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ABSTRACT

In this paper an overview is given of the most important aspects of the research activities organised by the European Union (EU) in the area “Operational Safety of Existing Installations” of the Key Action NUCLEAR FISSION of the 5th EURATOM framework programme (FP-5) 1998-2002, with emphasis on plant life extension, accident management and evolutionary concepts. The strategic goal of this specific programme 1998-2002 is to help exploit the full potential of nuclear energy in a sustainable manner, by making current technologies even safer and more economical and by exploring promising new concepts.

The EU research activities discussed here consist of multi-partner projects (or "indirect actions"), co-sponsored and co-ordinated by the European Commission (EC) in co-operation with its Joint Research Centre (JRC - in charge of “direct actions”). The main actors of these EU research activities are the utilities, the manufacturing industries, the regulatory authorities and their technical safety organisations as well as the research organisations and the universities, primarily in the EU Member States but also in the Associated Countries (including Switzerland) and in other countries world-wide. Whenever possible, the continuity is shown between the previous 4th framework programme (FP-4) 1994-1998 and the present one, FP-5.

Besides “Operational safety of existing installations” which is discussed here, EC co-sponsored research in NUCLEAR FISSION is also conducted in areas such as “Safety of the fuel cycle” (including waste management, partitioning and transmutation), “Safety and efficiency of future systems” (including innovative concepts for fuels and reactors, such as high temperature reactors), and “Radiation protection” (including off-site emergency management). Interaction between all these research activities is ensured through a series of research and training networks, especially in the area of plant life management, aimed at discussing and harmonising plant safety relevant improvements and more generally contributing to maintaining nuclear fission energy as an acceptable option in the mix of energy sources available for future needs.  

1. Introduction : clustering of research in the area “Operational Safety of Existing Installations” 

As defined by the IAEA (1993), the “General Nuclear Safety Objective”, underlying all reactor design and safety activities, remains that of “protecting individuals, society and the environment from harm by establishing and maintaining in nuclear installations effective defences against radiological hazards”. However, as with all engineering constructions having an inherent capacity to cause hazards to people and environment, the safety of nuclear installations does not rely only on “effective defences” of the technical type (T) but also on the interaction of these techniques with men’s attitudes (M), and organisational measures (O). Therefore the so-called MTO factor has become increasingly important in plant safety management: it is nowadays recognised as the very basis of the reactor safety culture. 

In the operational safety research activities of the Community, up to now and especially under FP-4, the emphasis was put on the T component of the MTO factor, i.e. the identification and solution of technological problems. Traditionally the technological problems of nuclear reactor safety are related to the 3 basic safety functions, namely: controlling the power, cooling the fuel and confining the radioactive material. Their standard solution lies in the 3-levels defence-in-depth approach against accidental radioactivity releases, i.e.: (1) prevention of abnormal operation and failures (quality control), (2) control of abnormal operation and detection of failures (surveillance and protection), and (3) control of accidents within the design basis (safeguards systems). Traditionally associated with this approach are the following concepts: (1) the multiple barrier design for the confinement of radioactive material, (2) the protection and safeguard systems to ensure the integrity of the barriers, and (3) the regulatory procedures (for example, the safety analysis reports) to ensure the health and safety of the plant workers and of the population. 

The EC co-sponsored research discussed here is related to above-mentioned level (1) of the defence-in-depth and to a new level, say (4), in line with the increasingly stringent safety requirements, especially for the next generation of reactors. As far as level (1) is concerned, a cluster of FP-5 projects, called PLEM (“Plant Life Extension and Management”) is focusing on the following: integrity of equipment and structure; on-line monitoring, inspection and maintenance; and organisation and management of safety. As far as level (4) is concerned, another cluster of FP-5 projects, called SAM (“Severe Accident Management”) is focusing on the following: severe accident management measures; and assessment of severe accident risks. In addition, the activities dealing with evolutionary concepts are put together in the last cluster of FP-5 projects, called EVOL (“Evolutionary Concepts”), with emphasis on improved safety together with respect for the environment and economic competitiveness (in terms of both costs and availability), using, for example, passive (self-acting) safety systems and advanced fuel technologies such as high burn-up and MOX fuel. 

Plant Life Extension and Management (cluster PLEM - see Figure 1)
Worth recalling is the fact that, at the end of 1999, a total of 436 reactor units were in operation world-wide with a total capacity of 349.7 net GWe and a total gross generation of 2394 TWh (i.e. 17 % of the world electricity generation), representing a cumulated operating experience of 9400 reactor-years and a supply of electricity to approximately 1 billion people. In the EU only, in 8 of the 15 Member States, a total of 147 reactor units were in operation with a total capacity of 125 net GWe and a total gross generation of 825 TWh (i.e. 35 % of the EU electricity generation), representing a cumulated experience of 3600 reactor-years. Worth mentioning also is the premature closure (in November 1999) of Sweden’s Barsebäck-1 (600 MWe) under a 5.9 billion Swedish Crowns (= EUR 0.7 billion) compensation deal with Sydkraft. Another interesting figure for the EU, as a result of using nuclear energy, is the avoidance of emissions of approximately 12 million tonnes of NOX, 24 million tonnes of SOX and 750 million tonnes of CO2 per year – equivalent to removing 200 million cars from the roads for a year (or 30 % of the total greenhouse gas emissions in the EU).

Actually a large number of nuclear reactors have been operating for longer than 20 years. In the EU only, a total of 65 plants were put in commercial operation before 1980 and a total of 82 after this date. In addition, as far as the first phase of the EU enlargement is concerned, the Czech Republic, Hungary and Slovenia, which are also are participating in FP-5, are operating all together 9 NPPs, providing 30 % of their electricity: they consist of 8 VVERs-440(213) and 1 PWR. As a result of the above historical record, it can be stated that the nuclear industry in general has come to a high level of maturity. 

The key players, however, believe that research is still needed to further increase the safety and performances of these power plants in line with the steadily growing pressure of market and regulatory forces as well as of the public opinion. Under FP-5, this type of research is conducted in the cluster PLEM (Plant Life Extension and Management) composed so far of 15 multi-partner projects. Looking at the future of these plants, there is a natural drive to extend their lifetime where this can be achieved safely, bearing in mind that the lifetime of a nuclear plant is definitely limited by the ageing of non-replaceable components like the nuclear reactor pressure vessel (RPV). Knowing that operating license for most countries will broadly expire by 2015-2025, many utilities and vendors of equipments are very active in improving techniques to ensure both the performances and the safety of their plants until this expiration date and even beyond it if the licences can be renewed. As a consequence, the nuclear industry is increasingly interested in research activities aimed at better understanding and managing ageing phenomena (e.g. irradiation embrittlement, other changes in mechanical and microstructural properties, etc.). More importantly, the optimisation of the operational conditions of aged reactors (using, for example, appropriate prediction tools for evaluating the safety margins) and the decision process about plant life extension (involving, for example, replacement of equipments and prevention of corrosion) are becoming key issues for those in charge of plant safety and performance.

Severe Accident Management (cluster SAM – see Figure 2)

The fission products constitute the principal health hazard to the public, resulting from a severe accident. Therefore, the amounts and physico-chemical forms of those materials released from the reactor (the source term) are of great safety significance. As a result, the regulatory authorities in some EU countries are requiring to take into consideration as much as possible the very unlikely severe beyond design-basis accidents (BDBAs) – which is also a concern expressed by the utilities and by the designers/vendors, as it is shown in the European Utility Requirements (EUR Document, November 1995) and in the MICHELANGELO initiative (December 1996), respectively.

To better understand the source term behaviour and to develop appropriate prevention and mitigation measures, however, additional research is needed which combines experimental investigations and numerical modelling activities, supported by a robust scaling up strategy to extrapolate from simulant to prototypical materials and from small-scale laboratory to full-scale reactor conditions. Historically, since the accidents of TMI-2 (March 1979) and Chernobyl (April 1986), many international RTD programmes have been focusing on the development of a kind of 4th level to be added to the 3 above-mentioned “standard” levels of the defence-in-depth strategy. Under FP-5, this type of research is conducted in the cluster SAM (Severe Accident Management) composed so far of 16 multi-partner projects. No doubt that in particular the international PHEBUS FP programme, launched by IPSN and co-sponsored by the EC and other partners, is one of the largest and most successful in-pile experimental programmes devoted to the source term behaviour. 

Actually, both on the industrial and on the licensing sides, there is an increasingly growing trend towards BDBA evaluations. In the German licensing process, for example, BDBA evaluations are necessary since 1 January 1994 to ensure that even extremely unlikely events involving core melt-down would not require radical actions to ensure protection against the damaging effects of ionising radiations outside the fence of the installation site. 

As a result, it is envisaged by design to “practically eliminate” situations and phenomena which could lead to early failure of the containment system and subsequent uncontrolled large releases of fission products into the environment. Examples of such situations are high-pressure ejection of molten core (possibly leading to direct containment heating) and energetic in-vessel core debris interactions with water (possibly leading to hydrogen generation). For example, for such situations in the containment, a hydrogen strategy is proposed, based principally on passive autocatalytic recombiners aimed at keeping the hydrogen concentration far from the critical deflagration-to-detonation transition (DDT) conditions. Other situations, then, such as low pressure core melt, should be dealt with – or “controlled” – by ensuring in the design that the decay heat of the molten core can be removed and that the containment can withstand the associated loads. For low-pressure core melt situations, for example, an in-vessel melt retention strategy is developed on the basis of two possible approaches: either internal or/and external reactor vessel cooling. In all cases, whether it is a fast or a slow failure mechanism of the containment system, the correct prediction of mode and timing of failure of the different barriers is crucial for the development of accident management measures.

Evolutionary Concepts (cluster EVOL - see Figure 3)

It is worth recalling that there are currently 13 NPPs in construction in Eastern Europe and 21 NPPs in Asia with total capacities of 10 and 13.5 net GWe, respectively. Some of these NPPs are of the evolutionary type, i.e. with emphasis on design simplification and enhanced man-machine interface, with the aim to further reduce any (severe) accident risk. Some of the future reactors will rely partially on passive prevention and mitigation systems. 

Part of EC co-sponsored research is devoted to the investigation of phenomena associated with the use of passive systems for decay heat removal (both from the core region and from the containment building) and for safety measures (e.g. depressurisation and injection) in some of the evolutionary LWR designs. In addition, the use of different neutronics and thermal-hydraulics computer codes enables to improve and/or validate the numerical models used in the existing thermal-hydraulics computer codes, and to extrapolate the results of the small-scale experiments towards full-scale reactor applications. However, the potential advantages of passive safety systems (e.g. independence from external energy sources, simpler design, less complex instrumentation and control or I&C) should be weighted against their potential disadvantages (e.g. reliance on small driving forces, limited operational flexibility, reduced in-service testing capability, difficult diagnosis of status, etc). 

Another area of interest for evolutionary reactors  is the use of MOX fuel which has been used on industrial level since 1982 in a number of EU power plants, for example: up to 50 % core loading in 9 German reactors, up to 30 % in 17 French reactors and up to 25 % in 2 Belgian reactors. High burn-up fuel is another matter of increasing interest– for countries like France who have achieved burn-up targets of nearly 50 GWd/t for standard fuel and 40 GWd/t for MOX fuel on an industrial scale. Under FP-5, research in advanced (e.g. passive) safety systems and fuel technologies is conducted in the cluster EVOL (EVOLutionary concepts) composed so far of 7 multi-partner projects.

2. Strategy of EU research in the Area “Operational Safety of Existing Installations”

The research strategy of FP-5 for the Area “Operational Safety of Existing Installations” is the result of a consultation of the main end-users, i.e. (1) the utilities, (2) the regulatory authorities, (3) the manufacturing industry, and (4) the political decision makers and the public at large, through a variety of consultative and advisory committees. As a result of this strategy, the work programme of FP-5 was established, structured in the 3 above-mentioned clusters of projects (namely: PLEM, SAM and EVOL) and the call-for tenders was launched (first deadline = October 1999; next deadline = January 2001). As an outcome of the programme, a partial answer should be given to some of the main concerns in the area of “Operational Safety of Existing Installations”, such as:

1. the reactor’s very high radioactive inventory and hence a very high potential danger for people and environment.  Therefore reactor safety research, in particular in connection with the optimisation of preventive measures for defence-in-depth, remains the absolute priority. Of particular concern for the utilities, however, is the increased pressure to operate the plants also in a more cost-effective manner, which implies, for example, that the safety margins are better evaluated. Under FP-4, a total of 11 projects in the cluster AGE (=AGEing), both in the form of shared-cost or concerted actions, were devoted to materials ageing. This effort is strongly increased under FP-5 in the cluster PLEM (“1. Plant Life Extension and Management”). 

The following key issues have been identified: 

· harsh environmental conditions put on structures and equipments (for example, reactor pressure vessels with coolant at temperatures of 290 °C - 325 °C, pressures up to ~ 15.5 MPa and end-of-life irradiation doses of ~ 1019 n/cm2). Research in preventive measures to ensure plant integrity has been performed in the AGE cluster of FP-4 and in networks, usually run by the Joint Research Centre, and is becoming increasingly important in FP-5, under the section “1.1 integrity of equipment and structures”

· radiation zones when carrying out inspections, tests, maintenance, supervision and handling wastes : radiation protection is an important aspect and is naturally a key item in FP-5, both in the Key Action and in Generic Research. The reactor safety relevant aspects of radiation protection as well as on-line monitoring to ensure the integrity of components and structures are the subject of the section “1.2 on-line monitoring, inspection and maintenance” in FP-5
· routine operations strictly regulated by technical and operational procedures : discipline and regulations, which are of interest for the M and O components of the above TMO factor (safety culture), have been touched upon in some projects of FP-4 and will be emphasized under the section “1.3 organisation and management of safety” in FP-5.
2. the possibility - albeit very remote - of severe accidents (beyond design-basis accidents or BDBAs). Under FP-4 a particular effort was devoted to the understanding of BDBAs through the 45 projects of the 5 clusters INV (= IN-Vessel core degradation), EXV(= EX-Vessel accident progression), ST (= radiological Source Term), CONT (= accident progression in the CONTainment building) and AMM (= Accident Management Measures). Essentially under the pressure of the regulatory authorities, this effort on severe accident analysis is continued under FP-5 in the Area “Operational Safety of Existing Installations” in the cluster SAM (“2. Severe Accident Management”), with emphasis however on the development of mitigative measures for defence-in-depth.

The following key issues have been identified:

· core degradation, corium formation in the reactor pressure vessel and its behaviour inside and outside the vessel (in particular upon a core-catcher). Research is needed with the aim of evaluating the coolability of the melt and ensuring the containment integrity. Criteria for deflagration and detonation processes in hydrogen/air/steam/dust mixtures also are needed to improve engineered safety systems and to better understand the capabilities of structures to withstand dynamic loads.  Finally, understanding the release of radioactive materials from a degrading core into the cooling circuits and the containment, using in particular the PHEBUS-FP results, will enable to optimise mitigation measures and to better predict the source terms. The above issues are the subject of section “2.1 assessment of severe accident risks” in FP-5

· improved methods and tools for severe accident management and operator training that make use of modern information and control systems and can handle uncertainties associated with man-machine interfaces in a structured way.  Research is needed to develop safety systems for present and future reactors, which enable to extend the grace period, i.e.: the period during a severe accident when no active intervention is needed.  The above issues are the subject of section “2.2 severe accident management measures” in FP-5.

3. the intensifying competition and increased pressure on costs in a liberalised electricity market : this general problem is examined in FP-5 in the Area “Operational Safety of Existing Installations” in the cluster EVOL  (“3 Evolutionary concepts”). Essentially under the pressure of the manufacturing industry - in line with the emphasis put in FP-5 on economic competitiveness  - many efforts are devoted to the design of a new generation of reactors which should be cheaper, safer and more simple to operate, using for example passive (self-acting) safety systems. Under FP-4 a particular effort was devoted to the understanding of passive safety systems through the 11 projects of the cluster INNO = exploring INNOvative approaches). 

The following key issues have been identified:

· cost and safety advantages of evolutionary improvements in currently used nuclear technology, in particular those with the potential to significantly reduce the risk and consequences of human error and public concerns about nuclear technology (e.g. passive safety systems). The above issues are the subject of section “3.1 evolutionary safety concepts” in FP-5.

· understanding of the performance of high burn-up and MOX fuel under transient and accident conditions as a basis for lowering fuel costs, whilst maintaining or improving safety margins. The above issues are the subject of section “3.2 high burn-up and MOX fuel” in FP-5.

4. the growing mistrust of the public opinion towards the nuclear option: a better communication about nuclear matters (including in particular a better dissemination of the results of national and international research) to both the decision-makers and the public at large is also at the heart of FP-5, with the aim to reconcile the public with the image of nuclear.  In line with the emphasis put on sustainability of technological developments, activities are planned to broaden the discussion such as to involve also various pressure groups, for example, through appropriate networks or/and ad-hoc workshops.

How to co-ordinate the research conducted in the EU in answer to the above concerns is the challenge taken by the Euratom RTD programmes in reactor safety, first under FP-4 and then under FP-5. As far as dissemination of results is concerned, the interested reader should consult the Joint Safety Research Index (JSRI project under both FP-4 and FP-5), which provides information about more than 500 projects from 10 countries (see also the homepage http://www-is.ike.uni-stuttgart.de/sinter).

Under FP-4, research in reactor safety was conducted in the 7 above-mentioned clusters (namely: AGE, INV, EXV, CONT, ST, AMM and INNO), totalling 67 multi-partner projects with a total project value of EUR 63 million, out of which EUR 34.2 million were contributed by the EC and the rest by the more than 80 contractors from EU and Associated Countries (including Switzerland). The main achievements of FP-4 were presented recently at the conclusion symposium FISA-99 “EU Research in Reactor Safety” (EC Luxembourg 29 November-1 December 1999 / proceedings EUR 19532 EN, to be published in May 2000) and are summarized further in this report. 

Under FP-5, the emphasis will be on improving not only safety but also economic competitiveness. Therefore the following issues will receive increased attention: 

· plant life extension and plant availability (e.g. ensure integrity of equipment and structures through in-service inspection as well as repair, replacement and back-fitting whenever needed); 

· increased plant efficiency (e.g. optimise core design and BOP, install on-line surveillance systems and new control processes, simplify the safety systems, … etc) ; 

· cost optimisation (e.g. through the reduction of the outage periods or/and through power upgrade or/and using high burn-up or MOX fuel); 

· harmonisation of industrial codes and standards and of quality requirements throughout the EU Member States. 

Under FP-5, the above-mentioned type of research is covered in the Area “Operational safety of nuclear installations” which after the deadline of October 1999 consists of the following: a total of 38 multi-partner projects, put together in the 3 above-mentioned clusters (PLEM, SAM and EVOL) as it is described further in this report, totalling approximately EUR 50 million, out of which EUR 26 million will be contributed by the EC and the rest by the more than 100 contractors from EU and Associated Countries. 

3. Plant Life Extension and Management (cluster PLEM)

Contributions to the above-mentioned strategy for research in operational safety and in particular for PLEM were provided by the AGE cluster under FP-4, for example, by the concerted action INTACT, devoted to the integrity assessment of ageing components in general, considering both metallic and non-metallic components.  Also quite fruitful was the collaboration with the European networks managed by the JRC and aimed at improving and harmonising industrial practices in a number of specific domains.  These networks are active in the fields of materials ageing (AMES = Aged Materials Evaluation Studies), inspection (ENIQ = European Network for Inspection Qualification) and interaction between different structural integrity disciplines, materials, inspection and fracture mechanics (NESC = Network for the Evaluation of Steel Components). The JRC (in particular the IAM Institute of Petten, Netherlands) is playing the role of Operating Agent and Technical/Scientific secretariat of the network. DG Research is examining how these networks can be used in a more systematic way in FP-5 for clustering research and training activities relevant to PLEM. This could then also contribute to a better co-ordination of the “indirect actions” organised by DG Research and the “direct actions” carried out by JRC.

A strategy for PLEM obviously can not be limited to the EU Member States : it should encompass in particular the Central and Eastern European countries (CEEC) who have applied to enter in the EU and who have joined FP-5 for nuclear fission research (i.e., Czech Republic, Hungary and Slovenia in a first phase; Bulgaria, Latvia, Romania and Slovakia in a second phase), and more generally all “third countries” that have a scientific co-operation agreement with the Euratom Community (such as USA, Japan, … etc).

The EU enlargement process is discussed in a Commission Document, called “Agenda 2000 for a stronger and wider Union” and issued in July 1997, which presents the Commission proposals for the future institutional and financial developments of the Community. In the area of nuclear safety, Agenda 2000 emphasises that applicant countries “should co-operate fully in efforts to bring their levels of nuclear safety up to international standards” in accordance with the approach of the G7 since 1992 and that “the Union should co-operate closely with the safety authorities of the countries concerned to create a climate favorable to nuclear safety”. The challenges in the area of nuclear safety raised by Agenda 2000 are actually of both an organisational and a technological nature and can be solved in part by Community research involving both Western and Eastern European partners. These items are particularly relevant for CEEC applicant countries, involved in Euratom research agreements, and should be investigated in close co-operation with relevant activities in the TACIS/PHARE and ISTC programmes. 

Under FP-5, as a result of the strategy agreed upon, the following structure has been proposed for Community research in the field of PLEM and a total of 15 projects have been selected after the last call-for-proposals (deadline = October 1999):

1. Integrity of equipment and structures (set of 9 projects) – see more details under item 3.1

· understanding of irradiation embrittlement behaviour and remedial actions

· prediction of structural safety margins focusing on fracture mechanics

· optimisation of operational conditions focusing on corrosion issues 

· optimisation of operational conditions focusing on water hammer loads 

2. On-line monitoring, inspection and maintenance (set of 3 projects) – see more details under item 3.2

Within the framework of this area there are 3 projects, of which the 2 first are concerned with on-line monitoring of corrosion conditions and material damage. The last project is aimed at improving the inspection performance of ultrasonic inspection techniques.

3. Organisation and management of safety  (set of 2 projects) – see more details under item 3.3

4. One project concerns the definition of a plant life extension and management strategy for a series of VVER-440/213 plants in applicant countries (1 project, namely: VERSAFE)

Under FP-5, the total EU budget spent so far for the 15 projects in the cluster PLEM amounts to EUR 9.2 million, which represents approximately half of the total project value. This might be compared to the total EU budget spent under FP-4 for the 11 projects in the AGE cluster, which was EUR 2.1 million.

3.1. Integrity of equipment and structures  

To prevent any in-service failure of the RPV and in general of the reactor cooling system, a series of very stringent operational rules has been set up, based in particular on the understanding of the RPV irradiation embrittlement behaviour and of fluid-structure interaction effects of various types (e.g. chemical attacks from corrosion processes or dynamic loadings from water-hammer impacts). 

Understanding of irradiation embrittlement behaviour and remedial actions

One of the most important material properties for ensuring structural integrity is the fracture toughness, which measures the resistance of the material to the propagation of a hypothetical sharp crack which in the safety case is (conservatively) assumed to be present in the pressure vessel from the time of its construction.

In unirradiated steel, there is a transition, as steel is cooled down, from high toughness to low toughness. This transition is accompanied by a change in the mode of fracture from ductile to brittle. As the irradiation dose increases, the fracture toughness decreases, with a shift of the ductile-to-brittle transition towards the higher temperatures. At typical operating temperatures, it is necessary to be in the upper region, away from any risk of brittle failure. By predicting the extent of the irradiation shifts it is possible to modify the operating rules, and the temperatures at which the vessels actually operate, to ensure that they always operate in the ductile region.

Hence, during operation of a nuclear power plant, changes to the tensile and fracture properties of the steels (i.e. in particular, the fracture toughness of the pressure vessel material) are followed as a function of the dose rate received by testing at regular intervals surveillance specimens, which are exposed, inside the pressure vessel in locations close to the vessel wall. Sometimes, after decommissioning, samples of the RPV itself are also used to assess the embrittlement by measuring the fracture toughness.

Using this approach, trend curves have succeeded in predicting the shift in the ductile-to-brittle transition for different materials, location temperatures, doses, and neutron energy spectra. These irradiation-induced shifts are now understood in terms of contributions from three physical mechanisms: matrix damage, precipitation processes and grain boundary segregation. Matrix damage in particular is caused by the coalescence of point defects produced by neutrons within the crystal structure. The effect on the toughness is achieved via the hardening caused in the material. This type of damage happens in both the base material and the welds. 

Irradiation embrittlement is the subject of a number of different projects, focusing on reactor pressure vessel ageing aspects, which started under FP-4 and are continued under FP-5.

Under FP-4, a European code of practice for reconstitution of irradiated Charpy specimens (used to monitor the embrittlement behaviour of the RPV) was developed within the project RESQUE. This should allow to re-use surveillance specimens, which were tested destructively in order to determine the fracture toughness. 

A guideline for a reference standard dosimeter was developed within AMES-DOSIMETRY.  As a direct result of this project, this type of dosimeter is already applied by industry.  A pilot database, containing important dosimeter parameters used in different countries, was developed within MADAM.  These projects contributed to a harmonisation of the way neutron doses are measured in different countries which should lead to an easier comparison of data obtained under different circumstances in different countries and reactors. 

Furthermore, validation work of different fracture toughness indexes was performed within REFEREE.  In this project the influence of dynamic loading (used for the surveillance specimens) on the shift of fracture toughness was studied with respect to the shift obtained under quasi-static loading (as is the case under real conditions in the RPV). More work is required in order to study the impact of the neutron spectrum on the embrittlement behaviour and to develop a validated conversion table of the different damage indexes used.

Under FP-5, within FRAME research will be conducted to improve the assessment of the most important parameter used to measure the embrittlement conditions of the RPV.  Currently this is done through indirect measurements in a rather conservative way (the so-called reference temperature methodology , which makes use of Charpy-V notch impact testing).  It is difficult to estimate in a quantitative way the conservatism of this methodology. Therefore the work proposed will focus on the development of a method which allows to measure directly the fracture toughness. This should result in a better and more accurate estimation of the embrittlement conditions of the RPV material. 

Within RETROSPEC work will be done to improve the evaluation of the neutron doses induced in reactor structural materials in those cases where no or unreliable data from surveillance specimens are available (for example the older generation of VVER-440 type reactors).  The objective of this project is to develop procedures and guidelines for retrospective dosimetry which are independent of the type of steel and of the time elapsed after removing the material from the reactor.

The objective of PISA is to better understand the role of phosphorus in the embrittlement process of RPV steels and improve the predictability of the impact it can have on embrittlement. Further work is still needed to understand, in particular, the segregation mechanisms of phosphorus to internal grain boundaries in RPV steels, as a result of exposure to irradiation or elevated temperatures, and the subsequent brittle intergranular failure of the material.

As far as remedial measures are concerned, special attention should be devoted to thermal annealing techniques: a better understanding is needed of the sensitivity of annealed materials to re-embrittlement in view of an accurate prediction of the ductile-to-brittle transition temperature as a result of various annealing regimes.  This might be the subject of future projects in the cluster PLEM.

Prediction of structural safety margins focusing on fracture mechanics

Bimetallic welds (BMW) connect ferritic components with austenitic piping and are used in safety class systems of all PWR and BWR plants. For PWRs, the BMWs of particular interest are those attaching the piping systems (made of stainless steel) to the various nozzles of the RPVs, SG and pressurizer. Because of their metallurgy, these weldments are particularly prone to localised cracking.

The integrity of the BMWs without and with hypothetical cracks has to be justified in all conditions for the life of the plant. Recent international surveys on BMW behaviour have shown that there are several types of outer surface cracking which may occur and which fall into the following two categories : those related to fabrication and those caused by surface corrosion. Classical fracture mechanics methods (such as JIC values for the initiation fracture toughness and fracture resistance curves J-R for the ductile crack growth) are difficult to apply to this specific case due to a number of complicating factors such as the prevailing mixed-mode loading conditions, the variation in material constitutive equations across the weld zone and the presence of a large residual stress field. In addition, test techniques in this area are not well developed or standardised.

Fracture mechanics is the subject of a number of different projects, focusing on the development of predictive tools, which started under FP-4 and are continued under FP-5.

Under FP-4, a better understanding of the safety margins for bimetallic welds was achieved in the project BIMET, using fracture mechanics codes for dissimilar metal welds.  Furthermore a series of prediction tools for the safety margins were developed within BIMET.   These tools consist, among others, of the following: conventional flaw assessment methods (i.e. engineering assessment methods based on failure assessment diagrams), more advanced J methods (i.e. calculating the crack driving force in terms of the stress intensity factor, the J-integral or the crack tip opening displacement), and the Local Approach (i.e. damage models of the micro-mechanical type using constitutive equations derived from basic material properties).

Under FP-5, use will be made of the work done in BIMET in connection with recommendations on the validity of existing structural integrity methodologies and innovative techniques.  Further work is required to confirm these findings on real, scale 1 to 1, components, under prototypical loading conditions (e.g. temperatures in the order of 300 °C and bending facility).   This is exactly the objective of the project ADIMEW.

Under FP-4, the generation of residual stresses during welding, their variation during service life under thermal and mechanical loading, and the effect of stress relaxation on creep damage in stainless steel have been examined in the project VORSAC. Creep damage at temperatures up to 1200°C has been evaluated by different techniques. The project will provide increased knowledge on the effectiveness of remedial methods including post-weld heat treatment and last-pass heat sink welding, and on the effect of service temperatures, load transients and constraint on stress variation during manufacture, heat treatment and service life.

Under FP-5, defect assessment techniques will be further improved in VOCALIST to better predict safety margins, in particular with respect to the constraint effect (i.e. the pattern of crack-tip stresses and strains causing plastic flow and fracture), which gives rise to an effective toughness for components higher than that measured on test specimens.

Optimisation of operational conditions focusing on corrosion issues (chemical fluid-structure interactions)

A review of plant concerns has revealed that besides embrittlement of the RPV also corrosion (i.e. damage induced by chemical reactions with the environment) is one of the most important ageing-related degradation mechanisms. For example, ageing of reactor internals is in almost all cases associated with irradiation assisted stress corrosion cracking (IASCC).  For BWRs, in particular, the 2 major corrosion concerns at present are cracking of the core shroud/plate and possible cracking in the lower plenum region. 

Corrosion is the subject of a number of different projects, focusing on irradiation effects, which started under FP-4 and are continued under FP-5.

Under FP-4, two projects were dealing with corrosion. Code validation work was done in the project MODAGE on various corrosion models, namely: flow assisted corrosion (FAC), general corrosion of stainless steels (e.g. through water diffusion down a porous oxide) and stress corrosion cracking (SCC), both of the intergranular (IG-) and irradiation assisted (IA-) type. Within the framework of DISWEC, guidelines were produced on the best use of methods to test dissimilar metal welds for their susceptibility to environmentally assisted cracking (EAC) and to generate quantitative data on crack growth rates in the regions of the dissimilar metal weld most sensitive to EAC.

Under FP-5, two projects deal with irradiation assisted cracking of austenitic steels, the material used for reactor internals. Within the framework of INTERWELD the radiation induced damages that promote cracking in the heat affected zones of PWR and BWR core internal components will be studied looking at parameters such as neutron fluence/irradiation conditions, residual stresses, microstructural and microchemical conditions. Further work will be performed in PRIS to produce materials data (in particular JIC, J-R, tensile properties and irradiation induced microstructural changes) for irradiated stainless steels of LWR internals as a function of fluence up to 70 dpa. Within CASTOC, environmentally  assisted corrosion of  low alloy steels under static and cyclic conditions will be studied  with the aim to improve service operation and code implementation.

Optimisation of operational conditions focusing on water hammer loads (dynamic fluid-structure interactions)

It is worth recalling that decisions about repair/replacement/back-fitting and operational performances under the usual high safety standard conditions depend not only upon the challenges of irradiation effects (and the subsequent RPV embrittlement) and of chemical attacks (and the subsequent corrosion) on materials integrity but also upon the dynamic loadings during operation (generated, for example, by condensation induced water-hammers in pipes and open networks).  This issue was not treated under FP-4 but will be treated under FP-5 in the project WAHALOADS. 

3.2. On-line monitoring, inspection and maintenance 

Under FP-4, only 1 project, AMES-NDT,  was dealing with this issue.  The objective of the concerted action AMES-NDT was to verify to what extent non-destructive testing (NDT) techniques can be used in order to assess material damage. Some of the NDT techniques applied such as for example thermal power measurements showed promising results. Further validation work is required in order to verify to what extent they can be applied in-service on real components.  For other NDT techniques (e.g. ultrasonic back scattering and absorption, positron annihilation, etc.) more development and validation work is required to evaluate their potential to support the decision-making process for failure prevention (i.e. change of operational parameters, increased inspections or replacement of components), focusing, for example, on irradiation damage in RPVs and thermal fatigue in pipings.   

Under FP-5, this work will be continued as a full-scale shared cost action within GRETE.

In the project SPIQNAR, attention will be devoted to improve the inspection performance of ultrasonic inspection aimed at detecting and sizing of possibly present cracks in structural components. Specific issues, which will be addressed, are 

· development of a reliable methodology to produce synthetic defects (or “virtual defect” signals) which mimic the response of certain important service defects and this with the aim to improve inspection qualification methodologies  

· development of signal processing techniques for ultrasonic inspection techniques for the detection and sizing of cracks in relevant austenitic components.

As already mentioned before, some of the major corrosion problems for LWRs are IASCC damage to core internals and IGSCC damage to steam generator tubing. The remedial actions (e.g. the best chemistry conditions) are still unclear. An important parameter for IASCC, like any other aqueous corrosion process, is the corrosion potential, which should be measured as an on-line monitoring technique inside the reactor.  The development of relevant reference electrodes, which should be robust enough to work in the harsh operational conditions of LWRs, is the objective of LIRES. 

3.3. Organisation and management of safety

Under FP-4, several projects in the AMM (= Accident Management Measures) cluster and one project in the AGE cluster were dealing with issues on organisational matters.  Guidelines for a European framework for risk informed inspection were developed within a thematic network, which was driven by the utilities (EURIS).  These guidelines should be able to identify safety-significant categories for power plant components and to optimise the targeting of costly inspections. It includes feedback from plant operation and must indicate the specific components and the locations to be inspected, the defects to be detected and the performance in detection and sizing to be achieved.   The methodology integrates actions or mitigation methods other than inspection, in order to manage the risk. As a consequence risk informed in-service inspection (ISI) should reduce the cost and efforts whilst maintaining safety at its currently high level or above. These guidelines will be used as the basis of a further discussion first amongst utilities and then amongst utilities and regulators in order to verify how they can be implemented in practice. 

Under the AMM cluster, a concerted action ISANEW was set up in order to develop and compare different methods to study the interaction between human and technological systems. Attention was focused on methodologies based upon the integrated sequence analysis (ISA) of possible events, considering both the human system and the physical process. Sequences of events are simulated through modelling of the plant system and the actions of the operators. Input data used for the simulation come from different disciplines such as probabilistic safety assessments (PSA) and human reliability analysis studies.   The work within this project has shown that the essential elements for an integrated sequence analysis are already available. 

The concerted action ORFA looked at organisational factors and how they influence nuclear safety.  In many studies it is recognised that organisational factors are often the root cause of incidents and accidents. However, there is unfortunately no agreed and validated method for their assessment.  Important issues for short-term research are related to the identification and description of those factors which define good practice, the development of organisational self-assessment tools, the inclusion of organisational factors in incident analysis, definition of methods of how to maintain the corporate knowledge, etc.  Long-term research needs are related to the development of pro-active methods of organisational design and methods of integration of organisational factors in PSA models and theoretical models of the interaction between organisational factors and performance of crucial components.
Under FP-5,  the following issues will be addressed:

· computer-based systems embedded in a nuclear installation to support I&C functions important to safety  within  BE-SECBS
· the development of a safety justification framework for the refurbishment of systems important to safety (SIS) that is acceptable to different stakeholders (especially licensing bodies and utilities)  within CEMSIS.

As far as the decision process related to inspection, maintenance, operation and repair of NPPs goes, special attention should be devoted to innovative support tools based on virtual reality. This might be the subject of future projects in the cluster PLEM.
4. Severe Accident Management (cluster SAM)

No single definition of the source term really exists. Two definitions, however, are encountered more than others. They identify the source term as the inventory of radionuclides, resulting from a severe accident: 

· either available for dispersal from the containment – with important implications not only for licensing purposes but also for additional engineered safety features (which is the main purpose of the cluster SAM under FP-5)

· or dispersed over the area outside the containment - with important implications for evaluations of emergency plans (which is treated in other areas of FP-5).

Severe accidents also are defined in various ways, with different, sometimes very challenging, implications for RTD activities of common (international) interest. 

For example, according to OECD/NEA, a severe accident is defined as one, which exceeds the design basis of the nuclear power plant sufficiently to cause significant damage to the reactor core. A similar definition is given by the European Utility Requirements (EUR Document, 1995), namely: they are “unlikely event sequences beyond accident conditions involving significant core damage which have the potential to lead to significant releases”: they are a subset of the so-called “design extension conditions”. They are called also beyond-design-basis accidents (BDBA). Containment by-pass accidents can also be considered here, because of their potential to release large quantities of radioactivity into the environment. 

Another definition is as follows: severe accidents are events of very low probability but high consequences, with trans-frontier and long-term effects. New RTD tools might be needed to study this type of event since the standard safety assessment tools are usually developed for high-probability low-consequence events, with validation domains often limited in space and time. As it is naturally difficult to calculate exactly the consequences of BDBA scenarios, it is usually agreed to concentrate on the evaluation of “trends” during severe accident progressions and to predict as realistically as possible their contributions to the overall risk.

Finally, a very practical definition consists in prescribing threshold values. For example, a severe accident is one giving rise to an uncontrolled release of a size capable of giving (whole body) doses of 100 mSv at 3 km from the plant site. For reminder, the study of dose evaluations for last year’s criticality accident at the Tokai Mura uranium conversion facility (September 1999) has shown that all doses were less than 50 mSv, except for 3 workers directly involved in the accident. This type of definition (very prescriptive in terms of doses) reflects somehow the above-discussed ambiguity of the source term definition.

The studies of (severe) beyond-design-basis accidents (BDBA) are very important to evaluate a level of “enhanced” plant safety, i.e. to envisage an additional 4th level to the traditional defence-in-depth. Ideally a majority of severe accident situations should be designed out. In practice reinforced prevention and mitigation measures are under development to reduce to a minimum the probability and the magnitude of severe accidents (and hence the associated radiological risk, i.e. the consequences on man and environment). More generally, the discussion around the source term definition is driving many of the innovations in the design of additional safety measures both in the operation of nuclear power plants and in the organisation of emergency preparedness, in the extremely unlikely case of a severe accident.

Under FP-4, in line with the need to understand the most risk-relevant phenomena of severe accidents, a total of 36 research projects, put together in 4 clusters called INV, EXV, ST and CONT (described here-under in items 4.1, 4.2, 4.3 and 4.4, respectively) were conducted with the aim to contribute to the development of a 4th level of defence-in-depth for operating installations as well as for evolutionary LWRs. The research was structured around the following key safety issues relevant to the multibarrier approach:

(1) maintaining the pressure vessel integrity under severe accident conditions, that is: ensuring in-vessel melt retention, making use of either massive in-vessel water injection on the degraded core or/and of ex-vessel cooling by flooding the reactor pit, whenever possible

(2)
maintaining the containment integrity under severe accident conditions, that is: preventing containment leakage due to cracking or perforation as a result, for example, of hydrogen explosions or/and corium attack on the basemat, using either hydrogen recombiners or/and core catchers, respectively.

In line with the need to develop severe accident management measures and to evaluate their effectiveness, a total of 9 projects, put together in another cluster called AMM (described here-under in item 4.5), have been conducted, focusing on accident management methods (including operator assistance, as well as instrumentation and signal validation under harsh conditions) and on improvement of PSA-level 2 techniques.

Under FP-5, the total EU budget spent so far for the 16 projects in the cluster SAM amounts to EUR 12.8 million, which represents approximately half of the total project value. This might be compared to the total EU budget spent under FP-4 for the 45 projects in the clusters INV, EXV, ST, CONT and AMM, which was EUR 27.3 million. Worth mentioning here is the central role of the EC co-sponsored programme PHEBUS FP, managed by IPSN and run at CEA Cadarache, which brings essential contributions to the core degradation and source term issues under both FP-4 and FP-5. 
4.1. In-vessel core degradation (risk assessment and mitigation measures)

In the cluster INV of FP-4, the emphasis was on the corium risk in the vessel: e.g. energetic fuel-coolant interactions (possible steam explosions) and hydrogen generation as a consequence of quenching of an overheated/degraded core. The safety issues treated in this cluster were related principally to the integrity of the first and second barriers, that is: ensure integrity of fuel pins and reactor coolant system (RCS), i.e. arrest or slow accident progression after major fuel pin ruptures and core disassembly, by managing melt cooling and in-vessel melt retention (IVR).

The accident management measures (AMM) proposed, for existing as well as future reactors, are as follows: 2 strategies, separately or simultaneously, consisting of (i) internal and/or (ii) external reactor vessel cooling (IRVC and/or ERVC), i.e. molten core quenching and/or full reactor cavity flooding strategy, respectively, making use of existing and alternative resources, systems and actions.

As a result, the research objectives of the cluster INV were fixed as follows: optimise the above-proposed AMM for reactor vessel cooling, whether in- or ex-vessel, by better exploiting the knowledge gained about mode and timing of reactor pressure vessel (RPV) failure, i.e.:
(1) determine loading on and response of various RCS components (in particular the RPV), using experimental results and best estimate models for the extrapolation to the full-scale reactor case

(2) determine the thermo-mechanical margins to failure of (ii) the entire core for the IRVC strategy and/or (ii) especially of the RPV lower head for the ERVC strategy 

(3) in the particular case of possible in-vessel steam explosions (or energetic molten fuel coolant interactions – MFCI), determine the structural-dynamics margins to failure of the vessel head, as a consequence of molten core materials impact.

Under FP-4, the main achievements in the cluster INV consisted in improvements in the deterministic assessment of molten pool and debris coolability, while maintaining the RCS intact, i.e. assessment of :

(1.1) loading term: thermal behaviour of molten debris (UO2), oxidic layer and metallic layer with its crust: heat transfer mechanisms, including natural convection, and cooling potential of the possible gap between debris and RPV wall (TMI-2 scenario). Some attention was also devoted to the decay heat effects of deposited fission products in the coolant piping under severe accident conditions (i.e. piping creep behaviour at T ~ 600 → 1000°C and p ~ 10 MPa)

(1.2) response to the loading: elasto-viscoplastic behaviour of the RPV lower head submitted to the molten core materials on one side and to the ERVC effects on the other side : in a station black-out scenario (i.e. high pressure), the lower head temperature may rise from ~ 320 to ~ 1400°C under pressures up to ~ 25 MPa 

(2.1) thermo-mechanical margins to failure of the fuel cladding: the exothermic steam-zircaloy reaction and the subsequent temperature excursion have been examined as well as the effects of early melting of the control rods (both silver-indium-cadmium and steel-clad boron carbide control rods and blades) during the core degradation process

(2.2) thermo-mechanical margins to failure of the vessel lower head: RPV integrity can be ensured at heat fluxes up to approximately 1 MW/m2, since this amount of heat can be removed by nucleate boiling on the outer surface (avoid film boiling during ERVC!) and vessel failure times (since leg break in the LOCA scenario, for example) have been computed to vary from 2 to 6 hours

(3)    structural-dynamics margins to failure of the vessel upper head: steam explosions seem to be very unlikely - however, if they happen, it is recognised that a release of ~ 1.6 GJ mechanical energy in the lower part can be tolerated.

Under FP-5, in the area of “assessment of severe accident risks”, core degradation processes in the presence of high burn-up and MOX fuel are investigated in COLOSS, with emphasis on the relevant fuel dissolution processes and pin failure criteria for PWRs, BWRs and VVER-440s. Damage models and failure strain criteria of essential reactor components are examined in LISSAC, with emphasis on the ultimate deformation capacity by applying uniaxial and biaxial static and dynamic loads. The creep behaviour of vessel, timing and modes of its failure with and without penetrations, as well as the effects of the melt pool stratification will be investigated in ARVI, using prototypical experiments.

Under FP-5, in the area of “severe accident management measures”, further assessment of the retention concept, i.e. the pros and cons of IRVC and/or ERVC, is proposed by the concerted action EUROCORE that is aimed at achieving consensus on feasible and reliable industrial corium recovery concepts connected to either in-vessel retention or ex-vessel spreading techniques.

4.2. Ex-vessel accident progression (risk assessment and mitigation measures)

In the cluster EXV of FP-4, the emphasis was on the corium risk outside the vessel, in the very unlikely case of vessel failure : e.g. generation of burnable and non-condensable gases as a consequence of core debris ejection on the containment floor and interaction with the concrete basemat. The safety issues treated in this cluster were related principally to the integrity of the third barrier: ensure containment basemat integrity, i.e. arrest or slow accident progression after RPV failure by managing corium and RPV materials retention and cooling on the basemat. 

The accident management measures proposed, for future reactors of the “evolutionary” type, are summarized in 1 strategy based on a ex-vessel core catcher for corium spreading, using either homogeneous spreading to a shallow melt layer or distribution of the melt in a multi-crucible device.

As a result, the research objectives of the cluster EXV were fixed as follows: optimise the above proposed AMM for ex-vessel melt cooling by better exploiting the knowledge gained about mode and timing of core catcher failure, i.e.:

(1) determine loading on and response of the core catcher, using experimental results and best estimate models for the extrapolation to the full-scale reactor case (e.g. predict spreading length and thickness for the shallow layer concept)

(2) determine the thermo-mechanical and structural dynamics margins to failure of various core catcher concepts.

Under FP-4, the main achievements in the cluster EXV consisted in improvements in the deterministic assessment of debris coolability, while maintaining the containment basemat intact, i.e. assessment of :

(1.1) loading term: molten-corium/concrete-interactions (MCCI) with emphasis on coolability potential and generation of non-condensable and burnable gases It is worth mentioning that the DCH scenario is very unlikely because of early primary system depressurisation – which however might lead to some concern for steam explosions, since inhibitions to triggering are less at low pressure

(1.2) response to the loading: basemat reaction to thermal effects of MCCI and to possible steam explosions. To prevent direct contact between large quantities of water and the oxidic layer of the corium (leading to possible steam explosions), a sacrificial layer is proposed to be built upon the core catcher with the aim to reverse the oxidic/metallic stratification process

(2)   margins to failure of the core catcher: based on the 1% decay power level, maximum heat flux removed from the debris bed, 1 MW/m2, and design factor of 2 for conservatism, a design requirement for the core catcher area is suggested as : 0.02 m2/MWth.

Under FP-5, in the area of “assessment of severe accident risks”, a comprehensive phase diagram of the elements and systems present in the in- and ex-vessel corium is proposed by ENTHALPY, based on one thermodynamic model for the entire field from metal to oxide.

Under FP-5, in the area of “severe accident management measures”, activities are proposed in ECOSTAR to control the corium stabilisation process through a better understanding of the viscosity of the melt, using a coupled thermo-hydraulics physico-chemical approach for the liquidus/solidus region. As a result, a core catcher flooding strategy will be established, using both the top and the bottom flooding techniques.

4.3. Accident progression in the containment building (risk assessment and mitigation measures)

In the cluster CONT of FP-4, the emphasis was on the hydrogen risk : e.g. explosions (deflagrations and possibly detonations) as a consequence of critical hydrogen concentrations, including the effects of air, steam and radioactive aerosols. The safety issues treated in this cluster were related principally to the integrity of the third barrier: ensure integrity of containment building, i.e. arrest or slow accident progression after RPV failure, by managing in-containment radioactivity retention and containment atmosphere cooling.

The accident management measures proposed (for existing as well as future reactors) were as follows: 2 strategies, separately or simultaneously, in the cases of early and late containment failure, respectively, consisting of :

(1) strategy n° 1 = use passive autocatalytic recombiners (PARs) and/or igniters for the “practical elimination” of early containment failures due to hydrogen explosions

(2) strategy n° 2 = use for example spray systems and filtered containment venting for the “control” of late containment failure due to gradual pressurisation.

As a result, the research objectives of the cluster CONT were fixed as follows : optimise the above-proposed AMM for containment building cooling/depressurization by better exploiting the knowledge gained about mode and timing of containment failure, i.e.:

(1) determine loading on and response of the containment building, using experimental results and best estimate models for the extrapolation to the full-scale reactor case (e.g. predict location of hydrogen jets and critical accumulation processes)

(2)  determine the thermo-mechanical and structural-dynamics margins to failure of the containment building (concrete cracking and possible healing processes).

Under FP-4, the main achievements in the cluster CONT consisted in improvements in the deterministic assessment of containment atmosphere coolability, while maintaining the containment building intact, i.e. assessment of :

(1.1) loading term: hydrogen is generated through oxidation of zircaloy and core materials and through MCCI. The emphasis is put on the hydrogen generation and behaviour (e.g. reasonable understanding of air-hydrogen-steam distribution and of stratification and accumulation). Detonations can be generated by non-controlled turbulent flame acceleration: a set of deflagration-detonation-transition (DDT) conditions have been developed and tested.

(1.2) response to the loading: assessment of the containment building to thermal and dynamic effects : assessment of the concrete structure response, including the critical zone of the personnel/equipment notches (e.g. reliance on the crack healing mechanisms of small concrete cracks under certain steam condensation conditions)

(2.1) margins to failure of the containment building / early containment failure: hydrogen combustion is “practically eliminated” by controlling the combustible concentration of hydrogen such that direct initiation by energy deposition is made almost impossible. In addition it should be mentioned that deflagrations seem to have thermal and mechanical effects of an acceptable range, whereas global detonations should be designed out (for example, passively, by building a large containment volume). As far as steam explosions or energetic MFCI events are concerned, there seems to be no big concern from in-vessel events because the thermal to mechanical energy conversion ratio seems to be quite low whereas ex-vessel events still possess some uncertainties. Finally DCH as a result of high-pressure melt ejection (HPME) has been “practically eliminated” using early fast primary system depressurisation.

(2.2) margins to failure of the containment building / late containment failure: the effects of MCCI or/and of gradual steam generation (after hours and days, once the RCS has voided) on the gradual pressurisation of the containment seem to be well “controlled”.

Under FP-5, in the area of “assessment of severe accident risks”, hydrogen combustion behaviour and corresponding loads in complex multi-compartment geometries are investigated in HYCOM, using the large experimental programme in the Russian RUT facility, with combustion modes ranging from slow to fast turbulent deflagration.

Under FP-5, in the area of “severe accident management measures”, activities are proposed in THINCAT to optimise the location of the hydrogen mitigation devices in reactor back-fitting operations: the solution proposed is to generate catalytic surfaces as a coating on thermal insulation elements of the main coolant loop components, as a substitute to the installation of separate PARs. A common code validation strategy for the integral code ASTEC is proposed by EVITA with the aim to optimise SAM strategies in a variety of NPPs: as a result, accident management measures will be optimised, such as filtered venting systems to limit the pressure in the containment and/or PARs to reduce the hydrogen concentration. The feasibility and reliability of PARs from an industrial prospect are examined in the concerted action PARSOAR, which plans to compare qualification tests and licensing procedures, relevant to the hydrogen risk, under various severe accident conditions.

4.4. Radiological source term (risk assessment and mitigation measures)

In the cluster ST of FP-4, the emphasis was on the radiological source term risk from releases of radioactive materials out of the different barriers: e.g., in the worst case, leaks to the atmosphere and to the aquatic environment. The safety issues treated in this cluster were related principally to the containment of the severe accident radioactivity within the various barriers, i.e. not only the traditional bounding volatile radionuclide Iodine but also other risk relevant radionuclides such as Caesium and Strontium, and others (e.g. Te, Ru, La, Y, Ce, Zr, Pu, Np and Cm).

The accident management measures proposed, for existing as well as future reactors, consist of several strategies, comprising severe accident source term mitigation methods able to operate also for long periods, taking into account the possible time variation of the source term.

As a result, the research objectives of the cluster ST were fixed as follows : optimise the above proposed AMM by developing better prediction tools for the retention in the RCS, the revaporization source and the resuspension source and by better exploiting the knowledge gained about the behaviour of fission products and radioactive particulates, i.e.:

(1) determine boundary conditions on the source term, i.e. identify the most important severe nuclear accidents and determine the physical and chemical natures as well as the magnitude of related radioactive material releases during the accident progression (i.e. initial gap release in the fuel pin, in-vessel release upon fuel pin failure, ex-vessel release – both short and long term – upon RPV failure, and ultimately ex-containment releases after cracking or rupture of the concrete walls) 

(2) develop probabilistic and deterministic risk assessment methods for low-frequency high-consequences events with the aim to optimise SAM strategies that maximise beneficial effects and minimise adverse effects of mitigation measures

(3) develop engineered systems to further attenuate radioactive releases during accidents besides the natural processes that act in this sense.

Under FP-4, the main achievements in the cluster ST consist in improvements in the deterministic and probabilistic assessment of radiological effects of severe accidents, i.e. assessment of :

(1) accident scenarios and source term phenomena : realistic (rather than conservative) analysis of the radionuclide releases and the subsequent behaviour of aerosols and vapors. Particular attention was devoted to (i) revaporization of volatile radionuclides as a consequence of decay heating of deposits (late release in the RCS) and (ii) resuspension of deposited radionuclides by sudden increases in flow (e.g. during quenching of degraded fuel bundles or during MFCI) 

(2) risk assessment studies have shown that there are orders of magnitude uncertainties in the radionuclide releases resulting from severe accidents : one of the main reasons is the poor understanding of the radionuclides behaviour that can be influenced by AMM

(3) mitigation measures consist, for example, in attenuation of gaseous iodine release by trapping in water, adsorption on surfaces, chemical transformation and filtration as well as attenuation of Caesium particulates and other particulates. Particular attention was devoted to hydrolysis and radiolysis processes that can convert iodine dissolved in water into volatile elemental iodine (I2) or volatile organic iodides (such as CH3I): this continuing source to the containment has been taken into consideration in the development of appropriate AMM.

Under FP-5, in the area of “assessment of severe accident risks”, the long-term behaviour of a solidified core immersed in a water pool is examined by LPP, which will provide useful kinetics data for the release of fission products and core materials from molten metal/oxide pools. The radiological source term for operating reactors across Europe is examined in the project OPTSAM, with the aim to achieve consensus on a common definition of the source term risk and to better understand the impact of SAM measures on the accident progression.
Under FP-5, in the area of “severe accident management measures”, activities are proposed in SGTR to arrest the radioactivity in a containment by-pass scenario such as a steam generator tube rupture, by flooding the secondary side through the emergency feedwater system in Western PWRs and VVER-440s. A better exploitation of the natural iodine release mitigation processes is proposed by ICHEMM =, which will provide useful kinetics data for destruction of volatile forms of iodine and transmutation reactions. The PHEBUS-FP results will be applied to SAM proposals in PHEBEN-2, which will enable to improve the safety margin calculation tools by developing detailed models for separate-effect tests and integral codes for full-scale plant analysis. The radiological materials databank ASTERISM-2 will be further developed with the aim to collect phenomenological data relevant to advanced mitigation measures for the source term. 

4.5. Accident management measures 

Under FP-4, the scope of the research activities foreseen in the cluster AMM was the improvement of diagnostic means with respect to severe accidents, and the assessment and use of accident proved information technology. These are key activities necessary for the development and implementation of severe accident management measures for both existing and future NPPs. Here is a list of some of the most remarkable achievements:

(1) development of integrated SAM models (e.g. coupled event tree/fault tree techniques, Accident Mitigation Event Tree or “AMET”, Risk Oriented Accident Analysis Methodology or “ROAAM”) for the assessment of severe accident management measures, and proposals for Severe Accident Management Guidance (SAMG)

(2) development of algorithms for signal validation and accident identification, and assessment and improvement of the survival potential of plant process instrumentation under accident conditions,

(3) establishment of a pilot PSA level 2 database and improvements in the use of expert judgement approaches in PSA 

(4) strategies to prevent/mitigate specific scenarios, like Boron dilution

(5) assessment of human and organisational factors.

Under FP-5, the research on accident management measures is dealt with in the above-mentioned cluster SAM. The knowledge gained and the results obtained in the predecessor cluster AMM, as well as in the clusters devoted to the investigation of severe accident phenomenology, have contributed to the development of techniques, for example, to “practically eliminate” some of those phenomena or to develop mitigation strategies to “control” some of them. In addition, the progress in numerical techniques as well as the availability of powerful and cost-effective information technology systems will assure more reliable information and will help to improve the diagnostic means as well as the implementation of some accident management measures. 

5. Evolutionary Concepts (cluster EVOL)

In evolutionary LWR designs, with their emphasis on design simplification and enhanced man-machine interface, the severe accident risk might be further reduced. Some of the innovative reactors rely mainly on passive prevention and mitigation features and systems.

Under FP-4, the “INNO” cluster was composed of 11 projects, including both experimental and analytical activities. The focus was on phenomena associated with the use of passive systems for decay heat removal (both from the core region and from the containment building) and for safety measures (e.g. depressurisation and injection) in evolutionary LWRs. 

The experiments have been performed in some of the most important European thermal-hydraulics facilities in Europe covering: (i) large-scale integral (e.g. PANDA, PACTEL), (ii) large-scale separate-effect (e.g. NOKO) and (iii) small-scale separate-effect (e.g. LINX, EPICE, SUCOT, MUCON, STORM, AIDA, PECA, etc.) tests. The research undertaken has contributed to demonstrate the feasibility and the efficiency of most of the passive systems being investigated for different types of advanced LWRs, and in particular the ESBWR and SWR-1000 designs. They have also provided a bank of valuable independent experimental data about different phenomena and aspects, ready to be used by reactor designers and code developers. In particular, the following achievements can be quoted: efficiency of pool immersed heat exchangers operating at low pressure; efficiency of condensers with various geometrical tube arrangements for different steam/gas mixtures; performance of gravity driven safety injection systems; performance of single-stage steam injector systems; understanding the effects of aerosols deposits on the inside and outside surfaces of heat exchanger tubes.

The use of different neutronics and thermal-hydraulics computer codes (ATHLET, CATHARE, TRAC, RELAP5, etc.) for pre and post-test calculations has been an important part of the work programmes of these projects. It has enabled to define better the test configuration and parameter range extensions, to improve and/or validate the numerical models used in the existing thermal-hydraulics computer codes, and to extrapolate the results of the small scale experiments towards full scale reactor applications. 

Finally, two concerted actions have been very valuable for the establishment of an R&D network on innovative nuclear reactor technologies and for the identification of the needs of the industry sector related to the next generation reactors. Another study was devoted to a revisitation of the high temperature reactors (HTR) with a special view to co-generation and plutonium burning applications.

Under FP-5, research in the area of evolutionary features is conducted in the 7 projects of the cluster EVOL, with emphasis on evolutionary improvements in currently used technology (including next generation reactors) that have potential cost and safety advantages, in particular those with the potential to significantly reduce the risk and consequences of human error and public concerns about nuclear technology (e.g. passive safety systems). The research includes “Evolutionary safety concepts” and “High burn-up and MOX fuel”. 

Under FP-5, the total EU budget spent so far for the 7 projects in the cluster EVOL amounts to EUR 4 million, which represents approximately half of the total project value. This might be compared to the total EU budget spent under FP-4 for the 11 projects in the INNO cluster , which was EUR 4.8 million.

5.1. Evolutionary safety concepts

The shared cost projects in this area have all a strong “numerical” flavour as progress in numerical modelling, especially CFD (computational fluid dynamics) codes, is needed to catch up with the progress made recently in experimental investigations, especially for passive systems as it has been demonstrated in the INNO cluster of FP-4. The project ASTAR aims at the development of advanced numerical methods for 3-D two-phase flow simulation tools that, if successful, might lay the scientific and technical basis for a new generation of thermo-hydraulics codes. This should improve the prediction capabilities of safety relevant phenomena related to the next generation of evolutionary LWRs. The other two projects are related to safety issues typical of the evolutionary BWRs, i.e.: natural circulation and stability performance (NACUSP) and passive decay heat removal from the containment (TEMPEST). They have, as a common denominator, the development, improvement and validation of different CFD codes for a wide range of conditions. In the future, special attention should be devoted to advanced steam injectors for passive emergency feed-water systems of steam generators.

In the concerted action EUROFASTNET a critical assessment will be made of the needs, in nuclear engineering, for thermo-hydraulics RTD, with emphasis on a coherent balance between advanced CFD modelling and experimental validation using innovative instrumentation. CERTA is a network for collecting and evaluating integral system experimental data for reactor thermo-hydraulics safety analysis.

5.2. High burn-up and MOX fuel

The project MICROMOX includes experimental tests aimed at understanding to what extent the as-fabricated microstructure of the MOX fuel influences the gas release in transient conditions (and therefore the achievement of high burn-up). Different numerical codes simulating the thermo-mechanical behaviour of the fuel will be benchmarked. In the future, other projects dealing with the performance of high burn-up and MOX-fuel under transient and accident conditions might be taken if they are directed at lowering fuel costs, whilst maintaining or improving safety margins.

A last project concerns the dissemination of information about EU research programmes and main achievements in all 3 areas PLEM, SAM and EVOL (concerted action JSRI / Joint Safety Research Index) in continuation of the homonymous concerted action under FP-4.
6. Conclusions and Future Prospects

This paper is describing how EU research in operational safety of existing installations was structured in FP-4 and then continued naturally in FP-5. The focus is on the achievements of FP-4 research and the planned continuation in FP-5 in the field of plant life extension and management (PLEM cluster of 15 projects), i.e. in practice the ageing of the multiple barriers for the confinement of radioactive materials. Comments are also given about the continuation of the research activities on severe accident management (SAM cluster of 16 projects) and evolutionary concepts (EVOL cluster of 7 projects).

6.1. Conclusions of FP-4 (1994-1998)

The 4th framework programme was the first one, in which the issues of ageing and plant life management were addressed in a systematic way. The safety issue considered in the AGE cluster of FP-4 was that of the continued safe operation of ageing nuclear power plants, with emphasis on prevention measures. An important objective of this research was to assess the safety margins, using different assessment tools, and so to improve plant ageing management. The emphasis was on knowledge of ageing related damage mechanisms, methods for detection and on-line monitoring of degradation and models allowing to predict the behaviour of components and structures.  Another important objective was to propose qualified mitigation methods. The results generated within these projects allowed to validate assessment tools for ageing behaviour (considering corrosion, fracture mechanics, non-destructive testing and irradiation embrittlement). This validation has lead to a reduction in uncertainties, increasing hence the safety – and the performances - of nuclear power plants.  Note that an efficient collaboration was set up with the European networks (AMES, NESC and ENIQ) managed by the JRC. 

The research activities in the area of severe accidents, like those considered in the clusters INV, EXV, ST, CONT and AMM of FP-4, are generally just too complex and too expensive to be supported by a single country. Firm conclusions about frequency and magnitude of severe accidents – not to mention mode and timing of rupture of the various barriers - can only be drawn on an international basis. Therefore many international research programmes (including  Euratom programmes) are still devoted to the investigation of phenomena and mitigation measures in connection with corium coolability, hydrogen risk reduction and fission product retention. It has been shown in particular that the projects in this area have produced results of interest not only for the understanding of severe accident phenomena but also for the development of appropriate mitigation measures against the consequences of severe accidents.

The research in the area of evolutionary safety systems was conducted in the cluster INNO, with emphasis on design simplification and enhanced man-machine interface, with the aim to further reduce any (severe) accident risk. Some of the future reactors will rely partially on passive prevention and mitigation systems. Projects were devoted to the investigation of phenomena associated with the use of passive systems for decay heat removal (both from the core region and from the containment building) and for safety measures (e.g. depressurisation and injection) in some of the evolutionary LWR designs. However, the potential advantages of passive safety systems (e.g. independence from external energy sources, simpler design, less complex I&C) should be weighted against their potential disadvantages (e.g. reliance on small driving forces, limited operational flexibility, reduced in-service testing capability, difficult diagnosis of status, etc). 

Worth mentioning is also the wider trans-European collaboration which exists in the area of reactor safety research through many ad-hoc multi-lateral programmes which are described in national review documents and in the above-mentioned Joint Safety Research Index. 

As far as dissemination of research results under FP-4 is concerned, the following training activities and conferences were organised :

· in the area of SAM : Eurocourse-97 “Analysis of Severe Accidents in LWRs” (Polytechnic University of Madrid, 13-17 October 1997)

· in the area of EVOL : Eurocourse-99 “Advanced Nuclear Reactor Design and Safety” (GRS Garching/Munich, 17-21 May 1999) 

· “FISA-95/EU Research on Severe Accidents”, EC Luxembourg, 20-22 November 1995 (presentation of 8 large projects and 4 invited lectures), 650 pages, EUR 16896 EN (1996)

· “FISA-97/EU Research on Severe Accidents”, EC Luxembourg, 17-19 November 1997 (presentation of 51 projects and 5 invited lectures), 625 pages, EUR 18258 EN (1998)

· “FISA-99/EU Research in Reactor Safety”, EC Luxembourg, 29 Nov.-1 Dec. 1999 (presentation of 67 projects and 16 invited lectures), 900 pages, EUR 19532 EN (2000)

Worth mentioning is also the publication of a set of 7 EUR books (under preparation) containing the synthesis versions of the Final Reports of the 67 projects of Reactor Safety, put together in their respective clusters AGE, INV, EXV, CONT, ST, AMM and INNO. A selection of 25 papers from FISA-99 will be published in a Topical Issue of the scientific journal NUCLEAR ENGINEERING AND DESIGN  (to be issued at the end of 2000).

More information about the above multi-partner projects, which are organised as “indirect” shared-cost and concerted actions by DG Research can be found in the homepage http://www.europa.eu.int/comm/dg12/rtdinfo.html. Close links are established with the Joint Research Centre, which contributes to the implementation of the framework programmes by carrying out complementary “direct” actions (see homepage http://www.jrc.org/jrc/index.asp). Finally information about Community research policy and rules in general can be found on the Web site of the Community R&D Information Service (CORDIS – see homepage http://www.cordis.lu/fp5-euratom/home.html).

6.2. Expectations from FP-5 (1998-2002)

The 38 multi-partner projects under the 5th framework programme in the area “Operational Safety of Existing Installations” will build partially on the activities conducted under the 4th framework programme and partially on new issues raised by the end-users, considering aspects of both safety and cost.

Plant Life Extension and Management (PLEM)

The objectives of the cluster PLEM are to develop a common basis for the continued safe operation and prolonging the safe operational life-spans of existing nuclear installations and to develop better methods for their inspection, maintenance and management (both in terms of performance and occupational exposure). A total of 15 projects were selected so far (i.e.: after the deadline of October 1999), looking at a series of specific issues of operational safety (namely: embrittlement, corrosion, fracture mechanics, NDT inspection of components and water hammer loads as well as safety culture), from 3 points of view (which are the headings of the detailed work programme):

· Integrity of equipment and structures: 
· On-line monitoring, inspection and maintenance

· Organisation and management of safety.
Severe Accident Management (SAM)

The objectives of the cluster SAM are to develop a common basis for techniques aimed at maintaining the integrity of the multi-barrier system under the very unlikely situation of a severe accident, for existing as well as future nuclear installations. A total of 16 projects were selected so far, looking at a series of specific risk issues of severe accidents (namely: corium, source term, hydrogen and by-pass sequences), from 2 points of view:

· Assessment of severe accident risk

· Severe accident management measures.

Evolutionary Concepts (EVOL)

The objectives of the cluster EVOL are to develop and investigate evolutionary improvements in currently used nuclear technology (including next generation reactors) that have potential cost and safety advantages. A total of 7 projects were selected so far, looking at a series of specific issues of interest for evolutionary concepts (namely: CFD and 3-D codes, operational practices and databases), from 2 points of view:

· Evolutionary concepts

· High burn-up and MOX fuel.

In FP-5, a special effort will be done for clustering all EU activities in the same area under networks and for establishing interfaces with other related Community activities (e.g. in JRC, DG ENV, DG TREN, Tacis/Phare and ISTC programmes, etc.) and with international organisations (e.g. OECD/NEA and IAEA), thereby contributing to a larger dissemination and transfer of knowledge gained through national and Community programmes. In doing so, a new impetus will be given to the integration of all European research efforts, in line with the current discussions launched by the Communication of Research Commissioner Philippe BUSQUIN “Towards a European research area” (January 2000 - see homepage http://www.europa.eu.int/research/area.html).

6.3. Prospects beyond FP-5: key actors and main challenges for EURATOM research

The development of nuclear power technologies interacts with public health and safety, the environment, foreign policy and energy security, as well as with the economy. As a result, nuclear programmes are cutting across institutional lines formed traditionally within each EU Member State by ministries, regulatory agencies, vendors, electric utilities, service providers, R&D centres and the general public. These nuclear programmes are also more and more crossing the borders of the EU in the framework of the “changing world”. In some respect, nuclear power presents unique institutional problems arising from two facts: (1) the special risks of accidents and wastes, and those of nuclear proliferation, and (2) historical facts, like the original government monopoly in nuclear energy and the complex of international treaties and agreements that have developed in the field. Therefore it seems obvious that, not only technical experts, but also citizens-taxpayers - and international organisations - would like to have their say in the nuclear decision process.

Government-industry relations in the nuclear power area are currently changing in most countries. The governments of the EU countries have historically taken the leading role in nuclear technology development, either through a government monopoly or through government-funded laboratories. Initially, private firms were contractors or chosen instruments. Today, even if government monopolies tend to disappear, nuclear power has not yet really become a private enterprise in the generally recognised sense, since most of the governments retain a dominant role in areas such as uranium enrichment, waste management and R&D. 

It is in the interest of the EU countries to let the market take the decisions regarding nuclear power growth and technology advancement, while maintaining for the individual States the key role of safety regulatory authority. This does not, however, imply complete private R&D programmes, in view of the large capital requirements, the technical and economical uncertainties, and historical responsibilities for facilities like uranium enrichment, plutonium reprocessing or permanent waste disposal. The benefits of maintaining a link between private (e.g. industrial) and public (e.g. governmental) interests in the nuclear area are demonstrated at a microscale by the growing participation of all actors in the EC co-sponsored research activities.

The relations between government-industry and the public in the nuclear power area are also changing. To assist the decision-making process, some changes are proposed in the various structures employed in the field of nuclear power, including: public debates and hearings involving the major players; legal frameworks to resolve public interest conflicts, etc. It is clear that also research should have its say in this “changing world”.

Faced with the problem of preparing the society for the supply of large amounts of electricity, expected to be needed in industrialised societies, especially after 2020 (when the nuclear operating license for most countries will broadly expire), the key players have to compare the mutual benefits of renewable, fossil fuel and nuclear energies, taking into account two objectives: (1) guarantee quantities of electricity corresponding to steadily increasing base load needs, and (2) develop technologies acceptable to the public and compatible with international commitments like that of Kyoto (December 1997). 
The traditional end-users of EC co-sponsored research in nuclear reactor safety are essentially the utilities, the vendors and the regulators in both the EU and Central and Eastern European countries. Their common aim is to maximize nuclear reactor safety (while optimizing the plant performances) by improving or supplementing measures and systems. Therefore they need both the feedback from operational experience and the results of appropriate research programmes. Besides the traditional nuclear engineering community, there is another category of end-users that should also take advantage of the research results. They are the interest groups, the opinion leaders, the governments and the financial institutions – not to mention the public at large. How to better inform this latter category of end-users about nuclear matters is another challenge for future EC co-sponsored research activities.

In the future, Community research should continue to contribute to answer to some of the main concerns of the European citizens. More precisely, in the NUCLEAR ENERGY area, the EU reactor safety research strategy will be faced with the following challenges: economic competitiveness and sustainability of the European industrial activities; new relationships with the CEECs (see AGENDA-2000) and the New Independent States; the emerging common safety culture in nuclear power plants, based on the MTO factor (Man, Technology and Organisation); and reassurance to the public and visibility of the EC co-sponsored research activities in nuclear fission.

The task of identifying the relevant research needs and enabling science and technology to address the new challenges will require a clear engagement of all actors. To be really efficient, this engagement should be discussed in a consensual way, focusing on the following issues.

* Need to keep the nuclear option open. It is expected that the world demand for energy will experience unprecedented growth in the coming decades. At the same time, the global ecological consequences of emissions from energy production and use will cause increasing concern and attention from government and policy makers internationally. Central among these issues is that of the effect of CO2 emissions on the global climate. The choice of energy options and strategies remains open in the long-term: however, nuclear power should play a significant role for satisfying the world’s growing energy requirements in an ecologically friendly way.
* Role of Community research in general. To prevail in a competitive environment, the Commission, just like any national organisation or private company, must be the driver of change, not be driven by it. Therefore, it is essential, in particular, to transform scientific findings of Community co-funded projects into practical, applicable technologies. Nevertheless, the road from R&D to industrial implementation is long and difficult. In this respect, the nuclear industry’s problems are international, and extensive and fruitful co-operation is becoming mandatory. Research and development will therefore continue to play a crucial role, especially when customer needs, markets and technologies are constantly changing. 
* Role of Community research in Reactor Safety. Community (or EURATOM) research in Reactor Safety, in particular, will still be important for meeting the needs and expectations of the electricity market. Looking to the future research needs for reactor safety, two areas will require particular attention, namely: (1) further improvement in the management of existing nuclear facilities, and (2) advances in technology for the whole fuel cycle, for both the present and the next generation of reactors. In all cases, generic issues like human reliability and organisational factors will continue to play an important role in improving the traditional defence-in-depth approach. 

Looking beyond our frontiers, a special challenge lies in the enlargement of the EU and the involvement of the researchers, utilities and regulatory authorities in the Community research programmes and in other activities to guarantee the safe operation of all reactors in an enlarged European Union.

Looking beyond 2020, when most European plants will come to their end-of-life, we need to address in the EU research programmes the factors which are seen as weaknesses of nuclear power in terms of competition and sustainability, and enhance the strengths. Besides safety, we need to address, in particular, licensing aspects and construction times, as well as capital costs and public acceptance. We may also need to consider novel fuel cycles and enhanced safeguards as well as new decommissioning and waste management techniques to further reduce the back-end costs. Although the application may appear far in time, such development is urgent, as many of the decisions will need to be made much sooner.

* Need to convince the main actors. “Helping exploit the full potential of nuclear energy in a sustainable manner”, which is the main aim of FP-5, remains quite a challenge, also long beyond the expiration date of FP-5 : we have to convince the public, interest groups, utilities, governments and financial institutions. At the same time, we have to set up national and international research programmes for the exchange of operational experience and scientific findings, involving industry, utilities, safety authorities and research institutions, in co-operation with international organisations sharing the same objectives.
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