 
[Extracted from Handbook on Lead-Bismuth Eutectic Alloy and Lead Properties, 
Materials Compatibility, Thermal-hydraulics and Technologies. Edition 2007, OECD-
NEA Publication, ISBN 978-02-64-990002-9.] 
Association

/Country 
Name of the 

facility 
Type of 
facility 

Objectives OCS – 
O2 probe 

Tmax Flow 
rate 

Other 
information

Technological facilities 
FZK/D THESYS Loop Development 

and testing of 
measurement 
techniques 

H2/H2O – 
Yes 

550 °C 3,5 
m3/h 

Heated pipe 
experiment  
Heated rod 
experiment 

FZK/D KOKOS Loop OCS 
development 

H2/H2O – 
Yes 

550 °C  Diffusion 
coefficient 
measurement 
of Oxygen in 
LBE 

FZK/D KOSIMA Static Oxygen sensor 
development 
and calibration 

H2/H2O – 
Yes 

 -  

ENEA/I CHEOPE II Loop Liquid Metal 
Chemistry 

 500 °C  50 l of LBE 

CEA/F SOLDIF Static Solubilities, 
diffusivities, 
oxide layer 
characterisatio

- –  
yes 

500 °C -  
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Association
/Country 

Name of the 
facility 

Type of 
facility 

Objectives OCS – 
O2 probe 

Tmax Flow 
rate 

Other 
information

n 
CEA/F STELLA Loop Oxygen sensor 

and Dip 
sampling 
system 
validation, 
OCS 
development 

PbO – 
yes 

550 °C 1 m3/h  

SCK/BE PCV Stirring Conditioning 
and cleaning 
procedures of 
LBE and LBE 
outgas studies 

H2/H2O 500 °C  Studies 
suitable for 
windowless 
spallation 
target 

SCK/BE VICE Stirring Gas transport 
in the beam 
line, outgas, 
metal 
evaporation, 
simulation of 
spallation 
products 

 500 °C  Main 
operating 
pressure 10-7 
mbar. Studies 
devoted to 
the 
windowless 
solution. 

Materials Testing facilities 
FZK/D COSTA Static Corrosion 

mechanism 
investigation in 
controlled 
conditions 

H2/H2O – 
In the gas 

phase 

1000 
°C 

- 200 
specimens at 
5 different T 
and 10 
different O2 
activities in 
one run 

FZK/D CORRIDA Loop Corrosion rate 
in controlled 
atmosphere 

H2/H2O – 
Yes 

550 °C 2 – 4 
m/s 

Modelling of 
corrosion 
precipitation 
behaviour 

ENEA/I CHEOPE III Loop Corrosion at 
high oxygen 
content 

H2/O2 – 
yes 

500 °C 1,2 
m3/h 

50 l of LBE 

ENEA/I LECOR Loop Corrosion at 
low oxygen 
content, 
physico-
chemistry, 
component 
testing 

H2/O2 – 
yes 

500 °C 4,5 
m3/h 

Three test 
sections 

CEA/F COLIMEST
A 

Static Effect of 
oxygen content 
on the 
corrosion 
mechanism 

Yes –  
Yes 

500 °C   

CEA/F CICLAD Rotating 
cylinder -

Hydrodynamic 
effect on 
corrosion rate 

H2/H2O – 
Yes 

500 °C 5 m/s Development 
of corrosion 
mechanism 

PSI/CH LISOR Loop “Stress” No 350 °C 1 m/s Proton 
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Association
/Country 

Name of the 
facility 

Type of 
facility 

Objectives OCS – 
O2 probe 

Tmax Flow 
rate 

Other 
information

corrosion 
under 
irradiation 

Beam: 72 
MeV; 15-40 
�A 

PSI/CH CorrWett Loop Corrosion, 
Thermal 
cycling 

No 350 °C 0,8 m/s  

SCK/BE SSRT Static LBE and 
irradiation on 
mechanical 
properties of 
structural 
materials. 
Studies on 
OCS and O2 
measurement 

Yes 500 °C - One test 
section in 
autocave 
with 2,5 l of 
LBE.  

CIEMAT/E
S 

FEDE Static Materials 
testing in 
controlled 
conditions and 
O2 
measurement 

Yes 600 °C - Different gas 
atmospheres 
and different 
O2 activities, 
Multi 
specimens 
device 

CIEMAT/E
S 

FELIX Static Materials 
testing 

H2/H2O 600 °C - Furnaces 
with 
controlled 
atmosphere 

CIEMAT/E
S 

CIRCO Loop Long-term 
corrosion 
experiments 
and Oxygen 
sensor testing.  

Yes 550 °C Natural 
convec. 

Analysis of 
corrosion 
products 
deposition 
could be 
performed by 
destructive 
examination 
of the loop 

CIEMAT/E
S 

LINCE Loop Long-term 
corrosion 
experiments 
and Oxygen 
Control System 
analysis. 

Yes 500 °C 2.5 
m3/h 

LBE 
inventory 
170 l, 
electrical 
power 80 kW

ŘEŽ/CZ SEQUEL-
VII 

Loop Corrosion in 
different 
conditions 

OCS 
indirectly 

700 °C 1-2 
cm/s 

 

UnivLILLE
/F 

Mechanical 
Properties in 

Liquid 
Mertals 

static Monotonic and 
cyclic 
properties of 
structural 
alloys in liquid 
metals 

No 600°C static  

SCK-
CEN/B 

LIMEST 1 static Mechanical 
testing of 

Ar/H2 
Yes 

500 °C static Calibration 
of oxygen 
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Association
/Country 

Name of the 
facility 

Type of 
facility 

Objectives OCS – 
O2 probe 

Tmax Flow 
rate 

Other 
information

materials and 
oxide layers in 
LBE 

sensors also 
foreseen 

SCK-
CEN/B 

LIMEST 2 static Mechanical 
testing of 
irradiated 
materials in 
LBE 

Ar/H2 
 

500 °C static SSRT, 
Constant and 
Raising load, 
CGR 

Thermal – hydraulics facilities 
FZK/D THEADES Loop Single effects, 

beam window, 
window less, 
fuel elements, 
heat transfer 

H2/H2O – 
Yes 

450 °C 100 
m3/h 

Height of the 
test sections 
3,4 m 

ENEA/I CIRCE Pool Thermal – 
hydraulics, 
component 
development, 
large-scale exp. 
And liquid 
metal 
chemistry in 
pool config. 

OCS yes –
no O2 
probe 

450 °C  8540 l of 
LBE 

ENEA/I CHEOPE I Loop Thermal – 
hydraulics, 
cooling pin 

 500 °C  900 l of LBE 

RIT/SE TALL Loop  Thermal 
hydraulics and 
heat transfer 
measurements  

No OCS – 
Yes sensor

550 °C 2,5 
m3/h 

Height of the 
test section: 
6,8 m 

 
Additional generic needs of experimental infrastructures to support the R&D issues for 
LFR and ADS systems are: 
In common with SFR and GFR programs: 

• Material testing reactors and fast reactors for irradiation testing of structural 
materials, fuel cladding and nuclear fuels (chapter 2). Moreover, one could 
mention the planned LEXUR II experiment at BOR-60 in Russia as a 
complementary and, possibly, shorter term contribution;  

• Hot laboratories for manufacturing innovative fuels (e.g. dense fuels and/or 
minor actinides bearing fuels) 

• Hot labs and equipment for post-irradiation experiments of innovative fuels 
and structural materials 

 
Other facilities: 

• Fast critical mock-up facility for studies of innovative LFR or ADS core 
neutronics (MASURCA type) 

• other small and medium size pure lead loops for material qualification, 
thermal fatigue investigations, rod bundle thermal hydraulics, and 
development and testing of small and intermediate-scale lead components; 
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• large lead loops for the development and testing of large-scale components 
and for integral tests; 

• large lead pool for sloshing tests; 
• test facility devoted to severe accidents with damaged core configurations; 
• Workshops for alluminization of structural materials, welding test, 

mechanical tests and corrosion tests. 
 
Experimental facilities needed to support the R&D programme of the GFR 
Already available technological facilities for the development of GFR are listed in the 
following table : 
 

GFR development facilities available in Europe 
Helium purification 
HEPUR : HElium PURification 
 
HPC Loop  
Helium feeding and quality control 
loop 

Helium 
- 180 °C < T < 400 °C 

 
0 < P < 11.5 MPa 

 
Helium flow rate : 40 g/s 
Operation with gaseous 
and particular impurities 

 
Purification level : less 

than 1 ppmV 
 

 
 

Purification performances tests 
o filtration,  
o oxidation reactors 
o adsorption : molecular 

sieves, actived carbons 
o getters 

Regeneration, low levels of 
purification processes, 

Dynamic of purification 
systems 

Alternative process : 
permeation 

Processes efficiency 
Inactive gas composition 

 

 
 
 
 

CEA 
Cadarache 

CIGNE loop 
Heated reactor 
 

 
Temperature range : ambiant 

to 210 °C (350 °C after 
modification) 

 
Atmospheric pressure 

 
Helium flow rate : 0 to 30 

NL/mn 

Helium purification process 
 

CuO oxidation studies 
 

Test of different reacting 
products : fixed studies on CuO 

oxidation potential (kinetics 
parameters) 

 

 
 
 
 

CEA 
Cadarache 

CLAIRE Loop 
High Temperature Gas/Gas 
Exchanger Test Loop 
 
 

The natural gas fired 

furnace (power : 1.4 MW) 

produces smokes at high 

temperature (1500 °C) :  

o Gas flow rate : 1 kg/s 
o Atmospheric pressure
o Gas temperature < 

1500 °C 
Secondary circuit : 

o Air flow rate : 4.9 
kg/s 

o Pressure : from 1 to 7 
bar 

o Gas temperature < 
350 °C 

 

Small heat exchanger 
mock-up test 

 
                           
• recuperators, 

 metallic or ceramic high 
temperature exchangers, 

• caloducs exchangers, 
 compressor, intercooler 

 
 
 
 

CEA 
Grenoble 
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SALSA Loop 
 
 
 
 
 
 

Main characteristics 

High = 7 m, surface ≈ 7 x 

10 m2  

Fluides :  

Air : Max Pressure 10 bar 

(compressor), max 

temperature 300°C (Heater), 

Max Florate 1.5 Kg/s 

(circulator) 

Water (cooler) : florate 40 

m3/h   

Electric power 250 kW (180 

kW for heater) 

Systeme loop usefull for 

CATHARE code Validation 

for the Decay Heat removal 

system of GFR. 

 

o Reduce scale, in air 
(similitude) 

o Low technological 
constrains: flow, pressures, 
temperatures… 

o Results for 2012 
Evolutive loop, with the 
possibility to reproduce a 

large transitory scale 

 
 
 
 
 
 
 

CEA 
Grenoble 

HEDYT loop 
HElium DYnamic Tests 
 
 
 
 
 

Main characteristics 

He pressure: 100 bar 

He temperature : up to 

850°C 

He Flow rate : 150 g/s 

 

Studies foreseen : 

o Thermo hydraulical studies 
on fuel assembly mock up :  
heat exchange and pressure 
drop correlations  

o Abrasion /  erosion tests : 
fuel assembly material 
evaluation  

 
 
 
 

CEA 
Cadarache 

DIADEMO device 
 

 

 

DIADEMO is composed of 

3 mains parts : 

 

Gaz loop (He, N2, He/N2) 

Pressure up to 90 bar, 

temperature up to 500°C 

 

Heat Exchange Components 

characterisation. 

 
 
 
 

CEA 
Cadarache 
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PbLi test section, for fusion 

needs, to tests 1st wall 

components: up to 550°C. 

 

Na loop (RNR Na 

programs), to test Na/gaz 

heat exchangers: up to 

550°C. 

 

 
HELOKA 
 
 
 
 

Main characteristics 

Pressure up to 80 bar 

Temperature up to 500°C 

Helium Flow rate up to 2 

kg/s 

Fusion experimental program  
 

FZK 

HEFUS 
 
 
 
 

Main characteristics 

Pressure up to 80 bar 

Temperature up to 530°C 

Helium flow rate up to 1,3 

kg/s 

Electric power 1 MW 

 

 

Fusion experimental program  
 

ENEA 

 
Additional facilities for development of GFR cores and systems are needed: 
In common with SFR and LFR/ADS programs: 
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• Material testing reactors and fast reactors for irradiation testing of structural 
materials, fuel cladding and nuclear fuels (chapter 2), 

• Hot laboratories for manufacturing innovative fuels (e.g. dense fuels and/or 
minor actinides bearing fuels) 

• Hot labs and equipment for post-irradiation experiments of innovative fuels 
and structural materials 

• Fast critical mock-up facility for studies of innovative GFR core neutronics 
(MASURCA type) 

 
Other facilities: 

• Test benches and small scale helium loops to develop high temperature 
Helium system technologies (seals, corrosion, valves and fitting, helium 
purification and control, heat insulation …) 

• Small or medium system loop to qualify thermal-hydraulic simulation tools 
for use in normal and accidental transient analyses 

• Larger scale test benches or helium loops to test specific GFR components 
(blower, fuel handling arm, high temperature heat exchanger …)  

• Medium scale gas loop to test the power conversion system. Gas powered 
conversion system in test loops for in common with VHTR or SFR 
programmes. 
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6.6.  Towards industrial implementation of P&T (2020-2040) 
After a period of demonstration of the performance of the previously mentioned 
facilities, industrial prototypes would be launched (around 2025-2030) to be operational 
near 2040. R&D will be focused after selection of major options (2012), first in support 
of demo facilities (2012-2020), and afterwards in support of the industrial deployment 
of P&T (~2020-2030).  
 

 
 

 2010 2012 2014 2016 2018 2020 2022 2024 …… 2040 
R&D: 
Reprocessing 
Fuels 
Materials 
Coolant 
ADS Design 
Etc 

          

Prototype / 
Experimental 
reactor 

          

FRFFW           
APPU           
AFFPU           
Scaling up to 
industrial level 

          

 
For the experimental reactor and demonstration facilities, the timescale corresponds to 
construction times leading to active operation at end of the period.  
 
6.7.  P&T connection with the Sustainable Nuclear Energy Roadmap. 
 
It is obvious that P&T cannot be considered an isolated quest, and must be embodied 
into the general framework of Advanced Fuel Cycles leading to a Sustainable Nuclear 
Energy. In fact, some of the options taken into account in the different scenarios for 
P&T implementation were based on fast reactors working in an energy-generating 
mode.  
 
This integration will affect fuel definition and fabrication, reprocessing techniques and 
recycling schemes, and reactor specifications and features. Indeed, energy generation 
and waste minimization will have to be treated in a unified way within the concept of 
Sustainable Nuclear Energy. This integration is outlined in the following chart, showing 
the global structure of facilities and processes that will have to be developed for a full 
deployment of Nuclear Fission in a sustainable scenario. 
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19

 
 
Some of the elements of the chart, notably ADS, are very specific of P&T, but this one 
has to be embodied into the general structure of Advanced Nuclear Fuel Cycles. It was 
pointed out in the corresponding sections of this report that a substantial part of the 
radiotoxicity reduction of the wastes would be obtained by heterogeneous or 
homogeneous recycling of selected nuclei in fast reactors. At the same time, such a 
recycling will be an inherent activity for energy generation, which is the real objective 
of Nuclear Fission Energy. 
 
 
 
 
 
6.8. P&T Roadmap. Key elements and decision process 
 
 

6.8.1. Options for a decision process towards P&T implementation 
 
 

Decision process for P&T implementation in European countries has to take into 
account various aspects such as: 

 Political and environmental issues: three families of fuel cycle scenario, based on a 
regional approach, have been proposed in support to deployment of P&T European  
policy, regarding sustainable development of nuclear energy, waste management, 
and resources optimization: 
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o Sustainable development of nuclear energy: multi-recycle in FRs of 

TRU as unloaded from LWR 

GEN-
IV
FR

Losses Losses

Pu+MA

Pu+MA

Multirecycling

Repository

UOX
PWR

Fuel fabrication

Reprocessing

GEN-
IV
FR

Losses Losses

Pu+MA

Pu+MA

Multirecycling

Repository

UOX
PWR

Fuel fabrication

Reprocessing

 
 
o Double strata: reduction of MA inventory 

multirecycling

multirecycling

Repository

UOX
PWR

MOX
PWR

Dedicated 
transmute
r system

Pu
MA+Pu

Pu

Lo
ss

es

Lo
ss

es

M
A

+Pu

MA

Fuel fabrication
ReprocessingLo

ss
es

multirecycling

multirecycling

Repository

UOX
PWR

MOX
PWR

Dedicated 
transmute
r system

Pu
MA+Pu

Pu

Lo
ss

es

Lo
ss

es

M
A

+Pu

MA

Fuel fabrication
ReprocessingLo

ss
es

 
o Reduction of TRU as unloaded from LWR (e.g. legacy inventories) 
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 Main issues related to feasibility, rationale and added values of P&T: 
o Inventories of nuclear materials to be managed 
o Time projection for reaching equilibrium 
o Impact on waste storage, specially geological disposal 
o Technical - economical evaluation of the fuel cycle scenario 

 Industrial capacities required for fuel treatment and fabrication: 
o Fuel reprocessing for TRU and/or MA separation 
o Advanced fuel fabrication: MA bearing fuel and/or target 
o Integration of P&T technology within existing nuclear reactor fleet and 

related fuel cycle technology  
These key issues are consistent with the establishment of a so called strategic agenda for 
P&T implementation. 

 
In the mean time, a technical agenda should also be established, that will provide 
driving criteria in support to decision process. Below is an attempt to specify areas, and 
associated technical options, where choices will be needed, in order to help shaping a 
progressive down-selection in the path towards P&T implementation. Associated to 
each option, practical realisations and facilities in support are needed. 

 
Seven domains are identified, on the basis of past studies and findings summarized 
within the PATEROS project, towards P&T research and development program, 
whatever the selected process: core conversion ratio value (high versus low conversion 
ratio), ADS versus critical FR, fuel versus target, heterogeneous versus homogeneous 
recycling mode, MA content, recovery of full TRU versus MA/Pu separation, aqueous 
versus pyrometallurgy reprocessing for dedicated fuel. The common trunks for critical 
fast Reactor (and its subsequent variant options), and ADS technology development is 
related to the need of large research infrastructures: fuel and material irradiation facility, 
fuel treatment and fuel fabrication installations. Beyond this generic R&D, the range of 
operating conditions requested for P&T process validation may greatly vary according 
to the different P&T modes, and decision should be taken for designing specific 
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 research facilities. 
 

 
 
 where ?  means “option” 
 

 Conversion Ratio (CR).  
The choice of the appropriate core conversion ratio is related to the chosen strategy, i.e. 
a “high” conversion ratio (CR~1) corresponds to a strategy of nuclear energy 
sustainable development with waste minimization in a repository and MA inventory 
stabilization in the fuel cycle. A “low” conversion ratio (CR 0-~0.5) corresponds to a 
strategy of TRU or MA drastic reduction. 
 

 Fuel Reprocessing mode  
The scheme is based on the hypothesis to keep options open in the field of fuel 
development and reprocessing technologies at least up to the time when a decision is 
made on the recycle mode, probably at the ~2012 horizon. Nevertheless, the capability 
of reprocessing target inert material for ADS and fuel cladding material for critical FR 
could impact the reprocessing process, whatever  aqueous (dissolution, separation, 
etc…) or pyrometallurgy. 
 

 Reprocessing for Minor Actinide recovery  
Whereas MA/Pu separation is mostly envisioned for ADS technology, all other variant 
options are kept open for critical FR: grouped transuranics separation or MA/Pu 
separation, possibly followed by selected Minor Actinides separation. 
 

 MA content 
MA content (3% to 50%) and composition (TRU, MA, selected MA), strongly 
dependent on P&T mode, are key criteria for setting up priorities in terms of R&D 
program and associated research facilities. Beyond the need of specific facilities for 
handling high thermal load and radiotoxicity fuel, which level varies according to MA 
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content and composition (e.g. Cm, Np, Am), this will require technological 
breakthrough in areas such as fuel handling system, discharge repository and transport 
systems prior to industrial up scaling. 
 

 Fuel 
For critical FR, U or MOX matrix are mainly envisioned for MA bearing fuel, whereas 
oxide inert matrix is a most likely solution for ADS. (However, back-up options are 
considered for both of the technologies: carbide fuels for critical FR and nitride based 
inert matrix for ADS). In addition to MA content and composition impact, P&T mode 
will require full characterization studies of inert materials under relevant and specific 
irradiation experiments: behaviour under high rates of helium release and under high 
temperature for ADS fuel matrix inert material, and mainly swelling behaviour under 
high dose rate for critical FR fuel cladding material.  
 

 Reactor type 
The ADS in this scheme is the “transmutation dedicated machine”, i.e. of the EFIT type, 
with Pb as primary choice for the coolant. The “critical FR” is the FR prototype, 
progressively loaded with “dedicated fuel” with Na as primary choice for the coolant. 
The choice of the alternative technology with respect to Na (i.e. HLM or gas) has not an 
impact at this stage on the P&T implementation strategy (i.e. up to the FR prototype 
development and operation), but could have an impact on the irradiation facility 
characteristics (e.g. an experimental gas reactor of the ETDR type and a sub-critical 
reactor, both could possibly not be adapted to a massive irradiation mission, fulfilling a 
~30-40 dpa/year goal). 
 

 Recycle mode.  
Two modes are considered: the homogeneous recycle of not separated TRU or the 
heterogeneous recycle of separated MA as targets in specific assemblies of a fast 
reactor. In fact, one significant consequence of TRU and/or  MA recycle is the increase 
of the neutron sources at fuel fabrication, with respect to the case of a Pu-only multi-
recycle. Homogeneous recycling requires the overall TRU bearing fuel quantities be 
fabricated at industrial scale and in consistency with fast reactor fleet deployment, but 
with low level of MA content. Heterogeneous process is an alternative solution, since 
only part of MA / TRU bearing fuel needs to be fabricated, but with higher MA content. 
This could keep flexibility between fuel treatment capacities and fast reactor 
deployment at industrial scale, as well as flexibility for the selection of MA to be 
separated in order to make fuel/targets for transmutation. 
  
Main time lines 
As above highlighted, decision points to be taken during the R&D program plan in 
terms of R&D infrastructure use and/or construction, will provide orientations towards 
P&T mode(s) selection. In the same way, they will impact the design of pilot plants to 
be constructed, for demonstrating the technology of fuel fabrication, fuel treatment, and 
transmutation system prior to industrial up scaling. Lastly, so called strategic and 
technical agenda should be put face-to-face for setting up appropriate time lines towards 
P&T implementation. 
 
Two major milestones could pave the way towards establishing P&T roadmap along 
with 2040 as endpoint for industrial implementation: 
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 2012: selection of most promising R&D options and launch large R&D 
infrastructure construction 

 2020: technology demonstration program. 
 2025: availability of the Transmutation Test Facility 
 2035: transmutation tests performance actual results 
 2045: availability of elements for launching an industrial P&T programme 

 
6.8.2. Final remarks 
 
A general outline of the Roadmap has been presented in the first graph of this 
document, and it is repeated here for the sake of summarizing the information. 
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It can be seen that there are three main lines of parallel development, on Reprocessing, 
Fuel fabrication and Transmutation (irradiation) Test facilities. As already said in some 
sections of this document, this quest for P&T contains a lot of similarities with the 
Strategic Research Agenda of the SNF_TP, in the three lines. A major difference could 
be pointed out in relation to a dedicated irradiation (transmutation) facility, because 
ADS have been identified as very specific tools for Transmutation, and they deserve a 
specific attention in this context. From this viewpoint, it should be stressed the need of 
completing the Design of an ADS Transmutation prototype by 2012, which requires the 
establishment of a Unified Design Team, for centralizing all this work in an efficient 
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way. At the same time, two similar teams would have to be devoted to the complete 
definition of the Designs of the Pilot Units for Advanced Reprocessing and Advanced 
Fuel fabrication (including MA inventory).  
 
The decision process for guiding the development of P&T research activities will 
largely depend on the results of the above-mentioned team. However, that process can 
not be endogamic, because it will also depend on the nuclear policies established in the 
different European countries. From this point of view, the P&T community will have to 
be able to explain to the decision makers, and to people in general, the pros and cons of  
this nuclear technique. Take into account the very different current policies on Nuclear 
Waste management in the European Union, which implies very different appraisals of 
the waste minimization concept.  
 
Last but not least, a fundamental key element for the future of all Nuclear activities, 
including P&T, is the human factor. It can be said that there has been a breach in the 
preparation of scientists and engineers with the required education and skills in Nuclear 
Technology. Of course, this is not a specific problem of P&T, but it can be particularly 
serious in some of the fields, as Reprocessing and Fuel Tests, because of the reduced 
number of institutions with sound capability for education and training in these cases.  


