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Summary


The paper summarizes briefly the historical origin (pre-1990) of the current positions on severe accidents. It then explains the principles for dealing with severe accidents in existing nuclear power plants, and similarities and differences in severe accident management among countries. Finally, it discusses the role of severe accident research. It should be noted that this paper is not an historical summary of severe accident activities undertaken over the last thirty years; it does not describe in any details national or international (EC, IAEA, OECD/NEA) work in this field.


Reminder of definitions


Design Basis Accident: In the event of a nuclear reactor accident, the principal concern is that the engineered safety systems will fail, resulting in a large release of radioactive material. A nuclear plant is therefore designed according to basic specifications which ensure the capability of the plant to undergo a specified range of operational events, accidents, and external hazards within strictly limited radiological protection requirements. This design basis usually includes the specification of challenging events, important assumptions, and in some cases particular methods of analysis. A design basis accident is essentially a design tool to help make an engineering judgment on the appropriate safety margins for different component parts and systems of a nuclear plant. Strictly speaking, it should never be used to assess accident consequences because of the extreme conservatism placed on the basic assumptions.



Severe Accident : A severe accident is one which exceeds the design basis sufficiently to cause failure of structures, materials, systems, etc., without which core cooling cannot be properly assured by normal means. The seriousness of a severe accident depends on the degree of fuel damage and on the degree of loss of containment integrity.


Accident Prevention denotes all measures to prevent severe core damage, including: reducing the frequency or severity of challenging events; improving the reliability of plant equipment needed to respond to challenges; and the use of instrumentation and automatic or operator action to control events before severe core damage occurs. 


Mitigation denotes all measures taken to limit the radiological consequences of an accident, including: limiting release into containment; limiting release from the facility; reducing public radiation exposure by sheltering, evacuation, off-site cleanup, etc. A narrower term, release mitigation, refers only to measures taken to limit the release of radioactive material from the facility.


Accident Management (AM) refers to the totality of measures, both short-term and long-term, taken by the plant operating staff to prevent accidents, to control the course of an accident in progress, and to mitigate the consequences of an accident during its occurrence. 


Severe Accident Management (SAM) consists of those actions that are taken by the plant staff during the course of an accident to prevent core damage, terminate progress of core damage and retain the core within the vessel, maintain containment integrity, and minimize off-site releases. SAM also involves pre-planning and preparatory measures for SAM guidance and procedures, equipment modifications to facilitate procedure implementation, and severe accident training. The overall objective is to further reduce the risks of large releases. It is the responsibility of the licensees to develop and implement a SAM programme.


It should be noted that this definition implies that there is some overlap between what is referred to as Accident Management and Severe Accident Management. There is indeed significant variation among countries as to what should be classified as severe accident management. For example, in some countries procedures which go beyond the design basis of the plant would be classified as severe accident management whereas in other countries such procedures might be included in the emergency operating procedures and would therefore be considered as accident management rather than severe accident management.


The purpose of an accident management programme at a nuclear plant is to provide the responsible plant staff with the capability to cope with a range of credible severe accidents and to secure maximum benefit from the margin of strength that enables containments to accommodate significantly greater loads than the design basis would suggest. This requires that appropriate systems are available within the plant to enable plant staff to diagnose the faults and to implement appropriate strategies. The programme must also provide the necessary guidance and training to assure that appropriate corrective actions will be implemented.


The above definitions are those adopted in the 1980's by the Committee on the Safety of Nuclear Installations (CSNI) of the OECD (Organisation for Economic Co-operation and Development) Nuclear Energy Agency (NEA).


Origin of current positions on severe accidents


Before TMI-2: Class 9 Accidents


The WASH-1270 document (Technical Report on ATWS for Water-Cooled Power Reactors), published in 1976, put the various classes of incidents and accidents that could occur in a nuclear power plant into three major groups as follows:

A.  Anticipated operating occurrences and other events leading to no significant releases of radioactivity (Class 1 and 2 accidents: trivial incidents, small release outside containment).

B.  Events with the potential for small releases of radioactivity from the plant (Class 3 to 5 accidents: radioactive waste system failure, fission products in primary circuit, fission products in primary and secondary circuits).

C.  Events that are postulated to establish performance requirements for safety systems for the plant (Class 6 to 8 accidents: refueling accidents, spent fuel handling accidents, design basis accidents such as loss of coolant, rod ejection, steam line breaks).


The document went on to say: « All of the events listed above in the three major groups of accidents have the common property that they are within the design basis envelope for a nuclear power plant. The potential consequences of all of these events, even the very unlikely and extreme ones, are well within the guidelines established by the [US Atomic Energy] Commission's regulations on siting (10 CFR Part 100)... « 


« The envelope of design basis accidents does not include all events that are conceivable for a nuclear power plant. It is not necessary, nor even possible, to design nuclear power plants, or any other man-made device or system, for all conceivable eventualities that are physically possible. Thus, at the very low probability end of the spectrum of all possible events there is a residuum of conceivable accident sequences that could, if they occurred, lead to radiological consequences outside the plant boundary in excess of the Part 100 guidelines. These are the Class 9 accidents mentioned in AEC [US Atomic Energy Commission] environmental impact statements. It is the judgment of the AEC that these events are of such low likelihood as to present in sum an acceptable risk in view of the benefits derived from the electricity produced by a nuclear power plant. »


As shown by these excerpts, it was recognized early that severe accident sequences are part of the residual risk, and that attempting to include them in the design basis of nuclear power plants is not the right way to cope with them.


After TMI-2: Severe Accidents


The TMI-2 accident, which happened on 28 March 1979, gave strong impetus to severe accident studies. Most OECD Member countries operating major reactor programmes embarked on the definition of a coherent and comprehensive approach to accidents exceeding the design basis of nuclear power plants, now called severe accidents. Some countries decided quickly on preliminary measures designed to cope with severe accidents should they happen. Considering the danger of developing divergent approaches, they agreed in 1980 to use the OECD/NEA, and more specifically its Committee on the Safety of Nuclear Installations (CSNI), as a focal point for exchanges on severe accident approaches. Because of the complexity of the issue, which covered numerous disciplines and required unconventional thinking, it was agreed that a restricted Senior Group of Experts would be set up. As only few countries had sizeable activities in this area, it was agreed further that, exceptionally, only these countries with major programmes would participate directly in the work of the Senior Group, on the condition that the information discussed by the group would be made available to all CSNI delegates. The Senior Group of Experts on Severe Accidents (SGESA) was composed of high-level experts from France, Germany, Italy, Japan, Sweden, the United Kingdom and the United States. The Commission of the European Communities was invited to take part in the group.


Following a recommendation made in 1989 by the Senior Group, SGESA was replaced by the restricted Senior Group of Experts on Severe Accident Management (SESAM). Contrary to SGESA, the new group included representatives from utilities. Their participation was considered indispensable to handle correctly and efficiently severe accident management issues. SESAM was composed of experts from Belgium, Canada, Finland, France, Germany, Italy, Japan, Sweden, the United Kingdom, the United States, and representatives of European, Japanese and US utilities.


SGESA and SESAM played a major role in shaping international consensus on the approach to be chosen to deal with severe accidents. Consensus reached among the Member countries of the OECD influenced strongly their approaches and regulations in the field of severe accidents as well as the more formal approach adopted later by the International Atomic Energy Agency (IAEA). It was strengthened by the results of collaborative research work sponsored by OECD/NEA and the European Commission. The Commission played an increasingly important role in the field of research through the Euratom Framework Programmes on Research and Development. A selection of relevant reports published by these organisations is given in the References section of this paper.


Dealing with severe accidents in existing plants


The ultimate objective of severe accident management is to bring the installation back to a controlled, safe and stable state that can be maintained in the long term. Control of the installation in the long term is defined as the quasi-steady state situation which should exist after the intermediate efforts, including possible use of any filtered-vent system, have gone to completion. It is envisaged that the time-span of long term control is from a few days to a few months.


The Senior Group of Experts on Severe Accidents had animated discussions on the respective roles of severe accident prevention and mitigation, and the most effective approach to deal with severe accidents. They finally agreed that the way to an effective strategy for coping with severe accidents in existing plants is indeed to maximise the ability to avoid them and, if necessary, ultimately to cope with them, making the best use of the capabilities and resilience of the plant as designed. Implementation of that strategy may vary from country to country but there has been a general consensus that procedures had to be developed to prevent or limit any severe core damage, whatever the accident sequence involved.


A large fraction of existing plants were designed and built before the TMI-2 accident. SGESA reached consensus that designs of water-cooled reactors are far more capable of coping with severe accidents than the case of the design basis accident would suggest, and that existing systems, whether they be safety systems or not, may be used more flexibly to enhance the ability to deal with severe accidents. Although reactors are primarily designed to avoid severe accidents, the ample margins and general resilience of the design resulting from defense in depth provide a capability to withstand loadings well beyond those specified in the design basis. 


It is also generally agreed that the capability of a plant to function in conditions well beyond the design basis provides a margin of safety that should be exploited to maintain control over events and minimise the consequences to the public. Thus, the most effective approach is to make accident initiation less likely (accident prevention), as well as to reduce the probability of its propagating at every subsequent stage. Accident management is of the highest importance at all stages of accident development, from initiation to long-term control.


Highest priority should therefore be given to improving the ability of plant personnel to monitor, diagnose and influence from the earliest stages the course of a severe accident. The role of plant personnel throughout an accident sequence is most important. Operator training programmes must take into account accident diagnosis and management beyond normal operating transients and incidents, from earliest precursors and a keen awareness of the significance to severe accident management of abnormal states of the plant, to long-term considerations. The task is large. It includes knowledge acquisition and transfer, guides, procedures, training, simulators and periodic on-site and off-site emergency exercises which are required to establish a pervasive safety culture at all levels, namely : plant design, construction, operation and maintenance; plant inspection; plant management; personnel education & training. Training must cover emergency operating procedures, the transition from emergency situations towards severe accident situations, severe accident procedures, drills, and national emergency plans and organisations. Training programmes must be frequently reviewed in order to assimilate the most up-to-date knowledge. Naturally, this presupposes an adequate understanding of the physical processes taking place. Research on severe accident phenomena is therefore also an important component of safety.

The most formidable obstacles to the readiness of operators to deal efficiently with severe accident situations are routine and complacency. Severe accidents will strike with deceit, through improbable combinations of hardware or maintenance failures, human misinterpretations and errors. It is likely that they will progress unnoticed for a while. Initial diagnostic may be wrong. Instrumentation may not function properly any more. The operating staff must not only be trained to cope with such situations; they must also be aware that severe accident events may happen at any moment. They must be vigilant and on constant alert to identify them at an early stage, a most difficult challenge for such low-frequency occurrences.


International similarities and differences in the approach to severe accident 
management


As a rule, for existing plants, most countries advocate the use of available means at the plant to control severe accidents. At the same time, in spite of plant-specific features (e.g., the ultimate strength of the containment, the assessment of which is subject to high uncertainty) and differing national practices, which can lead to the adoption of individual supplementary measures, approaches to seeking ways of intervening at all stages of accidents with a view to establishing control over them are, on the whole, of a similar nature. 


There is thus a marked international convergence of views in favour of accident management as a complement or alternative, to be adopted in cases beyond the normal design basis, with a view to preventing or limiting excessive loads on the containment which could ultimately jeopardize its integrity. This is in spite of the fact that reactor containment design rules are such that these structures are capable of withstanding loads significantly higher than the design basis values with the result that, in the event of a severe accident, loss of containment integrity with widespread environmental consequences is unlikely to occur.


Present understanding on this subject is adequate for defining corrective action guidelines based on the evolution of physical parameters, using a state-by-state or symptom-oriented approach. Such an approach depends not only on the available means of assessment and measurement, but also, of course, on their continued availability which implies consistently judicious decisions as to how they should be used. Should such initial measures fail, limitation of environmental consequences by accident management would be based on further measures which might differ considerably from one country to another, divergences being mainly due to whether or not a filtered containment venting system is adopted. However, priority must always be given to preserving containment integrity.


Although severe accident management activities are being carried out in many countries, there is considerable variation in the goals, the approach, and the scope for research. Moreover, several alternatives exist for integrating accident management activities into existing emergency response actions. Some available options include incorporating accident management into existing procedures, creating new accident management procedures, or providing general guidance rather than specific procedures. Each of these have their advantages and drawbacks.


Devising procedures for accident management actions means that the directions the operating staff receives are very specific and in familiar format. On the negative side, such an approach could lead to inappropriate actions if a situation occurred which was not foreseen during procedure development. Procedures which are symptom oriented can address this concern to some degree but such procedures may be difficult to devise given the variety and, in some cases, the paucity, of detectable symptoms produced by severe accidents. Development of a guidance document is another alternative. This type of guidance might identify equipment, water supplies, and power sources needed to restore safety functions, but without providing the details of implementation. Such a guidance document allows consideration of the pros and cons of an action given the plant conditions as they are known. This approach leads to a slower response than one which follows an explicit procedure and requires the availability of more independent technical expertise.


Some accident management strategies may lend themselves better to one type of integration than another, and no single method of integration is likely to be best for every nuclear plant operating organisation. In practice a combination of approaches may prove to be most effective since the needs of the control room operator, support staff, and emergency management teams may not necessarily be best met by the same approach. An overall structure which clearly delineates responsibilities and any transfer of responsibilities during the development of an accident is the essential starting point.


The organisational structure used by nuclear plant owners varies widely from country to country and can differ among utilities in the same country. In general, during a severe accident, plant personnel will be reinforced by additional groups of technical experts and responsibilities may be shared with outside authorities once the accident has reached a certain state. What is important is that organisational lines of authority during a severe accident should have been previously established and clearly defined.


The role of severe accident research


Extraordinary progress in the understanding of severe accident phenomena and their management has been made over the last twenty-five years, through national research programmes (performed in a large number of institutions) and international ones. However, although in-vessel melt progression is now fairly well understood, there are significant uncertainties in predicting whether or not molten core material will remain in-vessel, the consequences of molten core material getting out of the reactor vessel (e.g., coolability, combustible gas), source term generation, as well as the most effective accident management strategies for preserving reactor pressure vessel and containment integrity and reducing the amount of radioactive material available for release to the atmosphere. 


It is likely that research on severe accidents will now progressively reach a point where regulatory and safety decisions may not be impacted significantly by any new research results, at least for Light-water Reactors.  This view is borne out by the results of the severe accident research prioritisation effort conducted as part of SARNET (EC Severe Accident Research Network of Excellence) since 2006. This work has resulted in European consensus on the high priority of performing research on the six following severe accident issues:

1. core coolability during reflooding and debris cooling

2. ex-vessel melt pool configuration during molten corium/concrete interaction, ex-vessel corium coolability, also by top flooding

3. melt relocation into water, ex-vessel fuel/coolant interaction

4. hydrogen mixing and combustion in containment

5. oxidising impact on source term (ruthenium oxidising conditions / air ingress for high burnup and mixed oxide fuel elements)

6. iodine chemistry in reactor coolant system and in containment


While several issues initially part of a list of severe accident phenomena proposed for further studies have been ranked “medium priority”, other ones are now considered lower priority or closed, meaning by this that it is thought that enough is known currently – qualitatively and quantitatively -  to assure safety in designing and operating nuclear power plants and managing severe accidents should they occur. It is prudent, however, to maintain a technological watch on these issues, at least the most safety significant ones, as new findings, reinterpretation of results in light of new developments, more sophisticated experiments or more powerful computer codes may cast doubts on earlier conclusions, especially those based on poorly justified assumptions and simplifications or insufficiently documented experiments.


Although utilities and safety authorities have learned to deal with severe accidents and their management on the basis of information available at a given point in time, and in spite of the fact that utilities have implemented severe accident management strategies since several years, research on severe accident phenomenology, progression and management remains important, generally speaking, for the following reasons:

1) to obtain an understanding of the phenomena occurring in accident progression which is adequate – according to current requirements – for safety assessment purposes;

2) to reduce the most important remaining uncertainties; even if the range of uncertainties is now  more limited, this will improve:

1. the development of common technical and regulatory positions and approaches to severe accidents;

2. the prevention of severe accidents, and their mitigation should they happen;

3. the confidence in the robustness of existing severe accident management strategies, or the development of more robust strategies;

4. more generally, the confidence in the appropriateness and effectiveness of SAM actions;

5. SAM training;

6. the focusing of research efforts and resources on priority issues; 

7. the possibility to reduce the need for unnecessarily large safety margins and thereby the possibility to  concentrate on the most significant safety issues while eliminating superfluous hardware and procedures and improving plant overall safety and economics;

  3)   to provide high-quality data for model development and analytical studies.


There are differences among countries with respect to the necessity, type, and level of severe accident research they wish to carry out. These variations can be explained by differences in their approach to severe accident management, the proportion of electricity generation assured by nuclear plants, the political structure of the country, its industrial organisation, legal framework, administrative traditions, historical evolution, prospects for nuclear power and its future applications, size of nuclear industry, population densities around nuclear plants, degree of public acceptance of nuclear power, and a variety of other local factors including lack of resources and qualified staff. Clearly, what matters is not that all countries perform identical research programmes. What is of importance is to demonstrate that similar levels of safety have been achieved. Moreover, it is of paramount importance that safety authorities, their technical support organisations and the main players in the nuclear safety field use similar language and approaches or otherwise justify and explain differences in order to avoid public confusion, mistrust, unwarranted interrogations and needless fears. International technical consensus on the main safety issues is an absolute necessity.


The cost of research programmes also matters, naturally. Typically, international research project budgets in the nuclear safety field range from 0.7 to 4.5 million euros (approx. 1 to 7 million US dollars), with a smaller class of projects reaching 6 to 12 million euros (9 to 18 million dollars). There is another class of projects with budgets around 300 000 – 350 000 euros (450 000 - 525 000 $). And there is a very small class of projects with much higher budgets (30 to 50 million euros, 50 to 75 million $). But cost is a relative factor. Compared to the size of public and private investment made in the nuclear industry (trillions (1012) of euros), and the size of the potential economic penalty entailed by a major nuclear accident, the cost of safety research amounts to very little. Money invested in research is good investment, even if in some cases it may not be easy to prove this in a simple way. Of course, individual organisations find it difficult to fund costly programmes because of numerous other priorities and responsibilities, and budget restrictions. One way to overcome these constraints is to share the burden internationally.


Whatever the cost and immediate need for further research on severe accident phenomena, it will be necessary to maintain an appropriate level of research for four reasons:

· to maintain a living safety case while contributing to establishing the independence of the regulator,

· to maintain sufficient and flexible competence and capabilities as these may be required in the future at very short notice to solve emerging safety issues on Generation II and III nuclear power plants, and also to provide expertise in the design of Generation IV plants,

· for the countries designing and exporting nuclear plants, to demonstrate and maintain a credible high level of competence and innovation, as well as the capability to provide adequate after sale service,

· to keep providing young engineers and scientists with challenging work as this is the only way to attract brilliant students and experts to the field of nuclear safety research.


Another factor to keep in mind is the time it takes to develop, or redevelop, competence in particular areas. Discussions in groups of experts in the field of maintaining future competence have led to the conclusion that, while training industrial specialists takes a few months to a few years, building nuclear departments at universities and establishing an adequate education and research infrastructure requires a much longer lead time, at least ten years, more likely fifteen. Once lost there is a substantial time lag before recovery of a specific level of competence is achieved. The European Commission promotes several programmes in the field of education & training and the maintenance of competence. Transfer of knowledge between generations, and retention of knowledge (tapping into the experience of staff before and after their retirement) are also important aspects at this time of nuclear power revival after a generation-long lethargy.


Networks of excellence, like SARNET, strongly supported by the European Commission, help to maintain and develop national and international expertise, establish international consensus and train newcomers to the field.
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