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FOREWORD

Probabilistic safety assessment (PSA) for nuclear power plants has become a standard
technique to further enhance safety of these installations. The IAEA has devoted considerable
effort in supporting the development of and the exchange of information on PSA methodology
and application related to nuclear power plants (NPPs) during the last years. Data,
methodology and models used in this field have reached maturity as documented in the
related IAEA Guidelines.

In order to complement the IAEA's PSA programme regarding nuclear facilities other than
NPPs, the Technical Committee Meeting on the Use of Probabilistic Safety Assessment for
Nuclear Installations with Large Inventory of Radioactive Material was convened from 7 to
11 September 1992 in Vienna.

Experts from several countries, including most of the countries with major nuclear fuel
reprocessing programmes, presented their work and related experience in the area of PSA for
non-reactor nuclear facilities.

The report drafted during the meeting by the participants focuses on the following topics:

- Review of experience from PS As for different types of facilities,

- Development of a structured framework for conducting PSAs for non-reactor nuclear
facilities,

- Recommendations regarding the enhancement of information exchange on related
matters among Member States,

- Recommendations on areas which need further development and support.

The report shows that PSA for the type of facilities under consideration has become a
standard engineering tool to complement other established safety assessment practices and
sound engineering design. Compared to its application to NPPs, a wider variety of approaches,
techniques and methodologies is used, corresponding to the needs defined by the differing
characteristics of plants, materials and processes which have to be analysed. Some of these
methods have been developed for application in the chemical industry and can be used
profitably for the facilities under consideration.

In the last step of a PSA, risk assessment, the risk of a facility consisting of accident
probabilities and related consequences is compared against quantitative risk criteria to decide
whether the plant risk is acceptable or tolerable. Quantitative risk criteria are currently
discussed on an international level within the framework of developing basic safety standards
for the protection against ionizing radiation and for the safety of radiation sources. The
activity is supported by the following organizations:

- the Food and Agriculture Organization of the United Nations (FAO),
- the International Atomic Energy Agency (IAEA),
- the International Labour Organisation (ELO),
- the Nuclear Energy Agency of the OECD (OECD/NEA),
- the Pan American Health Organization (PAHO), and
- the World Health Organization (WHO).



As quantitative risk criteria are still under development, their application is illustrated by
a summary of related practices in the United Kingdom.

The contributions of the participants collected in the Annex of this report exemplify the
important work done in the Member States. These contributions and the help of the
participants in the drafting and reviewing of this document are greatly appreciated.

EDITORIAL NOTE

In preparing this material for the press, staff of the International Atomic Energy Agency have
mounted and paginated the original manuscripts as submitted by the authors and given some attention
to presentation.

The views expressed in the papers, the statements made and the general style adopted are the
responsibility of the named authors. The views do not necessarily reflect those of the governments of
the Member States or organizations under whose auspices the manuscripts were produced.

The use in this book of particular designations of countries or territories does not imply any
judgement by the publisher, the IAEA, as to the legal status of such countries or territories, of their
authorities and institutions or of the delimitation of their boundaries.

The mention of specific companies or of their products or brand names does not imply any
endorsement or recommendation on the part of the IAEA.

Authors are themselves responsible for obtaining the necessary permission to reproduce
copyright material from other sources.

Throughout the text names of Member States are retained as they were when the text was
compiled.
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1. INTRODUCTION

To date over one hundred probabilistic safety assessments (PSAs) for nuclear power plants
and research reactors have either been completed or are in progress. Data, methodologies and
models used in this area have reached a considerable maturity giving a sound basis for the
application of results to further enhance plant safety.

In order to complement the IAEA's PSA programme regarding nuclear facilities other than
NPPs, the Technical Committee Meeting on the Use of Probabilistic Safety Assessment for
Nuclear Installations with Large Inventory of Radioactive Material was organized to consider
nuclear facilities such as:

- Uranium mining and processing installations including various storage facilities for
different types of compounds,

- Enrichment facilities of the diffusion or centrifugal type,

- Fuel fabrication including different types of fuel such as LWR low enriched, uranium
and MOX fuel, MAGNOX type fuel and fast reactor fuel,

- Fuel reprocessing including different types of fuel such as LWR low enriched, highly
enriched fuel, uranium and MOX fuel, MAGNOX type fuel, fast reactor fuel,

- Laboratories handling radioactive materials,

- Isotope production and handling,

- Waste treatment and waste conditioning facilities including different types and form
of waste,

- Short and intermediate term storage facilities for radioactive waste, fuel and other
materials,

- Other industrial and medical facilities using radioactive material,

- Accelerator produced radioactive material, neutron spallation source.

Long term waste repositories were considered to be outside the scope of the meeting
because these facilities are usually handled by a very specialized group of scientists, dealing
with special topics such as the long term behaviour of technical and geological barriers, the
long term groundwater transport of nuclides and long term seismic predictions. For several
years an international OECD/NEA group has been conducting work on PSA for long term
waste repositories [1].

Risks from transport of nuclear materials are increasingly being considered by probabilistic
methods. This aspect is being studied by a special group at the IAEA within the framework
of a co-ordinated research programme. Therefore, risks due to transport accidents involving
radioactive material are not considered in the present report. However, some of the facilities
listed above may consist of complex subprocesses, process stages, intermediate storage
facilities and connections between these elements. Plant internal transport of various process
media and mixtures are of special interest when assessing the risks of these facilities.



During normal operation of the facilities under consideration, radiation health effects are
limited by operating specifications. Therefore, risk assessment is restricted in this report to
accident situations.

Within the framework of the IAEA Co-ordinated Research Programme on Development
of Risk Criteria for the Nuclear Fuel Cycle [2], risk assessment and risk management aspects
have been studied for the nuclear fuel cycle with the main emphasis on risk criteria. However,
regarding probabilistic risk assessment for non-reactor nuclear facilities the document resulting
from that programme is restricted to a general outline.

The objectives of the Technical Committee Meeting on the Use of Probabilistic Safety
Assessment for Nuclear Installations with Large Inventory of Radioactive Material were:

(a) To review experience of Member States from PSAs for different types of facilities
(including those concerning modelling requirements, data and computer tools),

(b) To develop a structured framework for conducting PSAs for non-reactor nuclear
facilities, to suggest contents of a status document, and

(c) To make recommendations on areas and aspects which need further development and
support, such as the exchange of information among Member States.

The following sections are grouped according to these tasks. Section 2 summarizes the
experience gained from conducting and applying PSA to the facilities under consideration.
Section 3 outlines the structured framework for conducting a PSA. Section 4 highlights areas
where additional work is needed. Section 5 contains the recommendations compiled by the
participants during the meeting.

The considerations in the following sections mainly reflect experience from PSA of fuel
reprocessing facilities. It is believed that, regarding complexity and potential risks, experience
from PSA of this type of plant is sufficiently representative and applicable for other non-
reactor nuclear facilities.

2. REVIEW OF EXPERIENCE

2.1. BACKGROUND INFORMATION

Traditionally, development of PSA methods was mainly governed by the requirements of
PSA for nuclear power plants. However, while the remainder of the fuel cycle is subject to
PSA studies, the qualitative differences between the nuclear power plants and the rest of the
fuel cycle generate different requirements on the methods. Specifically, whereas the reactor
core presents a very large inventory of radioactive material at high temperatures, high
pressures, and within a relatively small volume, a fuel reprocessing plant for example
generally operates at near ambient pressure and temperatures and with comparatively small
inventories in each stage of the overall process.

There are usually relatively long time scales for the development of accidents and,
compared to the reactor, less onerous process shutdown requirements to maintain the plant
in a safe state. Fuel cycle plants and laboratory facilities also differ from reactors with respect
to the critical importance of ventilation systems in maintaining their safety even in normal
operation, because often material in these plants is in open contact with the venting or off-gas



system. In addition, the chemical treatment comprises a wide variety of processes and material
states such as liquids, solutions, mixtures and powders, all of which have to be considered in
aPSA.

It must be emphasized that the passive characteristics of the facilities described above are
the result of deliberate and careful design. This requires a considerable effort by designers and
safety analysts.

Modern methods of safety analysis applied in France and the United Kingdom to major
reprocessing facilities (UP3-A, UP2-800 and THORP) are described in the papers presented
by J.P. Mercier and R.J. Williams. The Wackersdorf project in Germany was similarly
considered and conceptual reprocessing plant designs have been analysed in Japan (see the
papers presented by H.J. Wingender and I. Nojiri respectively). Today PSA techniques are
regarded as an intrinsic part of modern design processes for nuclear fuel cycle plants.

While the participants of the Technical Committee Meeting were most familiar with the
application of PSA methods to fuel reprocessing and fabrication plants, waste treatment
facilities and laboratories handling radioactive material, it was considered that the experience
and insights regarding PSA methods are of more general applicability and can be generalized
to all types of fuel cycle facilities and other facilities dealing with nuclear material, as
outlined in the introduction. Many of these facilities have indeed been the subject of PSA,
particularly in those countries where risk criteria have been developed or where PSA is an
implicit regulatory requirement.

In the following sections the experience concerning specific important aspects of PSA is
outlined.

2.2. HAZARD IDENTIFICATION TECHNIQUES

As for nuclear power plants, two main categories of initiating events are considered:

(1) Internal events such as plant system or component failure.
(2) External events such as earthquake, flood or aircraft crash.

The participants concentrated on internal initiating events and the related methodology.
Regarding external events, an IAEA publication on Treatment of External Hazards in
Probabilistic Safety Assessment is currently under preparation.

There are a variety of techniques available for the identification of internal initiators. Many
of these techniques have their origin in non-nuclear industries. For example, the use of
HAZOP (hazard and operability study) techniques in the assessment of the adequacy of the
design of chemical plants is a well developed method. It is a particularly useful but time
consuming method which is applicable at different stages in a plant design. It allows
identification of the important failure modes of the elements of the plant and those parts of
a plant which need more detailed assessment, as described below. To cite an example, in the
development of the design and safety case for the THORP plant in the United Kingdom
extensive use has been made of HAZOP methods.

Other methods used for hazard identification are failure mode and effect analysis (FMEA)
and logic diagrams such as fault trees and event trees. Failure modes and effect analysis is
particularly well suited for mechanical systems and electronic elements.



As a complement to these more theoretical examination methods, feedback of operating
experience is invaluable and whenever available should form a significant input to the plant
or design assessment.

It is the belief of the participants of the Technical Committee Meeting that such methods,
properly applied, can lead to the comprehensive identification of important malfunctions,
maloperations and their causes.

Some particular points which appeared to be noteworthy in existing hazard identification
work are the following:

- Non-nuclear hazards are dominant in some circumstances, e.g. hydrogen fluoride
which may be produced as a result of releases from an enrichment plant, and

- By-products of chemical processes must be carefully considered, e.g. products of
solvent degradation may have undesirable properties and, if permitted to accumulate,
may have undesirable effects.

2.3. ACCIDENT PROGRESSION

A fundamental requirement which is indispensable for the analyses of accident progression
is an adequate understanding of the normal operation of the process and the envelope of the
safe operating regime.

The modelling of accident progression once the safe operating envelope is transgressed
must be demonstrably but not unnecessarily pessimistic. The analysis must reflect the actual
plant provision and design capability and follow the development of the accident until it is
properly terminated and the plant recovered in a safe, quiescent state.

2.4. SPECIFIC BENEFITS EXPERIENCED FROM APPLICATIONS OF PSA

All contemporary nuclear fuel cycle plant design methods include the consideration of
safety as an intrinsic part of the design process from the outset. Experience demonstrates that
even with uncertain data the systematic examination and consideration of fault and event trees
enables any weaknesses in design to be identified. With data of a reasonable quality a
properly balanced design without under- or overprotection is achievable.

More generally, the systematic examination required by the PSA influences the design
process in favour of a safe and operable plant.

2.5. SPECIFIC USES OF PSA

PSAs and the underlying deterministic determination of the safe operating envelope have
been used to provide a sound logical basis for the development of:

- operating instructions,
- maintenance regimes,
- emergency planning:

- off-site
- on-site operator responses
- diagnostic aids to operators.
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PSAs also provide a logical framework in which the effects of ageing, of modifications
and modernization of existing plants are considered. The ability of such plants to comply with
current standards can be examined. Finally, many licensing authorities and companies
consider PS A to form an important part of the safety analysis of plants (see papers presented
by J.P. Mercier, E. Morris and R.J. Williams).

2.6. SCOPE OF CONSEQUENCE ANALYSIS IN CURRENT PSAs

PSAs to date have considered the effects of releases and direct radiation on the public
(usually taking the most exposed person) and of the plant personnel. The consequence
evaluated has been the radiation dose the individual receives. Whereas methods of evaluating
the risk to the public are quite well developed, methods to evaluate the risk to the plant
personnel are more contentious, and often only an indirect measure of the risk, such as air
contamination levels is used.

Multiplant sites require particular attention to ensure that the cumulative risk from all the
plants, which will usually have individual PSAs, does not become unacceptable.

2.7. DATA

In new plants it is frequently necessary to make significant efforts to determine the
physical and chemical properties of materials, particularly for conditions which might exist
in fault situations. Having obtained this information, further data required in the PSA
evaluation will include:

- failure probabilities of individual components and systems,
- human failure probabilities, and
- accident progression and consequence data.

For components it is often possible to obtain failure rate information from experience in
non-nuclear industries, though care must be taken to ensure that the domain of application is
appropriate. Unique components or equipment pose particular problems requiring considerable
use of expert judgement.

There are a number of methods available to generate estimates of human reliability.
However, experience of plant designers indicates strongly that where PSA reveals a critical
dependency on human intervention, considerable efforts will be made to incorporate features
in the design to minimize such dependency. Laboratories pose a particular problem in this
respect because of the need to retain operational flexibility.

To evaluate the impact of accidents requires the following consequence data:

- Information on the transport and retention of material within the plant,
- Information on the chemical state and physical properties of the material and how

these change,
- Information regarding direct radiation properties (this mainly relates to accidental

exposures of the plant personnel),
- Information to support environmental modelling (including site characteristics),
- Information on dose estimation.

Experience shows that for all these types of data, PSA helps to identify those that are truly
important, for instance, by means of sensitivity studies. It is to the final justification of these
identified items that careful attention should be paid.
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For large projects or projects extending over a long time period, action to ensure the
consistent use and interpretation of data is essential. Further, the use of data should be
recorded in a retrievable way so that the PSA can be updated to incorporate new information.

2.8. AREAS REQUIRING PARTICULAR ATTENTION

In common with reactor PSAs software reliability assessment poses particular problems.
Although software based systems are making their appearance in fuel cycle plants they are
usually backed up by hardwired systems in safety critical applications.

In mechanical operations and maintenance operations, experience indicates that the analyst
must pay particular attention to the possibilities of misrouting and of incorrect sequencing of
operations. The method of analysis has to be carefully chosen to ensure a correct
representation and evaluation.

Common mode or common cause failures, both in theory and in practice, are often found
to limit the ultimate reliability achievable. There are a number of methods of consideration
available. Appropriate treatment of common mode effects is essential for PSAs.

Applications of PSA techniques to worker risk from accidents are fewer than those
considering risk to the public. As a result the methods are less well developed.

2.9. SAFETY CULTURE

Widespread experience of plant operators emphasizes the importance of sustaining a good
safety culture to ensure that plants are operated and maintained at the state assumed in the
safety analysis. Without safety culture the benefits of safe design and of safety analysis will
be lost.

3. FRAMEWORK FOR CONDUCTING PSA FOR NUCLEAR INSTALLATIONS
WITH LARGE INVENTORY OF RADIOACTIVE MATERIAL

3.1. DEFINITION OF THE TYPES OF RISK TO BE CONSIDERED

The primary concern when considering accident consequences in nuclear facilities is
usually given to potential health effects caused by direct radiation exposure and from
accidental release of radioactive material. The people at risk are the plant and site personnel
and the public outside the plant. Both individual and collective doses are estimated.

Risks from chemical and physical impacts to the plant personnel, the public and to the
environment may also be considered. It has to be pointed out that for some facilities these
types of impact are more important than the radiation effects.

Another type of risk which is sometimes estimated consists in the financial impact of
accidents to the plant operator and the public.

3.2. FRAMEWORK FOR CONDUCTING A PSA

The specific tasks for conducting a PSA for the facilities under consideration are depicted
in Figure 1.
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3.2.1. Documentation

PSA documentation should be well structured, complete, and easy to follow, review and
update.

It is essential that the steps of the PSA process are fully documented and periodically
updated. Some techniques have standard methods of documentation and these should be used.
Lists of faults for further analysis should be drawn up; the event, release and fault trees
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should be prepared in standard format and fully annotated and cross-referenced. All
assumptions about plant reliability data and human error behaviour should be documented and
referenced including indications where they are used in the analysis. Cut-set and other
information from the results of logical and consequence analysis should be given in sufficient
detail to support the conclusions drawn from a PSA.

3.2.2. Definition of objectives and scope of the PSA

Nuclear facilities are typically designed on the basis of a set of deterministic rules aimed
at preserving plant integrity and public health from all plant operational conditions and from
postulated accidents. Central to the deterministic approach is the concept of defence in depth,
which requires successive barriers to prevent the release of radioactive material to the
environment. Analysis of postulated accidents is normally accompanied by a set of
conservative assumptions to show that specific acceptance criteria have been met. The 'safe
operating envelope' mentioned in Section 2.3 is defined based on these deterministic
considerations.

In contrast to the analysis of postulated design basis accidents, PSA considers a more
extended range of accident scenarios. The level of detail needed in a PSA is dependent on the
intended application. An application to optimize detailed systems design or maintenance
schedules of components requires a more detailed analysis compared to a PSA used for
planning of emergency measures in the environment of the facility.

Ideally, PSA considerations are already included at the design stage of a facility. Periodical
updating of the PSA reflecting modifications and experience will then provide a 'living PSA'
model for the whole life cycle of the plant which can be used to enhance plant safety.

In order to be complete, a PSA should include consideration of accidents arising during
the whole life cycle and all operating phases of the plant. This includes:

- normal operation of the plant,
- startup and shutdown,
- maintenance, and
- decommissioning.

Depending on the objectives or based on preliminary screening, the scope of a PSA may
be restricted in this respect.

According to Ref. [3] applications of PSA information and results to nuclear power plants
are defined and grouped into the three categories described below. Basically the categories
also apply to non-reactor nuclear facilities.

(1) Assessment of the level of safety of a plant to identify areas for improvements. This
includes the following specific issues:

- Identification of dominant accident sequences;
- Identification of systems, components and human actions important for safety;
- Assessment of important dependencies;
- Analysis of severe accidents;
- Decisions regarding design modifications and backfitting;
- Prioritization of regulations and safety research.
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(2) Comparison with some implicitly or explicitly accepted standards like risk criteria or
'accepted' design practices.

(3) Assessing plant safety to assist plant operation. This includes specific applications
such as:

- evaluation of operating instructions,
- prioritization of maintenance, inspection or testing activities,
- evaluation of operating experience, and
- accident management.

3.2.3. PSA organization and composition of the analysis team

Regarding PSA each plant under analysis will be unique with its own processes and
methods of procedure. Only personnel who are familiar with the plant, the customer
specifying requirements and the design team for a new plant, the plant manager and the team
of operational staff for an existing plant, are in a position to know how the plant is expected
to, or really behaves. Their knowledge and experience must be fed into the analysis by their
inclusion in the analysis teams.

It will be necessary for the PSA specialists to gain the support and enthusiasm of the plant
personnel, since if this does not exist at the beginning of the analysis their inclusion as full
and equal members of the analysis team will not be achieved.

The actual composition of the team will depend on the techniques being employed: most
techniques of hazard and fault identification must include an operator. A HAZOP team for
a larger plant would typically consist of four to five people including one or two persons
trained in HAZOP procedures, one of them acting as chairman; the rest should be plant
specialists.

A team with the task of drawing up event, release or fault trees must have an adequate
representation of experienced plant personnel to ensure that the fault trees are a realistic
representation of the plant. Other members of the team will, as well as having an
understanding of the technique, possess specialist knowledge of reliability data or human
errors.

Consequence analysis teams need to include specialists of such items as process physics
and chemistry, thermohydraulics, transport and dispersion of radioactive material and health
physics.

It is essential that an appropriate balance of effort is established and maintained both
between plant and specialized staff and in relation to the normal work of the plant staff who
should feel involved but not overwhelmed, and end up with a sense of achievement.

3.2.4. Plant familiarization and design review

Analysis of safety and specifically PSA must be firmly based on a full and accurate
description of the plant and of the processes taking place.

For a PSA considering novel plant processes, it will always be necessary to include their
precise description in the documentation. In particular, the types of active material involved
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in different parts of the process, their composition, condition, temperature, etc. need to be
stated, together with a clear description of the expected flows of material from one part of
the plant to another. For a new plant this will be part of the design information but for an
existing plant an inventory of materials and flows should be carried out and the maximum
possible inventory established.

The plant process usually includes different types of vessels, some of which are vessels
in which a flow of materials undergo processes and others in which the process material is
accumulated. Material may also be transported from one part of the process to another in
special containers. All inventories must be documented: it cannot be assumed that a relatively
smaller inventory of material in an active process vessel gives less risk than a larger inventory
in a buffer storage vessel.

In addition to the vessels and pipework needed to contain the process materials, extra
barriers to prevent radiation and release of radioactive material will almost always be
necessary and provided to safeguard the plant personnel during normal operation of the plant.
The process itself may also be separated into stages divided by interfaces which act as a
barrier. These barriers may be categorized as follows:

(1) Absolute barriers: impermeable in normal conditions, such as tank, vessel and pipe
walls, cell walls and shielding.

(2) Relative barriers: partially permeable by design, such as filters and ion exchangers.

(3) Physical barriers: partially permeable such as the surface of a liquid.

(4) Engineered barriers: such as a pressure gradient between cooling circuits.

The breach of any of these process and safety barriers may lead to accidental release of
activity or radiation and, vice versa, most if not all accidents involve the breach of one or
more of these barriers. It is therefore essential to begin the PSA by understanding the function
and capabilities of these barriers during normal and accident conditions. The release tree
technique described by H.J. Wingender is based on the systematic consideration of the breach
of these barriers.

3.2.5. Preliminary hazard screening

3.2.5.1. Screening methods, descriptive and quantitative inventory list, audit of materials

These methods can be used for a first screening step of potential risks. Together with the
responsible plant personnel a list of potentially hazardous materials (chemicals, flammable or
explosive, radioactive) is established including important parameters such as:

- chemical composition,
- mixture specification of radioactive material (isotopic composition),
- quantity (volume, mass, total activity),
- transport characteristics of the material (gaseous, liquid, powder, etc.),
- physical conditions like temperature and pressure and related process parameters,
- type of container or containment used to hold the material,
- short description of protective measures or devices and safety systems,
- location (room, building, floor).
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Based on this list, potential risks arising from these materials can be roughly estimated
accounting for possibly altered conditions during accidents and including potential interactions
between different materials. To be effective it is necessary that this assessment is conducted
by an experienced team including experienced plant personnel and a chemical expert.

This procedure should allow:

- detailed consideration to be limited to the more important hazardous items,

- to balance the effort put into refined and detailed analysis of the remaining items
according to the rough risk estimate,

- design changes and plant improvements to be made.

3.2.5.2. Preliminary review of protection barriers and safety systems

Together with responsible plant personnel the barriers of the hazardous materials have to
be identified and evaluated. This includes such items as:

- vessel behaviour in case of fire or small explosions,

- behaviour of room or confinement elements (walls, windows, doors, exhaust systems)
under accident conditions,

- behaviour and efficiency of filter systems under accident conditions, e.g. when loaded
with hot gases or steam.

Special attention has to be given to the compartmentalization of buildings and processes, e.g.
for the purpose of decoupling of process stages or regarding the fire compartment concept.

3.2.6. Hazard identification techniques

Hazard identification techniques consist of a formalized systematic identification of all
relevant hazards within a facility. A detailed hazard identification involves the systematic
examination of the process using engineering flow diagrams with emphasis on component
failure events and causes and the potential consequences of such events. Techniques for
hazard identification essentially fall into the following three categories:

(1) Comparative methods, including: process/system checklist, safety audit/review and
relative ranking (Dow and Mond hazard indices),

(2) Fundamental methods, including: hazard — operability studies (HAZOP), 'what if
analysis, and failure mode and effect analysis (FMEA),

(3) Logic diagrams methods, including: release tree analysis (see paper presented by H.J.
Wingender), fault tree and event tree analysis, cause-consequence analysis and human
reliability analysis.

These techniques vary in terms of comprehensiveness and level of detail from comparative
checklists through detailed structured logic diagrams. Different methods may also be used at
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different stages of the project or they can be used in combination in a complementary manner
or in order to balance the overall effort according to the risk related importance of different
subsystems.

- Process/system checklist

Standardized checklists are used to indicate the type of hazards for various facility items
and operations and to examine compliance with standard procedures and codes. Checklists
are limited to the experience base of the checklist authors. Qualitative results from this
hazard evaluation procedure vary with the specific situation, including the knowledge of
system or facility. Results are usually in the form of a 'yes-or-no' decision about
compliance with standards and codes.

- Safety audit/review

Safety audit/review is a walk-through of the facility approach of detecting information
about possible hazards, nature and conditions of equipment. Walk-through facility
inspection can vary from an informal routine function that is mainly visual to a formal
comprehensive examination by a team with appropriate background and responsibilities.
When a comprehensive review is undertaken, it is referred to as safety audit/review. The
review includes systematic on-site examination of process plant, equipment and safety
systems as well as interviews with different people associated with plant operations,
including: operators, maintenance staff, engineers, management, safety staff and personnel.
An examination of accident records, maintenance procedures, emergency plans, etc. is also
undertaken.

- Relative ranking (Dow and Mond indices)

This method uses standard index charts to assign:

(a) penalties to process materials and conditions that can contribute to an accident, and
(b) credits based on facility features that can mitigate the effects of an accident.

An index for a relative ranking of the plant risk is derived from the combined penalties
and credits. The output of the method is also a qualitative evaluation of people and
equipment risk exposure.

- Hazard and operability study (HAZOP)

A systematic review of the plant design and operation, section by section, using a series
of guide words such as 'NONE', 'MORE OF' and 'LESS OF' and associated parameters
such as flow or temperature to identify possible deviations that could lead to a hazardous
development (e.g. no flow in a pipe, increasing pressure or temperature). The
consequences and likelihood of such deviations are then examined item by item with
reference to available operational and technical safety controls and measures or actions to
cope with such deviations are suggested. It is of course a method for identifying internal
faults but is not restricted only to hardware faults. The approach is based on systematic
brainstorming using a group of people with a variety of experience rather than a single
individual.

- 'What if analysis

This is a systematic examination of a process or operation using the 'what if prompt to
suggest unexpected initiating events that would produce adverse consequences. It identifies
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the hazards, consequences, and perhaps potential measures and recommended actions for
risk reduction.

- Failure mode and effect analysis (FMEA)

This method consists of a tabulation of the system/plant equipment, their failure modes as
a description of how equipment fails (open, closed, on, off, leaks, etc.), the effect of
failure mode (e.g. system response or accident resulting from the equipment failure).
FMEA requires knowledge of system/plant function; it does not apply to a combination
of equipment failures that lead to accidents. The result of using the method is qualitative
and consists of a systematic reference listing of system/plant equipment, failure modes, and
their effects.

- Release tree

The release tree, described in detail in the paper presented by H.J. Wingender, represents
a comprehensive logical model for the release paths ending at a particular release point
at the boundary of the plant to the environment. In order that a release takes place at this
point, the related barriers internal to the plant which allow or influence the release paths
are modelled further down the tree. The basic events in the release tree are, for some
events, analysed with standard fault tree techniques. Based on the release tree logic a
corresponding scheme, for the interlinked transport cells including the barriers, is
developed which is used for the modelling of transport processes to quantify transport of
media and radioactive materials via the different release paths. A similar method, the
Master Logic Diagram, is used for PSAs for NPPs to analyse potential initiating events
[4].

- Fault tree analysis (FTA)

Fault trees are the best known and most widely used technique for developing event logic.
Construction of a fault tree starts with the definition of an undesired 'top event', for
example a safety system failure or a specific accident. The top event is then traced back
to the possible causes which can be component failures, human errors or any other events
that contribute to the top event.

The fault tree technique has been widely used in nuclear and chemical industries. A
concise description of this technique is given in Ref. [4].

- Accident scenario modelling with event tree analysis

In many cases a single incident can lead to many distinct outcomes. The process of
developing possible accident scenarios is an essential element in the risk assessment
process. The event tree technique provides a logic framework for the determination and
quantification of a sequence of events which can result in the occurrence of potential
accidents. Event trees use inductive logic (normally binary) and have been widely used in
risk analysis of chemical and nuclear industries.

The basic steps of event tree analysis include:

- identification of initiating events (hazard identification);
- identification of functions or factors which can influence the sequence propagation;
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- development of all possible outcomes;
- classification of outcomes in categories of similar consequences for further analysis;
- quantification of probabilities for each branch (using fault tree models, expert

judgement, operational records or other means);
- quantification of sequences (combining the probability of the initiating event and the

sequence branch probabilities).

- Human error analysis (task analysis)

The method consists in a systematic evaluation of the factors that influence the
performance of human operators, maintenance staff, and other personnel in the plant and
identifies error-likely situations that can lead to an accident. It includes identification of
system interface affected by particular errors and relative ranking of errors based on
probability of occurrence or severity of consequences. Results are qualitative and
quantitative and include a systematic listing of the types of errors likely to be encountered
during normal or emergency operation.

3.2.7. Accident probability calculation

Calculation of accident probability involves both the likelihood of incidents occurring and
the likelihood of particular outcomes or effects.

Standard techniques such as fault trees and similar logical analysis methods can be used
to relate accidents to a combination of off-normal process conditions and phenomena together
with the failure of safety devices. Such methods allow the calculation of the probability of
the accidents.

The proper calculation of accident probability requires both the correct construction of a
fault tree, or other logical representation, including a realistic representation of all
dependencies between equipment failures and human actions and défendable data for initiating
events, equipment failure rates and incorrect operator action. If such data are not available for
the spécifie failures being modelled the analyst must use data which can be justified as being
reasonable. There may be no unique course of physical and chemical phenomena related to
specific accident scenarios, leading to variants in accident sequences and also to different
outcomes in terms of sequence probabilities and consequence. This situation is usually
reflected in the logic model within a schematic and conservative categorization.

In order to concentrate the effort on faults which cause the greatest hazards, it is useful
to estimate the consequences of the complete breach of various barriers, both alone or in
combination. It may be that no realistic fault conditions causes the complete breach of several
barriers, but this way of proceeding allows the identification of a bounding set of 'worst case'
accidents of increasing consequence but decreasing probability.

Note that breach of a barrier need not be a physical breach: a criticality event and the
resulting neutron flux is as much a breach as the explosive shattering of a cell wall.

Protective devices with a potential to influence the probability of an accident or the
consequences may be present in the plant. A PSA allows the importance of such devices to
be judged. Basically this can be done by calculating probabilities and consequences twice,
once with the device present in the plant and once assuming its absence. The difference
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between the results of the two cases represents a measure for the importance and effectiveness
of the protective device.

3.2.8. Consequence analysis

Having identified the hazards from the plant it is necessary to analyse those accidents
which a preliminary screening process has shown to result in non-trivial radiological
consequences and which cannot be disregarded based on low probability arguments.

Faults may develop in several ways with different consequences and probabilities.
Techniques such as the event tree analysis are used to distinguish the possibilities. It can also
be useful in these types of plant to consider systematically the breach of barriers, both the
process barriers, such as vessels and surfaces, and safety barriers, such as cell structures and
ventilation systems, since this aids the classification of fault condition into their potential
consequence category.

Consequence calculation requires several steps. The physical process in off-normal
conditions should be understood well enough that radioactive material sources or source terms
can be calculated. This can depend on such matters as the release rate from spilled liquids or
boiling surfaces and experimental investigations specific to the plant and process might be
needed.

A source term is usually understood as the time dependent release of radioactive material
from a defined boundary which can be a plant internal boundary or the plant perimeter. A
radiation source during an accident could be caused by a criticality event or by a release of
radioactive material in a room.

Appropriate models are needed to simulate the phenomena during the accident scenarios
and for modelling releases from the plant. The degree of sophistication of these models should
be appropriate for the intended application.

Once the source term or source has been calculated, health effects to exposed individuals
can be assessed. Typically the following additional information is required:

(1) For plant staff

- indications on activities in specific locations of the plant during normal operation and
during an accident,

- procedures and alarms available,

- protection equipment at hand,

- related training of the plant staff,

- emergency procedures.

(2) For the public

- meteorological and topographical information,

- surface water and groundwater characteristics,
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- demographical information,

- description of habits of individuals and groups,

- information regarding agriculture, food and drinking water production and distribution,

- emergency measures, both protective and mitigative, and criteria to initiate these
measures.

The exposure paths and dose models used are essentially the same as those applied for
nuclear power plants.

3.2.9. Risk assessment — Comparison of results with risk criteria, related proposals for
plant improvements and other applications

The risk profile of a facility consisting of accident probabilities and related consequences
is compared against quantitative risk criteria to decide whether the plant risk is acceptable or
tolerable. Quantitative risk criteria are currently discussed on an international level within the
framework of developing basic safety standards for the protection against ionizing radiation
and for the safety of radiation sources.

As these criteria are still under development, the following sections summarize the
practices used in the United Kingdom (see also the paper presented by E. Morris).

3.2.9.1. Public criteria

The results of a PSA may, for example, include a set of probabilities and releases of
radioactivity which can be plotted in a Farmer type plot and compared with a bounding line.
This is one of the simplest criteria for public risk.

The consequence of the releases of radioactivity on or off the site can be calculated given
the nature of the release (the isotopic composition, gas vapour or liquid, height of release,
weather conditions, etc.) to give a dose to a typical, or critical, person. The resulting set of
probabilities and doses can again be compared with a bounding line or region. Several
countries have such an approach. A typical example are the stepwise criteria established by
the Nuclear Installations Inspectorate in the United Kingdom. These criteria specify stepwise
bounds on the summed probability of accidents which have a consequential dose to a person
at the site fence within a certain dose bound.

Risk is often, but need not be, defined as the product of probability and dose and is often
summed over all accidents and multiplied by a probability of premature death per Sv factor
to give an overall measure of the maximum risk of death to an individual. Usually the
individual is taken as a member of some realistic critical group and due allowance for
habitation factors, variability of wind direction is taken. A criterion value of 10"6 chance of
immediate or premature death per year is typically applied for a site as a whole.

The Farmer type curve contains the idea of a societal risk rather than an individual risk
since it deals with releases which can have a widespread effect. It is possible but complex to
calculate the overall man Sv due to accidents at a plant and this will only be done if required
by political considerations.
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The accidental release of radioactivity off-site in liquid form is a possibility for many of
the types of plant under consideration here. Again risk to a member of a critical group for off-
site releases should be calculated and kept within limits.

3.2.9.2. Operator risk

Many of the accidents being considered in PS A studies for this type of plant have a major
effect on operating personnel. It is often much more complex to calculate the precise effect
of an accidental release of radioactivity within a building than a release from a stack.
Generally a criterion of immediate or premature death probability of 10"5 per year for a
worker is taken but because of the mentioned calculation difficulties various secondary criteria
are applied. Typical is a restriction on the acceptable probability of an accidental activity level
of 100 D AC (derived air concentration) within a work area. These secondary criteria can be
quite complex to cover all eventualities.

Two types of accident which need special consideration are criticality incidents and the
exposure to large radioactive sources. The traditional deterministic method of double
contingency should have reduced the possibility of a criticality event to a low value but
separate criteria like 10"5 event probability per year are usually applied as a precaution. This
kind of limit is applied to such events which might cause an operator to receive a dose of the
order of magnitude of 100 mSv.

3.2.9.3. Plant and design improvements

PSA can be used to optimize plant design and, for existing plants, to identify backfitting
measures. Such a use can interact with and complement the use of traditional deterministic
methods. A PSA should identify, if it is intended to be used in this way, the probability and
consequences for all accidents resulting from all identified fault conditions (subject to a
screening process to exclude trivial events) in the absence of protective devices and those
safety features without which the plant can operate and perform its intended purpose.

If the calculated consequence is a large dose to a member of the public off-site (10 mSv),
a large dose to an operator (50 mSv) or a criticality event, then efficient protective features
to limit the consequences and probabilities below those quoted in the criteria described earlier
should either already be included in the design or need to be added. The calculations used
should be conservative. This is an extension of the design basis approach which the technique
of PSA allows us to adopt.

In specifying protective devices we can, in these types of plant, include remedial operator
action if the accident is one which develops over a long time period (typically many hours)
but which manifests itself at an early stage. Ideally, engineered protective devices should have
the following characteristics:

- be independent of the normal operation control system,

- be designed against single failures,

- be maintained and tested regularly against an agreed schedule,

- include sufficient redundancy, and if necessary, diversity to ensure the reliability
identified as needed by the PSA calculations.
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4. SHORTCOMINGS OF PRESENT DATA AND METHODS

Application of PS A methods to large nuclear fuel cycle facilities has been limited in recent
years to a relatively small number of countries — France, Germany, Japan and the United
Kingdom. Because of the different approaches taken in these countries, it is not always certain
that problems, shortcomings or knowledge gaps related to PSA methodology in one country
will be relevant to other countries. Nevertheless, some areas where further work could be
done are discussed below.

As a part of the PSA work it is essential to develop an estimate of the uncertainty in
models and results. A variety of tools and methods are available to assess uncertainties,
including engineering judgement, sensitivity analysis and analytical calculation.

4.1. UNCERTAIN DATA ON COMPONENT RELIABILITY

Probabilistic failure data are based on data collected over a period of time for specific
plants, processes or technologies. Generally they reflect past performance. When new
technologies are introduced or when statistical data are based on limited observation time and
cover few hazardous events, the probability of failure may be derived from engineering
judgement.

Because of the limited number of nuclear fuel cycle facilities, there is also a limited
amount of data available for related plant components. Further, because of the often
aggressive environments that such components can operate in, the use of component reliability
data from other (nuclear or non-nuclear) facilities may be limited. This applies to pumps,
valves and other mechanical equipment and, in addition, to potentially sensitive
instrumentation.

While not all data are required to a high degree of precision, it is possible to determine
with a sensitivity analysis those data for which better estimates for the reliability parameters
are needed.

In any case, it is essential that a plant specific data collection is performed in order to
monitor the reliability of the plant and process. These data are a sound basis for the
quantification of the accident probabilities (and further confirmation of these values).

4.2. HUMAN RELIABILITY

A considerable effort has been made during recent years to develop the methodology and
data for human reliability analysis in PSAs for nuclear power plants. Human actions in non-
reactor nuclear facilities may differ considerably from those in nuclear power plants, for
example with regard to the degree of freedom, range and procedural restraints. Nevertheless,
the methodologies and data developed for nuclear power plants can be used for non-reactor
fuel cycle facilities having in mind the inherent limitations of such applications.

As with weak or poor component reliability data, sensitivity analysis can demonstrate
which human actions are the most important during an emergency or accident situation. By
identifying these actions, it is then possible to take steps to overcome the problem through
elimination of operator intervention or through training of operators for such eventualities.

24



The PSA analysis can therefore be useful in providing information which can balance the
amount of automatic action and human intervention in accident situations. The PSA may also
indicate which actions are the more important in recovering from plant incidents and
accidents.

4.3. PROCESS DATA

In nuclear chemical facilities, unlike reactors, the materials are present in a variety of
forms (solid, liquid and gaseous) and in a variety of mixtures, concentrations and
temperatures. As with component reliability data, because of the small number of operating
plants, the available data related to process behaviour under accident conditions are limited.
Similar to human reliability data, PSA allows to determine the importance of related data.
Based on this information, additional investigations can be made accordingly.

For consideration of accidents, it is important to find out where rapid rates of change can
occur in the systems, which would lead to the generation of high pressures and high
temperatures, e.g. fire, explosion and criticality. It is important to assess the prerequisites for
such changes and excursions and how they could evolve. This can be done with the help of
HAZOP or FMEA methods. These methods also provide a sound basis for further analysis
of event sequences, for example using fault tree and event tree techniques.

4.4. COMMON FAILURE EVENTS

As for human reliability modelling a considerable effort has been done during recent years
to develop the methodology and data for common cause and common mode failure analysis
in PS As for nuclear power plants. Sophisticated models are available to represent common
failures in highly redundant and diverse systems encountered in nuclear power plants. Again,
as for human reliability modelling, the characteristics of systems and facilities regarding
common failures are considerably different if compared to nuclear power plants. Therefore,
the models for common failure events developed for nuclear power plants can be used for
non-reactor fuel cycle facilities having in mind the inherent limitations of such application.

Because of the complexity of large fuel cycle facilities, it is important to identify those
plant components or equipment that may be sensitive to common failure effects. Systematic
methods, such as FMEA or HAZOP, are applied to identify systematically commonalities in
this respect.

4.5. EXCHANGE OF INFORMATION ON OPERATIONAL EXPERIENCE

Compared to nuclear power plants, information exchange on operational experience for
non-reactor nuclear facilities has been and still is very limited. Among other reasons,
commercial interests are refraining plant operators from publishing details of the facilities.
Moreover, each individual plant, even if designed for a similar purpose, such as fuel
reprocessing, is unique in respect to important components and its operating conditions. Thus,
there is some doubt whether reliability parameters estimated for one plant could be useful for
application to other facilities.

In addition to data on accidents, information on precursor events and near misses and on
related measures taken would be of interest. Because this type of events is more frequent than
accidents by nature, the experience could be beneficially used to benchmark PSAs.
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4.6. RISK TO THE PLANT STAPF

Plant staff could be exposed to radiation during the course of potential accident sequences.
In a plant emergency, measures to prevent further degradation of the situation or measures
to mitigate consequences could result in additional doses to the plant personnel. This aspect
of risk to staff members requires more attention than has been devoted to in the past.

5. RECOMMENDATIONS

5.1. GUIDANCE FOR CONDUCTING A PSA FOR NON-REACTOR NUCLEAR
FACILITIES

Compared to PSAs for NPPs, a considerably wider variety of approaches, techniques and
methodologies has to be used for conducting a PSA for non-reactor nuclear facilities,
corresponding to the needs defined by the differing characteristics of plants, materials and
processes which have to be analysed.

Therefore it is considered that the most useful way to give guidance for conducting a PSA
for non-reactor nuclear facilities would be to analyse a few case studies for typical facilities
such as:

- a laboratory or research facility handling radioactive materials,

- an incineration facility for low level radioactive waste,

- a fuel reprocessing facility,

- a MOX fuel production facility.

These case studies could consider model facilities, like the one considered in the paper by
I. Nojiri, to overcome problems related to information restrictions.

Guidelines should focus on specific important tools and techniques. For some of the
techniques guidelines oriented to application to nuclear facilities already exist. Specific
HAZOP guidelines for example have been prepared and used in many applications by British
Nuclear Fuels.

5.2. DATA

As discussed in Section 4, available and applicable data for the following areas are limited:

- component reliability,
- human reliability,
- process data,
- common failure events.

Reference [5] contains a compilation of component failure rate data with potential
applicability to a nuclear fuel reprocessing plant. The data sources were the published
literature and computerized reliability data banks. This kind of reliability data compilation
could be useful for a first data set if no specific data are available. However, the compilation
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published in 1982 is outdated today. A similar data compilation could be prepared within the
framework of the IAEA using the structure and software of Ref. [6].

For PSAs of a new facility in the project stage generic reliability data are normally used.
These data can be improved later on with plant specific data based on operational experience.
For an existing plant generic data can be used as a first approach. PSA methods allow
identification of those components where improvements in reliability data are important. This
allows a balancing of the effort needed in this respect.

Regarding the remaining types of data, progress could be made by investigating adequacy
of models and data compiled and developed for nuclear power reactor applications. Moreover,
support of exchange of information regarding operating experience (see below) could provide
a broader database.

5.3. EXCHANGE OF INFORMATION ON OPERATIONAL EXPERIENCE

Exchange of information regarding operational experience should be enhanced including
information on the following items:

- component reliability,
- human reliability,
- process data,
- common failure events,
- incidents and precursor events.

5.4. RISK TO THE PLANT STAFF

As discussed in Section 4.6, methods and data concerning the aspect of risk assessment
for the plant staff should be further developed.
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RADIOACTIVE MATERIAL IN THE UNITED KINGDOM
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Abstract

The UK has a large number of plants devoted to various aspects of the fuel cycle and to
the storage of active waste material at several sites spread throughout the country, many
with a large inventory of radioactive material. All such nuclear processing and storage
sites require a licence from the Nuclear Installations Inspectorate (HMNII) to operate and
it is one of the conditions for the issue of such a licence that a safety case be prepared
demonstrating that each plant can be run safely and without harm to the workforce and
public. Safety cases have, for example been prepared for all of the older plants at
Sellafield following the HMNn site Safety Audit of 1986, as well as for plants under
construction such as the Thermal Oxide Reprocessing Plant at Sellafield.

Such a safety case must contain a review of the hazards arising from the plant and in
particular must systematically list all fault conditions which could lead to an increase of
ionising radiation or to a release of nuclear material capable of harming the workforce or
the public. It must also contain an analysis of the identified fault conditions, detailing the
fault sequences which can result from the initial fault, the frequency of the fault sequences
and their consequences. The consequences for this type of plant are usually carried
through as a radiation dose to a worker or to the most exposed person offsite, or as a
suitable surrogate for such a dose.

The results of this analysis in the safety case are used by the licensee to demonstrate
compliance with criteria set by his company. Such criteria include numerical risk targets
for the workforce and the public and therefore require a detailed PSA to be carried out
HMNn also requires that a safety case contains material sufficient for an assessment to be
made against its own principles. The requirements are set down in a published document
with the title "Assessment Principles for Nuclear Chemical Plant" and include frequency
targets for faults giving consequences in various dose bands, and therefore also imply a
need for a detailed PSA to be carried out. This document is currently being combined
with a similar document for power reactors and in the process is being extensively revised.

This paper will describe some large inventory plants for which the PSA part of a safety
case has been assessed and the way in which HMNII assesses the adequacy of such a
safety case.

1. Introduction

The United Kingdom (UK) has a large number of plants devoted to various aspects of the
fuel cycle at several sites spread throughout the country, such as the Dounreay site of the
United Kingdom Atomic Energy Authority (AEA), and the Sellafield, Springfields &
Capenhurst sites of British Nuclear Fuels pic (BNFL). All such nuclear processing sites
require a licence to operate and it is one of the conditions for the issue of such a licence
that a safety case be prepared demonstrating that each plant can be run safely and without
harm to the workforce and public.
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This paper will describe the way in which Her Majesty's Nuclear Installations Inspectorate
(HMNII) assesses the adequacy of a safety case and in particular the completeness and
correctness of the probabilistic safety analysis of fault conditions.

2. Regulatory Background

The Health and Safety at Work (H&SW) Act of 1974 consolidated earlier UK legislation
reaching back at least a hundred years, which protected workers in various industries and
in some cases members of the public: for example most of the Nuclear Installations Act,
1965, is now a relevant statutory provision of the H&SW Act. This Act broke new
ground in clarity and generality by stating that 'It shall be the duty of every employer to
ensure, SO FAR AS IS REASONABLY PRACTICABLE, the health, safety and welfare
at work of all his employees,' and that 'It shall be the duty of every employer to conduct
his undertaking in such a way as to ensure SO FAR AS IS REASONABLY
PRACTICABLE, that persons not in his employment who may be affected thereby are not
thereby exposed to risks to their health or safety.' Note that the duty to ensure safety is
placed on the employer, not on a regulatory body, that both the workforce and the public
are covered and that the requirement to make risk as low as reasonably practicable
(ALARP) is enshrined in the legislation.

The Health and Safety Executive (HSE) is the body which applies this legislation and
HMNII is that part of the HSE which deals with nuclear matters.

The system of control of sites which produce or use atomic energy, which carry out any
process which is preparatory or ancillary to the production or use of atomic energy, or
which store, process or dispose of nuclear fuel or of bulk quantities of other radioactive
matter, is by means of licences issued by HMNII.

In the UK, Health and Safety legislation generally does not apply to government owned
sites, although there is a commitment to maintain the same standards as those required on
commercial sites. Most fuel cycle facilities originally had this status but have increasingly
lost their exemption and come under the regulatory control of HMNII. On the formation
of BNFL in 1971, for example, the plants put into the ownership of this new organisation
became licensable and in 1990 all remaining AEA plants followed a similar path.

On removal from direct government control, the sites run by these organisations were
scrutinised to determine if they met the conditions necessary for the issue of a licence,
which in general they did, and this resulted in a permanent increase in the effort required
from HMNII. At present about a third of the work of the Inspectorate is devoted to plants
which are other than commercially operated power reactors, the bulk of this work being
on fuel cycle plants owned either by BNFL or by the AEA.

3. Licensing Requirements

In order to issue a licence, HMNII must be satisfied that plants on a site are safe: we look
for a sound design concept, a well-engineered and proven design, a high quality of
manufacture and construction and high standards of operation based upon carefully
planned management, organisation, training and operating rules.
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Specific advice to assessors within HMN1I is given on the assessment of the safety of a
plant in the form of a published document "Safety Assessment Principles for Nuclear
Chemical Plant" (SAPS) [1]. This document and a similar document for Nuclear Reactors
are currently being combined and revised on the basis of experience gained over the past
decade.

An assessment is made on the basis of many factors, including extensive discussion with
the potential licensee, but a major part of our assessment effort is directed towards the
written safety case. For a new site or a new plant on an existing site there may be several
stages of submission of the safety case corresponding to conceptual design, the developed
design and commissioning; for an existing site brought into the licensing regime there
may be only one stage of safety case documentation. For new plant there has been a
movement over the past decade to require a safety submission at an earlier stage than
previously and also to require more detail in the later stage submissions, both changes
directed at detecting potential safety problems early on and avoiding the need for later,
possibly expensive, modification of the plant.

An important element of the safety case is a demonstration that harmful effects to the
workforce and to the public have been minimised, in accordance with the basic ALARP
tenet of the UK safety legislation discussed above in Section 2. The overall design should
be such that safety is built into the plant and that potential sources of harm which cannot
be avoided by design, should be carefully protected against.

The SAPS document [1] contains specific and quantitative criteria relating to permissible
and acceptable doses to the workforce and to emissions from the plant and site during the
normal operation of the plant. These criteria may be changed, as international
understanding on what is acceptable develops, based on advice given by the UK National
Radiological Protection Board. Overriding these criteria is the requirement to make doses
and emissions as low as reasonably practicable.

The SAPS also contain principles relating to fault conditions. It is these principles
relating to fault conditions and their application to fuel cycle plant which is the subject of
the remainder of this paper.

4. Fault condition principles

The general theme of these principles is that the larger the potential consequences of a
possible fault condition the lower should be the chance of it happening, and the more
secure should be the protection to prevent those consequences. This statement provides
the basis of the quantitative criteria applies to fault conditions by HMNn in the
assessment of a safety case which can be summarised as follows:

Accident Consequence to member of Total frequency for all faults within this
public most at risk. range of consequences shall not exceed.
mSv /year
0.1-1.0 10 "2

1.0-10 10 "3

10-100 10 ̂
above 100 10 •*
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where the consequence referred to is the whole body dose and the frequency in each
consequence band is a target rather than an absolute limit. A single fault should not
contribute more than a tenth of the total frequency.

Identified faults with estimated frequencies which exceed these targets, and which are not
eliminated by design, require protective features to reduce the overall frequency to the
above levels, as far as is reasonably practicable. The reliability and the degree of
redundancy, diversity and integrity (as defined later) of the protection will depend both on
the reduction required in the frequency and on the potential consequences of the
unprotected fault.

The outcome of a probabilistic safety analysis should be the identification of the set of
protective features needed to ensure that the potential harm to the workforce and the
public from accidents and faults is as low as reasonably practicable; this is regarded as
more important than the quantification of risk. HMNII assessors judge a plant primarily
on its inherent and engineered features, using the probabilistic safety analysis provided by
the licensee as only one piece of evidence in making that judgement. However the level
of safety required of a plant is such that the risk to a member of the public from a site
containing the multiplicity and diversity of plant required, say, in a reprocessing complex
should be within tolerable levels.

The Executive published a discussion document in 1988 with the title "The Tolerability of
Risk from Nuclear Power Stations" [2]. This set forth various ideas on the risk that could
be tolerated from the operation of nuclear power stations but the philosophy and approach
are applicable to any type of nuclear plant. The idea of an intolerable level of risk which
cannot be justified on any grounds and of a lower level which is broadly acceptable was
put forward. Thus it was proposed that a maximum tolerable level of risk to any
individual member of the public from a large scale industrial hazard should be 1 in
10,000, and a broadly acceptable level should be 1 in 1,000,000, subject to the
demonstration of ALARP. These ideas are being incorporated into the revision of the
SAPS document. The numerical values in the table above represent broadly acceptable
levels: frequency levels above which the consequences cannot be tolerated are also being
given in the revised SAPS document.

5. Elements of the Safety Case

Establishing that the frequency and consequences of accidents and faults comply with the
values in the table given above in Section 4 requires the following standard elements of a
PSA:

a identification of potential accidents and faults for all modes of operation, as
completely as possible;

b elaboration of such accidents and faults, depending on the reaction of the
plant (event sequence analysis);

c determination of the conditions which together with the accident or initial
fault lead to a harmful release;

d quantification of the frequency of this harmful release;
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e quantification of the consequences;

f identification of protective systems and operator actions which guard
against such faults.

These elements of the assessment process are discussed in Sections 6 to 11 below.

The form of the safety case written by a licensee is not laid down by HMNII but should
include all the above information in the sections devoted to fault identification and
analysis. There is room for a variety of "house styles" in the presentation of safety cases,
and in the way the licensee conducts the PSA.

6. Fault identification

Fault identification is the foundation stone on which the result of the analysis of fault
conditions depend. All types of faults and accidents must be included: external hazards
to the plant whether man made or natural; internal faults whether due to plant failure or
human error. All modes of operation of the plant should be considered; start up,
shut-down and wash-out as well as the normal working mode.

The overriding requirement which is looked for in assessment, since it gives confidence in
completeness, is a systematic method for the identification of faults. Fuel cycle plants are
mainly chemical process plant and methods developed within the chemical industry exist
which are proving very useful in surveying possible faults. A systematic Hazard and
Operability (HAZOP) study can be a very powerful tool but does need some care in
application and change in emphasis when being used for the identification of potential
faults remaining in a completed plant. The method has been developed as such by BNFL
at their Sellafield site. It is of course a method for identifying internal faults but is not
restricted to hardware faults; lists of instructions to the operator can be subjected to a
HAZOP study using appropriate guidewords.

Other methods can be and have been used, based on historical lists of faults or
walk-throughs for example, but what the HMNII assessor is looking for is some element
in the search for faults which systematically guides the fault analyst along avenues of
inquiry, rather than relying on the analyst to make great leaps of imagination. Penetrating
insight into the behaviour of a plant can be gained by the right individual applying lateral
thinking, but a complete list of faults is very unlikely to be obtained in this manner.

7. Event Sequences

Accidents and faults may develop in several different ways and a clear description of the
development possibilities is needed to distinguish the resulting event sequences, their
consequences and individual frequences. Often some systematic means of representation,
such as an event tree, helps in sorting out the possibilities and in ensuring that all
sequences have been identified. The assessor will as a minimum want a clear textual
description with evidence for the claimed behaviourof the plant in fault situations.

Event trees have the advantage that they focus attention on the critical "events" which
determine the future progress of the sequence. These events for faults in fuel cycle plant
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may often be operator actions and the assessor has to make a judgement on whether a
claimed recovery procedure by an operator is likely to be successful or not.

8. Fault Analysis

The logical analysis of faults is usually continued within a safety case by the analysis of
groups of sequences which develop in a similar way with similar final consequences; the
aim of the assessor is to come to a clear understanding of what needs to happen, in terms
of the successful working of safeguards and protection systems and of successful operator
actions, for the initial accident or fault not to give those undesired consequences. Often
the technique or fault tree analysis is used: logical reduction of the tree gives information
about the critical systems and actions. These systems and actions must, of course, have
been identified and factored into the analysis in a suitable manner. Fault trees do not
grow on their own; they are based on the analyst's view of the failure modes of these
systems and actions. The assessor needs to see evidence to back up this view and in
complex situations may request a formal method of identification, such as Failure Modes
and Effect Analysis (FMEA), or Task Analysis.

Event and Fault tree techniques are to some extent complementary. Generally a small
event tree-large fault tree approach is favoured, highlighting the events which lead to
sequences with distinct consequences but allowing common cause and common mode
effects to be fully taken into account. The assessor will pay particular attention to seeing
that the investigation of commonalties is thorough.

9. Fault Frequency

The frequency of a fault sequence with undesirable consequences can be built up from the
combination of the frequency of the initial accident or fault with the probability of the
failure of the safeguards. For a simple chain of independent events this frequency is given
by multiplying these numbers; however if the failures of these safeguards are not clearly
independent or the failure logic is at all complex, then the quantitative evaluation of a
fault tree or similar logic diagram is necessary.

One of the main difficulties lies in the justification of the individual failure rates and it is
on this facet that the assessor will focus his attention. The greater difficulty lies in the
justification for the reliabilities assigned to human actions, which is a field of intense
discussion between HMNII and its licensees and on which an assessor of the fault analysis
aspects of safety cases needs, and gets, the expert advice of colleagues who specialise in
human factors.

10. Consequences

In safety cases for fuel cycle plants the consequences to the workforce can be the limiting
feature as far as protective measures are concerned. The assessor looks for a reasonably
conservative calculation of these consequences. This may however fall short of a full
dose calculation: establishing that a criticality can occur may be enough to establish the
effect on nearby operators.

36



In contrast the dose to a member of the public as a result of an accident is usually worked
out in some detail for fuel cycle plant: accidents can happen in a variety of situations and
there is no single intermediate point, such as degradation of the core for reactors, which
could serve as an acceptable surrogate. The calculations involved are not as complex as
those involved in calculating the release from a degraded core, but can depend critically
on a knowledge of the fraction of activity dispersed from boiling liquors, spilt pools,
dispersed powders etc., about which there may be significant uncertainty. The assessor
must be satisfied that the fractions assumed are reasonably conservative in such
circumstances.

The doses to the public, required for comparison with the HMNII criteria given in section
4, are to an imaginary person most at risk, a child in arms downwind at the site boundary
for example. This dose is used as a surrogate measure of the severity of the accident and
may be different from the dose that would be used in calculating average risk from the
spectrum of possible plant, or site, accidents. The assessor needs to be aware of this and
interpret the doses given in the safety case in an appropriate manner.

11. Protection

An assessor has to judge, based on his interpretation of the analysis of faults in the safety
case, whether sufficient protection of the appropriate type has been provided. If a certain
degree of reliability is required, can it be achieved in the claimed manner or is extra
redundancy or diversity called for? Apart from this, special emphasis is always placed by
HMNn on equipment which gives protection against larger doses, in the 10-100mSv
range and above, to the public or to an operator. These safeguards must have an extra
degree of integrity: for example special attention should be paid to defences against
dependent failures including those due to fire; it should be demonstrated that such
equipment meets its specification under worst case conditions; interlocks which prevent
criticality must meet single failure rules; chains of sensors, cabling and alarms which give
warning of situations which could lead to such high doses must be independent of the
control system.

This complete independence of safety and control systems is seen as a very important
requirement and as a major factor in the achievement of safety.

12. HMNH & Licensee Criteria

An employer has a legal responsibility to ensure safety and the safety case gives an
opportunity to the licensee to demonstrate to himself that the plant is safe, as well as being
an argument to HMNII that it can advise the Executive to issue a licence. Licensees are
encouraged to develop their own criteria and expected to meet self imposed targets.
Safety cases are often geared to these criteria and provided the information which HMNII
is looking for, and which has been discussed in Sections 6 to 11 above, is present in usable
form the case can be dealt with. Indeed it is often the situation that the discussion of
points in the safety case presented in a manner chosen by the licensee reveals material
facts which the use of a standardised format might have left obscure.

Both the AEA and BNFL chose to set a limit of 1 in 1,000,000 for the risk to an
individual off the site, from the totality of activities 'on the site, as one of their main
criteria: this is of course in agreement with the arguments in [2]. HMNn does not set
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such a criterion, since an overall individual risk limit, especially a site based one, does not
help an assessor to answer those questions of sufficient plant protection and defence in
depth which are the crux of safety assessment. Nevertheless application of HMNII
principles ensures that TOR individual risk limits at the generally acceptable level will be
met for fuel cycle plant sites.

13. Recent Safety Cases

In 1986, as a result of a series of minor incidents on the Sellafield site of BNFL, an audit
of safety was carried out by HMNII [3]. Following this audit the safety cases for all
existing plants at Sellafield have been reviewed in the light of experience and against the
standards expected of safety cases for modern plants. The production of these safety
cases, now referred to as 'fully developed safety cases', which took place over the period
1987-1991, is described by Ball [4]. A five year rolling programme for the updating of
these safety cases has now been established.

At the same site there is considerable activity on new plant, requiring the production and
assessment of safety cases; the Thermal Oxide Reprocessing Plant [THORP], discussed by
Sheppard [5], plant for the vitrification of highly active liquid waste and a number of
plants dealing with other waste streams for example.

At other BNFL sites there are plants for the production of fuel and for the enrichment of
uranium which have recently been the subject of assessed safety cases.

The recent licensing of AEA plant has resulted in the need to assess safety cases for a
number of fuel cycle plant, mainly at the Dounreay site, where reprocessing of fuel from
the Prototype Fast Reactor, for example, takes place: Barrett [6] has recently described
these facilities.

A striking feature of all these recent safety cases is the large amount of effort, and space,
devoted to the probabilistic safety assessment elements, though the detailed methods used
vary markedly between different sites.

14. Selected Assessment Concerns

Assessments have been made of the PSA analysing fault conditions in plants which cover
a wide range of activities and only a small sample of points which have arisen can be
mentioned here.

A general fault type which has happened on more than one occasion is the dropping of
flasks and other items which can damage equipment. Two different points are important:
first, the reliability of the handling equipment, where there is a limit to what can be
achieved by interlocks and limiting devices, the overriding limit being human error;
secondly, the rate of release of active material from damaged containers-in some
circumstances doses can be uncertain by an order of magnitude because of lack of
knowledge of this factor.

The plants covered in assessment contain material with a very large range of activity,
from amounts which would be unlikely to cause significant offsite effects to amounts, for
example that contained in a typical tank for the storage of raffmate containing the fission
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products separated at the first stage of reprocessing, which could have disastrous
consequences if dispersed offsite. The overall safety of such tanks depends on the claim
that all credible faults involve the release of only minute fractions of the inventory. Faults
which might involve energetic releases, such as prolonged loss of cooling, or the presence
of organic material have to be shown to be extremely unlikely. These faults are the fuel
cycle industry's equivalent of the reactor industry's severe accidents.

In a typical fuel cycle plant, faults develop over a much longer time scale than in reactors
and the thirty minute rule, which still applies to such plant, is less important. There may
well be time for human diagnosis and correction of the fault condition. The assessment of
such situations usually involves prolonged discussion of the situation with attention to
effectiveness, to the chance of failure and to the training necessary to maintain the claimed
human reliability over many years of plant operation. Fault situations where recovery
depends entirely on the workforce acting in a prompt and appropriate manner pose a
particularly difficult assessment problem. A typical example is where a danger point is
reached forty eight hours, say, following failure of equipment, and the means of
protection is the claimed ability to repair within twenty four hours.

Modern plants increasingly use sophisticated and complex computer based control
systems whose modes of failure and whose reliability can be difficult to establish;
software errors in particular cannot be eliminated. The inclusion of safety functions in
such a computer system has its dangers: failures of the system causing a control fault and
also disabling the safeguards cannot be discounted. For reasons such as these HMNÏÏ has
always favoured the use of safety systems diverse from control, as was mentioned in
Section 11 above, and is now making sure that such systems are as separate as possible,
physically and functionally, from the distributed control computers being provided for
THORP.

Hazards from nuclear chemical plant can be dominated by the toxic rather than by the
direct radiological effects of the nuclear material. An example is the harm from the
dispersal of Uranium Hexafluoride, where the main danger comes from the conversion to
hydrogen fluoride on contact with moisture. Being part of a larger organisation which
deals with all types of industrial hazard means that we have colleagues with the
appropriate expertise at hand. A recent safety case of a plant handling this material led
the licensee to identify and remove potential fire hazards which might have triggered a
substantial release of the material.

Criticality faults still dominate the fault analysis for fuel cycle plants. The approach to
criticality is still the same as it ever was: the application of the principle of double
contingency; that is that two quite independent faults have to happen for a critical
configuration to arise. The fault analysis may be expressed in terms of logical diagrams,
such as fault trees, but the import of those trees should be to demonstrate that at least two
unrelated errors, for example the incorrect movement of material together with the
accidental presence of moderator, have to occur to reach a critical situation. Fault trees
can be used to explore the claim that the two faults are independent and also to quantify
the chance of criticality, but the demonstration of the absence of simple paths to criticality
is their main job.

15. Concluding Remarks

This paper has discussed the manner in which HMNH assesses the analysis, by the
licensee, of potential fault conditions within a fuel cycle plant, based upon experience
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with the safety cases for a wide range of such plants over the past several years. This
period has seen the establishing of probabilistic safety assessment as an important element
in safety cases, though it complements and will never replace deterministic, design basis,
safety arguments.

Attitudes to safety still vary significantly between plants and between sites. The
preparation of plant safety cases by plant personnel, in conjunction with specialists who
can advise on common standards and methodology, and with a peer review managed by a
central body within the licensee's organisation, is seen as a means of establishing uniform
and high standards of safety. The assessment of these safety cases using uniform and well
publicised safety principles is a further step in developing an all-embracing safety culture
in the United Kingdom.

References

[1] HMNII, "Safety Assessment Principles for Nuclear Chemical Plant", Health and
Safety Executive, Bootle, Merseyside, UK, 1983.

[2] Health and Safety Executive, "The Tolerability of Risk from Nuclear Power
Stations", HMSO, London, 1988.

[3] Health and Safety Executive (HMNII), "Safety Audit of BNFL Sellafield 1986",
HMSO, London, 1986.

[4] Ball, P.W., and Leighton, G.L., "A Major Programme of Probabilistic Safety
Analysis at British Nuclear Fuels Sellafield." IAEA Technical Committee on the
use of PSA for Prevention, Mitigation and Management of Severe Accidents,
Madrid, 1989.

[5] Sheppard, G.T., et al., "THORP and the Safety Case." The Chemical Engineer
March 1987.

[6] Barren, T.R., "Specialist Reprocessing Needs", The Management of Spent Nuclear
Fuel, IBC Technical Services Ltd, London, 1991.

40



PSA APPLICATION STUDY TO A
MODEL REPROCESSING PLANT

I. NOJIRI, O. NARITA
Health and Safety Division,
Tokai Works,
Power Reactor and Nuclear Fuel Development Corporation,
Tokai, Ibaraki,
Japan

Abstract

PSA methodology is applied to a model reprocessing plant as a case study. Assumed model
plant has about threefold capacity of the Tokai Reprocessing Plant (TRP) and the similar
process features to TRP. The dissolution process and the first extraction cycle are described as
system model to assess the typical accidents in reprocessing plants. The frequency of accidents
on each process is quantified by the Fault Tree Analysis (FTA). Further, using the Release
Tree Method (RTM), the radioactive release risk of the dissolution process is calculated.

INTRODUCTION

- Status of safety assessment in the licensing procedure of reprocessing plants is presented.
- The scope and the objective of PSA application study to a model reprocessing plant are

mentioned.
- Based on some design and operation experiences at the Tokai Reprocessing Plant (TRP) and

some safety related information of large scale facilities, the model reprocessing plant is
established.

- Having surveyed, collected and arranged the reliability data of components and units, useful
to nuclear fuel cycle facilities, the reliability data base has been developed.

- The dissolution process and the first extraction cycle are described as system model to assess
the typical accidents in reprocessing plants. And the frequency of accidents on each process
is quantified by the Fault Tree Analysis (FTA).

- The radioactive release risk of the dissolution process is calculated by using the Release Tree
Method (RTM).

STATUS OF SAFETY ASSESSMENT TO REPROCESSING PLANTS

Safety review of reprocessing plants is based on the " Regulatory Guides for Licensing of
Reprocessing Plants " established by Nuclear Safety Commission of Japan in 1986 (hereafter
called as Regulatory Guides). According to the Regulatory Guides, in consideration of their
possibilities of occurences, Abnormal Transients during operation (AT) and events Beyond the
Abnormal Transient (BAT) as Design Basis Events (DBE) has to be selected and assessed to
verify the appropriateness of prevention of the development of abnormal event and the
appropriateness of mitigation of the effect even if abnormal events should develop, individually
for the safety analysis of the plant. Further Site Evaluation Accidents (SEA) have to be
postulated and assessed to confirm that the isolation distance of the plant from the general
public is adequately established.

As the safety analysis methodology is not provided in the Regulatory Guide, applicants
could choose the methodology to sellect DBE, deterministic method or probabilistic method.
The deterministic approach has been adopted to evaluate DBE of reprocessing plants up to now.
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FIG. 1. PSA application procedure to facility design.

SCOPE OF PSA APPLICATION STUDY

Having been concerned the progress of PSA for nuclear power plants and research
reactors and be endorsed by Nuclear Safety Commission, this study has been started at 1985.
The objective of this study is to develop and test the methodology and approach which are
applicable to whole PSA at reprocessing plants.

In our scope, PSA would be applied to the plant design as follows (Figure 1). Based on
a preliminary design, potential hazards of each process would be identified for the analysis of
the accidental condition. On the normal condition, source and barrier analysis would be
performed directly. On the accidental condition, prior to quantify the facility risk, the fault
sequences would be quantified by using the reliability data base. The facility risk, which is
obtained by summing up of each condition, would be compared with the probabilistic design
criteria. Some methodologies corresponding to each item are applied in this study. However the
probabilistic design criterion is beyond of this study.

OUTLINE OF MODEL REPROCESSING PLANT

A safety analysis of the reprocessing plant depends on a specific design. The design
basic has to be detailed to such a degree that the required information can be extracted
concerning safety measures. Some design and operation experiences at TRP and some safety
related information of large scale facilities has been applied to assumed model plant

The assumed model plant capacity is 3.0 tones per day at head-end process and 2.0 tones
per day at other process, about threefold capacity of TRP. Products are plutonium nitrate and
uranium trioxide. Average burnup of spent fuels to be reprocessed, is 50,000 MWd/t or less
and cooling time before shearing is 3 years or more.
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FIG. 2. Structure of reliability data base program.

RELIABILITY DATA BASES

Reliability data are essentially to PS A. In this study, the reliability data of components
and units in nuclear fuel cycle facilities have been surveyed and some useful data in PSA have
been collected and arranged. Each component and units of about 300 sorted into about 130
groups. These reliability data are recorded using dBASE HI format. Further, PC (MS-DOS)
based reliability data base program has been developed (Figure 2). Using this program, the
formatted reliability data for FTA are obtained from both previous data and IAEA reliability data

ASSESSMENT OF THE FREQUENCY OF ACCIDENTS

The following typical accidents in reprocessing plants are specified to assess the
frequency of incidents:

- Criticality in the dissolution process
- Solvent fire in the first extraction cycle

These accidents were evaluated as the hypothetical accidents in the safety assessment of TRP
and are mentioned as candidates of BAT in the Regulatory Guides.

Criticality in the Dissolution Process
Process Description:
Spent fuel elements are chopped into segments about 5 cm long to expose the fuel to the
dissolvent. Uranium, plutonium, and fission products are almost completely dissolved in nitric
acid. The cladding made of stainless steel or zircaloy remains undissolved in the dissolver
basket. At the beginning of the dissolution the concentration of the acid amounts to 8M.
Because the chopped segments are dropped into the hot acid, dissolution sets in already during
the filling the basket. Once the latter is full, the dissolver is heated to the boiling points. In the
dissolution, oxygen is introduced to the dissolver, which oxidized the nitrogen oxides, which
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originates in the dissolution. The dissolution being completed, the solution is cooled below
60°C and transferred to the buffer vessel preceding the clarification. The undissolved cladding
hulls are rinsed with dilute nitric acid, monitored for residual fissile material, put into a waste
container and sent to the waste storage facility. Off gas originating in the dissolution is sent to
the off-gas treatment process.

Safety Features:
One barrel - one slab batch dissolver is adopted for this dissolution process. Supposed that the
bum-up monitoring system is in operation, this dissolver is designed criticality safe up to 3.0%
enrichment U-235 equivalent. Further safety features in relation to criticality safety are as
follows:

- Alarm activated by abnormally low position of basket cover
- Neutron monitor to detect Pu rich residue settling in the dissolver
- Safety vessel to terminate abnormal pressurization of the dissolver

Frequency Analysis:
Based on the criticality safety design of this dissolver, the frequency of criticality in the
dissolver is determined as the probability of the sum of following events:

- Introduction of a low burnup fuel from the shearing system
- Plutonium accumulation in the bottom of barrel
- Loss of safe size for solution

To assess the probability of each event, fault trees are constructed combining each initialing
event with failures of the protection systems (Figure 3).

Solvent Fire in the First Extraction Cycle
Process Description:
In the first part of the first extraction cycle, nitrates of uranyl and plutonium, contained in the
feeding solution coming from adjustment and feeding, are extracted by an organic phase (as
TBP complexes), whereas most of fission products remain in the aqueous phase. This part
operates continuously as for the whole of the first extraction cycle. The solvent used in all the
extraction cycles is a solution of 30% tributyl-phosphate (TBP) diluted in n-dodecane diluent.
This part consists of three sections, a diluent washing section, an extraction section and a
scrubbing section, each of them having one mixer-settler bank. In the second part of the first
extraction cycle, uranium and plutonium of the loaded solvent coming from the first part are
stripping with an aqueous phase. This part also operates continuously with the other first cycle.

1 1
Loss of safe size Pu accumulation

A yi i
Pu accumulation
in barrel bottom

Neutron monitor
Fail to function

Criticality incident
in dissolver

£A

i
Swarf basket
Fail to inspection

i
Acceptance of
a false fuel

i
Dissolution of low
burnup fuel

|AND|
i i

Bumup monitor
fail to function

Arrival of a low
burnup fuel

(J O O

FIG. 3. Fault tree subsection for criticality incident in the dissolver (upper part).
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The stripping is done in two sections, one of 4 stages for plutonium and the other 8 stages for
uranium. These two sections are included in one mixer settler bank. In the third part of the first
extraction cycle, used solvent coming from the second part is regenerated, stored and
distributed in the first cycle solvent regeneration unit. The solvent regeneration is done
continuously, as the whole first extraction cycle, using four solvent washings in a mixer-setler
bank of four stages. The solvent is then filtered before being sent to the first part of the first
extraction cycle.

Safety Features:
Solvent extraction cycle, employing 30% TBP in n-dodecane as the immiscible solvent, is used
for operations in conjunction with various chemical adjustments. Because of the moderate flash
point of the organic solvent, 70°C, there is a potential for the occurrence of solvent fires during
operations due to process upsets or system leaks. Operating temperatures are hold below the
70°C flashing point by temperature controls and flow rates are monitored to avoid spills and to
maintain the desired compositions in all feed and discharge streams of the equipment used in
this process. Further safety features for solvent fire are as follows:

- Potential sources of ignition, as static electricity spark, are eliminated
- Instrumentation detects any organic leakage
- Spills in drip tray are returned to primary confinement system.

Frequency Analysis:
Having considered some safety features for a solvent fire, fault trees are constructed combining
each initiating event (Figure 4). The frequency of a solvent fire in the first extraction cycle is
determined. A solvent fire could result from an occurrence of spark and/or a failure of
temperature control which allow the flash point to be reached. Leak or spills due to process
control upset or pipe blockage could result in a solvent fire if failure of spills returning system.

CALCULATION OF THE RADIOACTIVE RELEASE RISK

Basic Method.
The fundamental method adopted, which allows calculation of the radioactive release risk,

is the Release Tree Method (RTM). It takes into consideration the behavior of sources and
barriers under normal and accidental conditions. The release tree model of the investigated
system is the combination with following parts.

Leak

i
Over flow by pip«
plug

ing solvent

/OR\

i
> Leak out by

corrosion

Fail to return of
solvent from drip
tray

/OR\

1 1 1
Solvent detector
fail to function

Solvent transport
system fail to
function

Operater error
for rutuming
from drip tray

(J O O. O (J
FIG. 4. Fault tree subsection for solvent fire in the first extraction cycle (upper part).
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Release-Tree of the system:
A release-tree is closed related to a fault tree its top event being the radioactive release. Basic
events of a release-tree are sources and barriers of the system taking either intact or defect state.
The amount of radioactive materials released depends upon the amount of these arriving in front
of the last barrier and on its penetration.
Fault Tree of the barriers in defect state:
Fault trees are drawn up by means of conventional methods. The probabilities of occurrence
and duration and the uncertainties of the barriers in defect state can be derived with appropriate
reliability data.

Calculation of the Radioactive Release Risk from the Dissolution Process
Off-Gas Treatment Process:
The dissolver off-gas is composed of NOx, particulates, iodine and noble gases. The NOx,
particulates and iodine are mainly removed in the dissolver off gas (DOG) system. DOG system
consists of a condenser, an NOx absorber, an alkaline scrubber, a heater, a two-stages' iodine
absorber, a cooler and a HEPA filter in series. The treated dissolver off-gas joined the
remaining process off-gas is again filtered by a pre-filter and a HEPA filter in the cell
ventilation system and discharged from the main stack.

Models of the Sources and the Barriers:
The models of the sources and barriers have to be developed. The models include the behavior
of the system components corresponding to intact and defect state.
Sources: The behavior of aerosol release from the dissolution surface at normal dissolution
and criticality incident is considered as the model of the source. It is assumed that the
radioactive composition and the aerosol size distribution are equal in each state respectively.
Barriers: To assess the behavior of the off-gas system, the behaviors of following components
are assumed both intact and defect state:

- Condenser:
- Heater
- Cooler
-HEPA filter

The utility systems which supply water, hot water and steam to these components are modeled
to evaluate the state of barriers. Fault trees are drawn for defection of each component using
these model systems.

HEPA Filter Intact HEPA Filter Defect

Criticality Incident

A
Normal Dissolution

Ü

Condenser Intact

Ü

Condenser Defect

A

A

FIG. 5. Simplified release tree for release via the DOG system.
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FIG. 7. Complementary cumulative distribution of aerosol release at the dissolution process.

Calculation Results.
Based on the complete release tree of this study (Figure 5), the software program STAR

finds out all possible release-paths of this tree. A release-path corresponds exactly to a state of
the systems. The radioactive release risk is calculated for every release-path as
consequence/frequency plots or as complementary cumulative distribution diagrams.

The Farmer Diagram of the radioactive release risk of the dissolution process is shown
Figure 6. The uncertainty bars are related to 90% confidence level. Plot 1 corresponds to the
normal operation. Plot 2-10 corresponds to the combination of each failure mode. Plot 2-5
are result from normal operation and single barrier component failure. Plot 6 is result from the
criticality. Further plots are result from each failure combination. These results show that the
radioactive aerosol release risk at criticality would be negligibly small compared with the normal
operation release. The complementary cumulative distribution diagram of the radioactive release
risk of the dissolution process is shown Figure 7.
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DISCUSSION AND CONCLUSION

The methodology used in this study leads to the radioactive release risk, which are basic
results of PS A. It is recognized that these methodologies are applicable to PS A at basic design
basis for reprocessing facilities. As extensions of this study, there remain further analyses
which could be completed, using these methodologies and others, for this model plant and for
any specific facility design.
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ASSESSMENT OF THE RISK OF A PLUTONIUM
LABORATORY IN CASE OF AN INTERNAL FIRE

K. LIEBER
Paul Scherrer Institute,
Villigen, Switzerland

Abstract
Within the framework of a study concerning the hazard potential of a
nuclear research facility the plutonium laboratories were investigated by
using probabilistic risk assessment methods.

For the initiating event "Fire outside the working hours in the Plutonium
laboratories" the accident sequences have been determined by construction
of the relevant event tree. The frequencies of the accident sequences with
the consequence of Plutonium release were calculated by using fault trees
and the component failure data. The results show that even the release of
small amounts of Plutonium has a low probability.

Introduction

The risk is generally defined as the product of the probability of the
occurrence of an abnormal event (e.g. failure of safety systems or barriers)
and of the consequence of this abnormal event (e.g. release of hazardous
material). For the Plutonium laboratories we can define the two factors
for imaginable external or internal initiating events:
probability: failure of all safety systems and barriers that prevent the

release of Plutonium. This factor is calculated by using the
methods of probabilistic risk assessment (1), (2)

consequence: release of an amount (release fraction) of the Plutonium
inventory in form of aerosols to the environment. This
factor has been taken from literature values that were
based on experiments.

In this paper we focus our investigation on the internal initiating event
"Fire in the Plutonium laboratories out of working hours" in order to
demonstrate the effectiveness of the fire protection system.

Fire protection system

The principal scheme of the fire protection system of the Plutonium la-
boratories is given in fig. 1.

The proper construction of the scheme required intensive studying of
drawings and asking questions to the plant people. It proved to be use-
ful to divide the whole system in the following subsystems:

- fire detection subsystem C
- CC>2 fire extinction subsystem L
- fire brigade subsystem F
- fire protection valves subsystem K
- electric power supply subsystem S
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FIG. 1. Principal schedule of the fire protection system for the plutonium laboratories outside working hours.



It was very essential to write down the assumptions which were made for
the safety related models of the subsystems. They depend on the initiating
event and are as follows:

- the fire detection system outside working hours is in the automatic
operating mode

- if one out of three fire detectors of one line (21 or 22) gives a
signal, the fire alarm is transmitted to the porter office, to the
command room of KWZ (heating and electric power) and to a tableau
fire control in the building containing the Plutonium laboratories

- in case of fire alarm, one out of two men in the command room (KWZ)
inspects the laboratory building and informs the porter office by
radio telephone whether the fire brigade should be alarmed. If there
is no information to the porter office within 4 minutes after the
fire alarm,the porter man himself alarms the fire brigade

- at least 3 men with protective suit are necessary for fire fighting
- if one out of three fire detectors of the other group gives a signal,
additional fire alarm is transmitted to the three places mentioned
above, the fire protection valves are closed (BK̂ , BK2, BKß, RK)
and the CC>2 fire extinction subsystem is activated

- if the CC>2-fire extinction subsystem was not activated automatically,
the fire brigade can use other fire extinction material

- if the fire is not extinguished by the C02 fire extinction sub-
system, the fire can damage the glove boxes and their ventilation
piping until the fire brigade intervenes. In this case, a filtered
release via the stack occurs

- if the fire is also not extinguished by the fire brigade,there will
occur a release via the opening of the building damage (windows)
due to fire expansion

Construction of the event tree

With the help of the 5 mentioned subsystems and of the logical block
diagram (see fig. 2) that shows the connections of this subsystems
the construction of the event tree was made (fig. 3).

From the event tree one can take the following more important information:
- if the electric power supply fails, no fire extinction is possible,
due to lack of information about the fire. This means that all the
other subsystems have no further influence (accident sequence BS)

- if the fire detection subsystem fails,the CO2 fire extinction sub-
system and the fire protection valve subsystem are not activated
and the fire alarm is not given to the fire brigade subsystem
(accident sequence BC)

- if the CO» fire extinction subsystem fails, it is of great importance
whether the fire brigade subsystem fails or fails not (accident
sequence BL and BLF)

Accident sequence with consequence of plutonium release

In order to assess the risk - i.e. in our study the release of plutonium
to the environment in case of an internal fire - we have to look for the
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FIG. 2. Logical block diagram of the fire protection system for the plutonium laboratories.

relevant accident sequences that are specified in the event tree. These
accident sequences can cause Plutonium release in two modes (fig. 3):

1. Release of plutonium aerosols due to opening of the building (damage
of windows) by fire expansion.

2. Filtered release of plutonium via stack when the glove box exhaust
system is opened.

In the following these two groups of accident sequences are discussed
separately.

Release of plutonium via opening of the building
An opening of the building is possible when the fire is not extinguished
and it expands to other rooms with windows. There are 4 possible cases
a) The fire is not detected by the fire detection subsystem (accident

sequence BC)
b) The electric power supply subsystem (including emergency supply) fails

(accident sequence BS)
c) The CC>2 fire extinction and the fire brigade subsystems fail (accident

sequence BLF)
d) The fire protection valve subsystem fails to close (the necessary CC>2

concentration is not reached) and the fire brigade subsystem fails,
(accident sequence BKF)

Filtered release of plutonium via stack
A filtered release via stack is possible when the fire brigade extinguish-
es the fire with a time delay of 2O minutes. It is assumed that within
this time due to fire extension the glove boxes and the piping of their
exhaust system are damaged.
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in Case of Automatic Operation
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FIG. 4. Block diagram of the fire detection subsystem.

There are 2 possible cases:
a) The fire is not extinguished by the CC>2 fire extinction subsystem be-

cause of not closing the fire protection valves. It is extinguished
by the fire brigade with ca. 2O minutes delay (accident sequence BK).

b) The fire is not extinguished because of the CO2 fire extinction sub-
system failure. It is extinguished by the fire brigade with approx.
2O minutes delay (accident sequence BL).

Data problems

In order to calculate the frequencies of the accident sequences with the
consequence Plutonium release, the failure probabilities of the subsystems
(see fig 3) are needed.

The data problems that occurred are demonstrated with the failure pro-
bability of the fire detection subsystem that plays a dominant role in
the eventtree because the frequency of the accident sequence BC (failure
of the fire detection subsystem) has a 96% contribution to the total fre-
quency of all accident sequences with plutonium release via building.
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Fig. 4 shows the block diagram containing the components of the fire de-
tection subsystem and with the help of the corresponding fault tree
(see fig. 5 a+b) the following two relevant minimum cutsets were found:

minimum cutsets component failure probability
_21 fire detection central 1-45*1O

* — ft2 common mode failure 5-59 1O
of fire detectors

This means that the failure probability of the fire detection central is
dominant for the whole subsystem that belongs to the most important
accident sequence.

The search for failure data for the fire detection central showed that
there was only failure statistic available for all failure modes. From
experience one knows that fire detection subsystems fails more in the
good (for our use) direction by "detecting" a fire although there is no
fire (wrong signal). We therefore reduced the failure rate of the fire
detection control by a factor five. A more signigicant factor could not
be justified because of the failure experience with comparable electronic
equipment e.g. failure rates for electronic control units in (3).

Results

For the fire scenario with opening of the building we calculated the total
frequency of the relevant accident sequences to 1-51*10 |—|. The

3.
Plutonium release fractions were taken from (4). Together with the

— ? —7 Ci.Plutonium release of 1-15*10~ |ci| we found the risk to be 1-7*1O |—j.
For the fire scenario with filtered stack release the resulting frequency
was 1-56*1O j—| for a Plutonium release of 1-14*1O |Cij.
In this case the risk is 1-8*1O~1O|—I .1 a '
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THE SAFETY CASE FOR THE THERMAL OXIDE
REPROCESSING PLANT AT SELLAFIELD

G.T. SHEPPARD, J.B. TAYLOR
British Nuclear Fuels pic,
Warrington, Cheshire,
United Kingdom

Presented by R.J. Williams

Abstract

The central feature of a major investment programme at the BNFL Sellafleld
Site has been the Thermal Oxide Reprocessing Plant (THORP). The
comprehensive nature of the plant with an overview of the processes
are presented. Further, an outline of the methodology adopted to assess
the radiological safety of the plant with regards to the workforce and
public risk is considered. It is demonstrated that for both normal and
fault conditions the adopted radiological safety criteria will be met with
an adequate margin.

1. INTRODUCTION

1.1 BNFL's Thermal Oxide Reprocessing Plant (THORP) (Figure 1) is the
second major generation of irradiated nuclear fuel reprocessing plant to
be built on the Sellafield site in the United Kingdom. The first
generation plants, which have operated for over thirty years were designed
to reprocess natural uranium (magnox reactor) fuel. THORP will receive
enriched uranium fuel principally from Light Vater Reactors (LWR) in Japan
and Europe and Advanced Gas-cooled Reactor (AGR) in the United Kingdom.
1.2 The scope of this paper is limited to the Head End and Chemical
Separation Plant, the design and construction of which has cost about
C1500M.

1.3 The conceptual design of the plant started in 1974 and was presented
to a Public Inquiry (UK) in 1977. Following the successful outcome of the
Inquiry the project design basis was reviewed with detailed design
commencing in 1983. Civil construction commenced in 1984 and
commissioning is now in progress. The plant will be operational in 1992.
1.4 As the detailed design commenced a team of safety assessors and
managers was put in place to service the project. The primary aim of the
team was to demonstrate adequacy of safety at various stages of design,
construction and installation, to satisfy the Company's safety criteria and
the requirements of the Regulatory Authorities (The Nuclear Installations
Inspectorate, the Department of the Environment and other government
agencies). The safety assessment has generated extensive safety
documentation with the principal document being the progressively evolving
THORP Design Safety Report.
1.5 The objective of this paper is to discuss the THORP safety case with
regard to the following topics.

Plant areas of primary interest to safety assessors.
The safety analysis methodology adopted.
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THERMAL OXIDE
REPROCESSING PLANT

FIGURE 1: THORP COMPLEX — ISOMETRIC

The major hazards identified.
Examples of the assessed risk from the hazards.
The extent and dimension of plant and the safety analysis.

1.6 Located to the south of THORP (Figure 1) is the THORP Receipt and
Storage Facility which began operation in 1988. This plant is essentially
a flask receipt, fuel removal (in bottles or containers) and fuel pond
storage plant. This facility is outside the scope of the THORP safety
case.

2. PLANT AREAS

2.1 The safety assessment for the THORP has been both extensive and
detailed with all plant areas which could potentially carry radioactive
material being examined. This paper is however, confined to those areas
which the safety assessors would consider to be the most radiologically
significant under both normal and fault conditions. Typically they are
plant areas handling material of relatively high specific activity, or
handling significantly large volumes of active effluents.
2.2 The THORP plant can be considered as the following principal areas.

Head End Plant

i)
ii)

Mechanical
Chemical
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Chemical Primary Separation Plant
Uranium Purification
Plutonium Purification
Uranium Finishing Plant

Plutonium Finishing Plant
Plutonium Store

These principal areas are shown diagrammatically in Figure 2 and briefly
described below.
2.3 Head End Mechanical : This plant has four main components ; a Feed
Pond Area, a Fuel Elevator, Fuel Shearing Cave and a Basket Handling Area.
Fuel will be brought under water from the THORP Receipt and Storage
Building in its multi element bottle (LWR fuel) or its fuel element
container (AGR). Following venting and flushing operations the
bottle/container is to be opened and fuel removed. It is then monitored
to determine its history. The fuel is located on an elevator and is raised
along a biologically shielded track out of the pond water and onto an
incremental feed ram in the Shear Cave. Here the fuel is moved forward to
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be guillotined by a vertical drop shear pack. Small lengths (25 mm - 100
mm) of fuel and associated end fittings are guided into a basket located
in one of three available dissolvers. On completion of the nitric acid
dissolution process, at 90'C rising to 105*C and in 7M nitric acid, the
basket with its stainless steel (AGR) or zircaloy (LWR) hulls (the remains
of the fuel cladding) is withdrawn from the dissolver and taken to the
Basket Handling Area. Here the contents will be monitored to determine an
acceptable level of residual fuel.
If accepted the basket will be taken from the monitor and the hulls tipped
on a tray. Contents viewing by TV system is available prior to the hulls
being placed in a container which is water filled in preparation for
removal from the plant. The basket is then located in a dry parking
position until required again.
2.4 Head End Plant Chemical: The main feature of the Head End chemical
plant is the dissolution of the irradiated fuel in nitric acid at elevated
temperatures. Following clarification, by centrifuge, the dissolver
solution will be conditioned and placed in buffer storage tanks in
preparation for feeding forward to the Chemical Separation Plant. In
addition to these processes Head End Chemical washes the centrifuge solids
and washes coarse fines removed from the dissolvers in preparation for
dispatch from the plant Liquid waste arisings from various activities in
Head End are received and sentenced. The plant also has a dissolver off
gas treatment plant for NOx gas and carbon 14 removal.
2.5 Chemical Separation Plant: The primary objective of this plant is to
separate the contents of the dissolver solution into its constituent
parts; fission product, plutonium and uranium. This employs a Purex-type
extraction process using tributyl phosphate diluted with odourless
kerosene (TBP/OK). In addition it is required to collect, condition (as
required), monitor and discharge the associated effluents. The Primary
Separation Plant in the Chemical Separation area will carry out the
initial separation of fission products from the uranium and plutonium
(Figure 3). The mass transfer is achieved by use of two series pulsed
columns, HA and HS. The dissolver feed solution is fed into the highly
active (HA) column. The uranium and plutonium nitrates in the solution
are extracted into a rising stream of organic solvent. The majority of
fission products remain with the aqueous phase which is taken from the
column as highly active aqueous raffinate. The solvent stream carrying
uranium, plutonium and some residual fission products passes to the highly
active scrub (HS) column. Here the solvent stream is scrubbed" with clean
nitric acid to remove residual fission products.
Two further pulsed columns 1BX and IBS, are used to separate the uranium
and plutonium. In the 1BX column uranous nitrate, stabilised with
hydrazine, is used to change the valency state of the plutonium from
Pu(IV) to Pu(III) in the solvent phase. This permits plutonium to be back
extracted into an acid aqueous stream, since Pu(III) is inextractable into
the solvent. The uranyl nitrate in the solvent stream passes to mixer
settlers where residual plutonium is removed (returned to 1BX column).
The uranium bearing 1BX solvent product is contacted with a reducing scrub
in the 1BXX mixer-settler to remove residual plutonium. The product is
then treated with a dilute nitric acid back-wash in a second mixer settler
the 1C. The uranium transfers to the aqueous phase and passes to the
uranium purification cycles.
The 1BX plutonium bearing aqueous stream passes to the IBS column where it
is scrubbed with clean solvent to remove residual uranium. This stream
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FIGURE 3: PRIMARY SEPARATION OF URANIUM, PLUTONIUM AND FISSION PRODUCTS

passes back to the 1BX column for uranium recovery. The plutonium nitrate
solution passes on to an OK Wash pulsed column to remove residual solvent.
The plutonium nitrate then passes forward to the plutonium purification
cycle.
In addition to these primary functions the Chemical Separation Plant has a
solvent wash plant to remove impurities and degradation products from the
solvent stream prior to recycle to the extraction column. Further there
are a variety of liquid effluent streams which are treated in addition to
the gaseous effluents from cells and vessels.
2.6 Uranium Purification: The uranium solution from the 1C mixer-settler
is conditioned, heated and passed to the uranium purification
mixer-settler. Here uranium, together with fission products and actinides
transfer back to the solvent phase when contacted with TBP/OK. This
solvent is then treated with hydroxylamine nitrate and dilute nitric acid.
Any residual plutonium is reduced to a trivalent state and taken into the
aqueous stream. To prevent uranium passing to the aqueous stream
additional contacting with TBP/OK occurs. Finally the solvent, containing
uranium, is transferred to an additional mixer settler and treated with
dilute nitric acid to bring the uranium into an aqueous phase as uranyl
nitrate to pass to uranium finishing.
2.7 Plutonium Purification: The plutonium bearing stream from the IBS
column is treated with NOx gas to destroy the hydrazine stabiliser and
convert Pu(III)to Pu(IV). The liquid is transferred to a column denoted
PP1. Here plutonium is extracted into 30% TBP/OK solvent which rises to
the top of the column being scrubbed with nitric acid as it does, so and
overflows into a second column PP2. Here the liquid is treated with
hydroxylamine and dilute nitric acid reductant; the plutonium is reduced
from Pu(IV) to Pu(III) and transfers to the aqueous phase and is washed
with odourless kerosene. The plutonium nitrate passes, via an evaporation
stage, to plutonium finishing.
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2.8 Uranium Finishing: The function of the Uranium Finishing plant is to
concentrate dilute uranyl nitrate following its purification and convert
it to uranium trioxide powder which is packaged for transport. The basic
route is to concentrate by evaporation and thermally denitrate the uranyl
nitrate concentrate to uranium trioxide. The trioxide in powder form will
be discharged to drums remotely which will then be lidded and sealed.
2.9 Plutonium Finishing: The function of the plutonium finishing cycle
is to convert plutonium nitrate, arising from the plutonium purification
cycle, into plutonium dioxide. This is then packaged and stored. The
basic route is to take plutonium nitrate arising from the purification
cycle, condition it to ensure the plutonium is in a quadrivalent state,
and mix with oxalic acid to precipitate plutonium oxalate. After filtering
and drying the resulting powder is calcined at high temperature to convert
the oxalate to dioxide. The dioxide powder is then packaged for storage.
2.10 Plutonium Store: A purpose built store is available for the
plutonium dioxide packages. This store has been designed to be operated
remotely with minimum operator intervention.
2.11 The initial requirement for THORP is to reprocess 7000 t(u) of fuel
in about 10 years. The mechanical Head End batch processes are designed
for a throughput of up to 7 t(u) per day. The continuous operation
Chemical Separation Plant has a design throughput of up to 5 t(u) per day.
There is liquor storage capacity between these plant sections to minimise
operational interaction. Reliability assessment has demonstrated the
plant has the capacity to reprocess 7000 t(u) of fuel in about ten years
of operation. The reference fuel has the following characteristics

Fuel rating < 40 Mw/t(u)
Irradiation < 40 GWd/t(u)
Initial Enrichment < 4% U235
Cooling period 5 years > 5 years

3. SAFETY METHODOLOGY

3.1 The aim of the THORP Safety Case has been to demonstrate that the
operation of the plant represents an acceptable risk to the workforce and
members of the general public under both normal plant operation and
potential fault conditions. This demonstration is achieved by showing
that the documented Design Principles for the plant set out in the Plant
Specification and embodied in agreed radiological safety criteria, are
adequately met.

3.2 Due to the extent and complexity of the THORP project the plant was
conceptually broken down into manageable areas/processes for safety
assessment. For each area a team was assigned. The teams were maintained
to ensure expertise was established for a specific area/process, for
example, Mechanical Head End, Primary Separation etc. Particular
attention was given to interfaces between areas/processes.
3.3 The safety methodology adopted contains the following main features.
Criteria

The establishment of acceptable radiological design standards and
criteria for both normal plant operations and fault conditions.
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Normal Operational Risk
Evaluation of the normal operational risk from the plant to the
workforce and public.

Fault Conditions Risk
Systematic hazard identification techniques.
Application of established hazard analysis methods.
Evaluation of hazard consequences.
The determination of the integrated time averaged annual risk to the
workforce and public.
A systematic comparison of the evaluated risk against the agreed
criteria.

Throughout the safety analyses consideration was given to available design
alternatives to ensure failure frequencies and risks from potential faults
were ALARP. Where appropriate cost benefit analysis has been employed to
demonstrate the principle. The safety methodology has been supported by a
comprehensive quality assurance programme on the methods used, the
software employed and the results generated. A generalised flow diagram
of the safety methodology is given in Figure 4.

4. CRITERIA
4.1 Radiological standards and criteria against which to judge the
acceptability of risk from plant to the workforce and public, under both
normal, potential fault conditions and external hazards have been
established.by BNFL. Due consideration was taken of the recommendations
of the ICRP^ ^, other relevant international agencies and the deliberation
of the NRPB and other relevant national agencies.
4.2 For normal operation of the plant, criteria are available for
Judging the adequacy of risk to the operators and workforce
associated with the plant. The primary criteria for the operators on
THORP are set down as worker average annual dose and maximum individual
dose targets. The adequacy of the plant under normal operation is judged
against these targets. Similarly, with due consideration of the ICRP/NRPB,
annual dose targets for members of the public due to exposure from the
normal operation of THORP are established. The safety of the plant under
normal operating conditions is judged against these primary dose criteria.
For both the workforce and members of the public due regard is taken to
ensure doses are as low as reasonably practicable (ALARP). In addition
cognisance is taken of the requirements of the Certification of
Authorisation for effluent discharges, granted by government departments.
An example of BNFL's methods of ALARP assessments is given in a later
Paper presented to this meeting.
4.3 Criteria have been developed to judge the acceptability of risk from
the Sellafield site from fault conditions that could potentially arise on

(1) International Commission on Radiological Protection
(2) National Radiological Protection Board (UK)
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FIGURE 4: SCHEMATIC FLOW DIAGRAM FOR SAFETY METHODOLOGY

plant. An appropriate allocation of the site risk, for fault conditions,
has been assigned to the THORP. The underlying criteria is that the
summed risk of death from operations on the site to members of the public
should be less than 10 per year and that the summed risk of death for a
worker on a plant should not exceed 10" per year.
4.4 In analyses of risk to members of the public, critical groups have
been identified. Due consideration is given to aerial and marine
discharges under normal and fault conditions and the consequence to the
critical groups evaluated.
4.5 In addition to meeting frequency and risk targets identified in the
criteria, the actual failure frequencies and risks from potential faults
are evaluated to be ALARP, all relevant factors being taken into
consideration.

4.6 In assessing the ALARP principle for routine occupational radiation
exposure, available design alternatives have been viewed against their
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potential for radiation dose reduction. Measures that cost (including
operating costs) less than £4000 per man Sv have been implemented. Those
costing over £10,000 per man Sv have not, in the absence of other reasons
for adopting them. In the intermediate range, options have been taken on
a case by case basis. Best estimate figures have been used in such
analyses. In the case of abnormal operations, risks have been reduced
when the cost is £10,000 per man Sv or less.

5. NORMAL OPERATIONAL RISK

5.1 The risk to the workforce from whole body radiation exposure (annual
maximum and average dose) has been evaluated on the THORP by a
comprehensive examination of the proposed operating routine and
maintenance requirements for equipment on the plant. A computerised
software package has been developed which produces a predictive annual
dose budget for the plant. The data base, for this package, has required
an input of normal operational routines, maintenance tasks, number of
workers, worker groups, predicted gamma and neutron dose rates and the
time of occupancy. Predicted maximum and worker group average annual
whole body dose is then calculated automatically. The package can be used
as a design tool to identify operations which could lead to potentially
'high' operator doses, or worker groups who are particularly vulnerable,
to accumulating 'high' doses by the nature of their work. The ALARP
principle may then be adopted to identify engineering or operational
solutions to reducing doses. An additional feature of the software is
that it can be used to study specific areas of plant eg. Head End
Mechanical, or to examine generic tasks across the plant eg dose from all
pump maintenance operations. Using the package, the annual risk (dose) to
the workforce can the predicted (with error bounds) and judged against the
normal operational workforce criteria.
5.2 For extremity doses, specific analysis has been undertaken in the
area of highest operator intervention, Plutonium Finishing. Extremity
doses were calculated on the basis of measurements on existing operational
plant. For other areas of THORP, experience from operational plant, in
general, demonstrates that extremity dose targets will be achieved.
5.3 Worker inhalation dose can be judged to be minimised and meet the
appropriate criteria, due to enhanced design and operational features to
be employed in THORP. These features will reduce further the already low
levels of inhalation dose experienced on operational plant.
5.4 The risk criteria for the public, (critical groups), has been
established as an annual dose target for THORP. This represents some
fraction of the site risk, for the normal operation of the plant. To
evaluate this risk consideration is given to the chronic long term
exposure of the critical groups from routine aerial and marine discharges
from the plant. The dose impact by these two discharge routes are
independent and the critical groups addressed are distinct. Interacting
dose contributions are negligible.
5.5 Flow sheet data is used by the safety analyst to establish the time
averaged quantitative annual discharge of radiologically significant
isotopes to the atmosphere during the normal operation of THORP.
Predominantly discharge is via the purpose designed chimney.
Environmental modelling techniques, that are well established for the
Sellafield area, are used to predict annual chronic exposure doses to the
critical group. In these analyses due consideration is given to the
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effects of weather conditions, the geometry of THORP building and the
height of the discharge. In the environmental modelling consideration has
been taken of the routes to man of radioisotopes and relevant human
behavioural habits.
5.6 For marine discharges, flow sheet data for the predicted time
averaged annual discharges to the marine environment of radiologically
significant isotopes are considered by the safety analyst. This data,
integrated with environmental modelling of the marine environment is used
to determine the annual dose to the critical group within the public
domain.
5.7 As the plant has developed,safety analysts, in conjunction with
engineering teams, have evaluated the results of the predicted risk to the
critical groups against the adopted criteria. The ALARP principle has
been adopted by quantified cost-benefit analysis, where appropriate, to
evaluate expenditure on effluent discharge reduction plant. The ALARP
principle has also been used when considering the integrated UK, European
and World dose from normal operation of the THORP.

6. FAULT CONDITION AND RISKS
6.1 To evaluate the risk to the workforce and the general public
(critical groups) from the THORP under potential fault condition, the
safety analysis has followed the following route.

Hazard identification
Safety Assessment (frequency, consequence)
Evaluation of the integrated annual risk to the workforce and public

6.2 Hazard Identification
There have been five main methods for identifying the potential

hazards arising from THORP operations:
Review of Literature
Prior operating experience
Hazard and Operability Studies,
Individual Safety Professional Assessment.
Research and Development.

6.2.1 Review of Literature
Literature was reviewed to identify the inherent hazards

presented by the materials handled in the THORP process. Literature
reviews also identified any potentially reactive combinations of the
chemicals employed in THORP. Where potential hazards were
identified further, more detailed literature investigation was
undertaken.
6.2.2 Prior Operating Experience -

A review of prior operating experience has been carried out on
Sellafield and other facilities. These reviews are identified in
the Safety Case and arising from operating experience THORP design
incorporates improvements over existing plant.
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6.2.3 Hazard and Operability Studies
Hazard and Operability studies have been carried out in two stages,

HAZOP I and HAZOP II. The HAZOP I examined the plant area by area to
identify potential generic fault conditions. The HAZOP II is a detailed
rigorous examination of each line, vessel and instrument for potential
fault conditions. Similarly batch processes on THORP were examined by the
HAZOP II method. Where required actions were placed on designers and
safety assessors to resolve the implications of identified potential fault
conditions.
This detailed and comprehensive examination of the design, item by item or
operation by operation,by the HAZOP team is the foundation for the
confidence that a thorough examination has been undertaken to identify
hazards or Operability problems in the THORP design.
6.2.4 Individual Safety Assessment

Throughout the THORP safety assessment, individual assessment by
safety professionals has been used to complement the other hazard
identification techniques and forms an important contribution to the
detailed accident risk assessment.

6.2.5 Research and Development
Extensive research and development has been undertaken to increase

the understanding of the behaviour of process and equipment when subject
to both normal and maloperation. The use of such work to understand the
behaviour of the shear machine, the dissolver, the pulsed columns and the
evaporators and many other areas is reported in the Safety Case. Such
work has assisted in making deterministic safety demonstrations. The work
has also assisted in defining those faults which could result in hazards
and which have then been assessed using probabilistic risk assessment
(PRA) methods.

Extensive research and development has also been undertaken to
understand, and quantify the operators behaviour during control of the
plant under normal and maloperation conditions. The development of the
THORP Human Factors Assessment Strategy commenced in 1987. The strategy
has been specifically refined and tailored to the THORP project. The
refinement process was based on four reviews : -

(i) A review of human error related accidents in technological
industries to identify human error causes of incidents.

(ii) A review of human error theory and human reliability practice to
identify key human error forms and potential areas of vulnerability
to human error.

(iii) A review of other human factor strategies [eg that for Sizewell
"B", the post-TMI long range human factors plan and the Human Factor
Society proposals to the USNRC ].

(iv) A review of human error problems identified in the Sellafield (1986)
audit.

(3) United States Nuclear Regulatory Commission
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These reviews led to a specification of the areas to be addressed,
which were then put into the THORP context in terms of plant areas,
equipment and types of operation. There is confidence that the strategy
has addressed all relevant Human Factors assessment areas within the scope
of the THORP Safety Case, and the assessments have had significant impact
on certain design and operational characteristics of THORP. A more
detailed review of BNFL's methods for dealing with Human Factors is given
in another Paper presented to this meeting.

6.3. Safety Assessment
6.3.1 Various safety assessment techniques are available and have been
used as appropriate to assemble the THORP safety case against all the
hazards that have been identified. Most hazards are assessed using:

deterministic arguments, (Figure 5) and/or
probabilistic risk assessment (Figure 6)

In order to dismiss or, define and quantify, particular fault paths and
scenarios the safety arguments cover normal plant operations and fault or

HAZARD ANALYSIS

- LITERATURE

- PRIOR OPERATING I
EXPERIENCE I

- RESEARCH AND
DEVELOPMENT

IDENTIFY POTENTIALLY
SAFE/HAZARDOUS

CONDITIONS

DESIGN
ADVICE

DEMONSTRATE
HAZARDOUS CONDITIONS

WILL NOT OCCUR
FOR ALL NORMAL OPERATIONS

DEMONSTRATE
HAZARDOUS CONDITIONS

ARE NOT CREDIBLE
FOR ALL IDENTIFIED
FAULT CONDITIONS

DESIGN
MODIFICATION

REQUIRE
'PROBABILISTIC

SAFETY
ASSESSMENT-

YES

DESIGN DEMONSTRATED TO BE SAFE
'DETERMINISTICALLY'

FIGURE 5: DETERMINISTIC APPROACH

70



HAZARD ANALYSIS

LIST OF HAZARDS

ASSESS
CONSEQUENCE

OF HAZARD
DEVELOPING

- GENERAL PUBLIC
- WORKFORCE

ASSESS
FREQUENCY
OF HAZARD
DEVELOPING

CRITERIA FOR
ACCEPTABLE RISK

RISK ACCEPTABLE
NO

YES

SAFETY NOT
DEMONSTRATED

MORE ASSESSMENT
REQUIRED

- MODIFICATION
REQUIRED

DESIGN DEMONSTRATED TO BE SAFE
PROBABILISTICALLY

FIGURE 6: PROBABILISTIC SAFETY ASSESSMENT APPROACH

incident conditions. For normal operations and very frequent events like
start up, shut down and washout, a deterministic argument is employed.
These operations must be shown to have such robust safety features that no
combination of conditions within the operating limits (and in practice in
large regions outside them) is physically capable of presenting a hazard.

6.3.2 The robustness of the process under normal operating conditions is
established by determining the critical values of the physical and
chemical properties which bound safe operating regimes. For example,
should containment form an essential safety feature, its response to any
challenge should be fully understood and known to be adequate beyond any
reasonable doubt. Defining and establishing this safe operating envelope
forms the basis of the deterministic element of safety assessment.
6.3.3 If the process or design variables are allowed to breach this
envelope, confidence in safety decreases and, in certain circumstances, if
the condition is allowed to continue, the process may become inoperable or
dangerous. Two main groups of events leading to such conditions are
considered.

These are:
i. fail-danger pathways within the plant and
ii. extreme external events such as earthquakes and flood.
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PRÄ is used to analyse the probability and consequence of each pathway or
event and so permit comparison with relevant risk targets.
The Deterministic Approach (Figure 5)
6.3.4 The definition of the safe boundaries of operation for particular
hazards is generally achieved from available literature or from research
work. Work has been done to support most of the hazard assessments for
THORP (eg criticality limits, explosive concentrations of hydrogen,
hydrazoic acid and carbon monoxide; limiting behaviour in certain
equipment such as pulsed columns, dissolvers, evaporators etc, and
physical data on chemicals, reactions, equipment materials etc). The
resulting data have been used to demonstrate the robustness of the
operations in THORP not only for normal steady operating modes but also
for start-up, shut-down and for recovery from maloperations. The
operating conditions are such that the plant stays well within safe
boundaries of operation and that substantial safety margins are
maintained. Some safety arguments are wholly deterministic in nature.
6.3.5 Where extreme fault combinations result in the operating conditions
deviating outside the safe operating regime then probabilistic risk
assessment (PRA) has been employed.
The Probabilistic Risk Assessment Approach for THORP
6.3.6 The PRA techniques adopted are designed for two main purposes:-

i. The identification of potential hazard scenarious (ie single
event or combinations of events leading to a hazard).

ii. The estimation of the frequency or likelihood of the
identified hazard scenarios.

6.3.7 The available hazard identification and analysis techniques fall
into two main categories - 'interpolative' techniques such as Fault Tree
Analysis (FTA) and 'extrapolative' techniques such as Failure Modes and
Effects Analysis (FMEA) and Event Tree Analysis (ETA). HAZOP studies and
professional assessment combine aspects of both techniques.
6.3.8 Interpolative techniques consider the "ultimate hazard", and
identify the potential faults which could cause this hazard.
Extrapolative techniques consider the initiating faults (or types of
fault) and identify the potential hazards which could result. The approach
adopted on THORP is a combination of extrapolative and interpolative
techniques designed to combine the advantages of each.
6.3.9 Having identified potentially significant hazardous conditions, the
frequency of the hazard has been estimated using Fault Tree Analysis
(FTA). FTA is the most effective technique for the evaluation of hazard
rates for the following reasons : -

a. In general, in order for a hazard to develop in THORP, several
fault or abnormal conditions must co-exist. These may not be
totally independent. FTA and the associated computer tools
are the only accepted means of dealing with such situations.

b. Fault trees (or the equivalent logic diagrams as used on
THORP) provide a clear and easily verifiable representation of
hazard scenarios.

72



c. The computer codes available provide facilities for the
derivation of additional information such as sensitivity
analysis.

d. The effects of common cause failure, which are often
dominating, can be identified and quantified.

e. The role of the operator can be included in the logic
analysis.

Fault Tree Analysis has therefore been used extensively in the THORP
safety analysis to estimate frequencies of hazards and scrutinise sequence
logic and sensitivities.
6.3.10 À Fault and Protection System Schedule has been generated which
brings together the interpolative and extrapolative methods applied in
PRA, and the hazard identification process. The result is a systematic
consideration of the potential causes of identified hazards, coupled with
a quantified estimate of the hazard consequences and frequency. The
schedule catalogues the PRA cases put forward for THORP. In addition the
production of the schedule has constituted a further assessment of the
process.

Data bases

6.3.11 The safety analysis is supported by a reliability data base and a
consequence data base. A system of justification and use ensures that
each use of the data from the data bases is recorded and its particular
application justified. In addition human error data has been generated in
a consistent fashion and its application justified and recorded.
6.4 Evaluation of Integrated Annual Risk (Fault Conditions)

Using 'interpolative' and/or 'extrapolative' techniques the hazard
frequency of the identified hazards have been evaluated. Using the
consequence data base, or specific mathematical modelling, the discharge
of radiological significant isotopes to the environment are determined.
The environmental models established for Sellafield, to consider acute
release of activity, have been used to evaluate the time averaged
dose/risk to critical group members of the public. Similarly using hazard
frequency data the annual risk to the workforce on the plant has been
determined. The summed time averaged annual risk or summed hazard
frequency for the critical group or workforce has been generated and
compared with the adopted criteria. Where it has been indicated during
the evolution of the design that criteria may be breached or ALARP
consideration determine, the safety assessors and design engineers have
acted either to reduce the frequency of potential hazards or taken design
steps to reduce further the consequence.

7. MAJOR HAZARDS IDENTIFIED

7.1 The five complementary approaches detailed in Section 6.2, for the
identification of hazards, cumulatively represent an extensive and
comprehensive approach to the examination of THORP. These methods have
identified the following events as potential hazards in some or all of the
THORP plant areas : -

Criticality
Fires/Explosions
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Loss of Containment
Impact Damage
Abnormal Discharge
Extreme External Hazards

The potential causes of hazards include:

Criticality:-

Fire/Explosion:-

Loss of Containment:-

Impact Damage:-

Abnormal Discharges : -

Extreme External
Hazards : -

Accumulation
Overconcentration
Precipitation
Moderation
Loss of poisoning
Loss of favourable geometry
Zircaloy
Solvent
Process hydrogen
Radiolytic hydrogen
Carbon monoxide
Hydrazine derivatives
Red Oil Reactions
Evaporation/Heating Processes
Leakage from the feed pond
Overpressurisation of the Product Store
Loss via the cooling towers
Impacts on equipment
Impacts on containment
Dropped active loads
Via Dissolver off Gas System
Via Vessel Cell/cave ventilation system

Seismic events
Extreme rainfall
Extreme windspeeds
Extreme temperature
Aircraft damage

In addition, certain generic failures/hazard causes have been included in
safety cases, having been specifically considered. The most noteable
examples are Control and Human Factors.
7.2 These hazards have been rigorously analysed in plant areas and for
plant processes where they have been identified as occurring.- The
resulting derived frequencies for the hazards have been evaluated, with
the consequence of the hazard, to contribute to the time averaged annual
risk (workforce and critical group).

8. ASSESSED RISK (FAULT CONDITIONS)
By employing the safety methodology outlined in Section 3 to the

identified hazards, the risk to the public and workforce from that hazard
on THORP has been deduced. Further, the summed risk/frequency of events
are evaluated across THORP. Table I and II give typical examples of some
of the assessed risks from specific hazards. Assessments are undertaken
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Table I Normal Operations - Assessed Risk Against
Primary Risk Criteria for THORP

Criteria

General Public
Critical Group Dose
from aerial.releases
< 50 uSv.y
Critical Group Dose
from liquid, release
< 50 uSv.y
Workforce
Average external
whole body dose ..
per worker 5 mSv y

Maximum individual
dose (internal plus.,
external) 15 mSv y

% Usage <D

70

30

70

50

Comment

(35 jiSv.y
a

-1) equates to
risk of?death of

< 5 x 10"' y
(ISjuSv.y" ) equates to
a risk of?death of
< 5 x 10 y'L

Estimated range ,
2.0 - 5.3 mSv y
Simple average taken
to indicate
approximate % usage

Maximum is for Head End
Mechanical Maintenance
Engineers

(1) Rounded numbers

only to that level needed to demonstrate satisfying limiting criteria.
Pessimisms remain within the analyses, that allow reductions in the
assessed risk to be demonstrated if necessary.

9. SENSITIVITY

Throughout the safety analysis the derived hazard frequencies and
consequence analysis has been subjected to sensitivity analyses. This has
been done to establish the major elements of an event sequence
contributing to the event frequency or to determine the factors are the
major elements within a consequence analysis. By identifying these
elements be they hardware, human interventions or common cause failure,
the sensitivity of the results to changes data in those elements has been
evaluated. Further, such analysis is taken further when the Safety Case
analysis (fault trees) are rigorously examined prior to plant
commissioning. During the production of the THORP's Operational Safety
Assessment further sensitivity analysis will be carried out to identify
where the plant may need operating rules or additional safety mechanisms.

10 THE DIMENSIONS OF THE PLANT AND SAFETY CASE
The C1500M investment in THORP Head End and Chemical Separation Plant

has been reflected in the magnitude of the civil engineering, the
mechanical and electrical installation, a comprehensive research and
development programme and extensive expenditure on safety analysis. To
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Table II Potential Fault Conditions - Assessed Risk
Against Primary Risk Criteria for THORP

Criteria

General Public
Time .averaged
CEDEUJ to the
Critical Group
(Sv. y'1)
Accumulated ,
frequency (y ) of
events giving a
consequence greater
than 100 mSv to the
Critical Group
The frequency (y )
of an individual
event giving a
short term conse-
quence of greater
than 100 mSv at
3 km from Plant
Workforce
Building evacuating
- Contamination
- High dose rating
frequency (y )

High dose
> 100 mSv
frequency (y )

Prompt death 1
frequency (y )

THORP m
Allocation

4 x IQ'6 <4>

4 x ID'6 (4)

<io-6

4 x 10"
4 x 10

-44 x 10

<io-6

19

0.3

0

19
11

22

0

Comment

Equates to a risk
of death of
approximately
1 x 10"8 y'1

Equates to a risk
of death of ,
« 1 x 10 y

Equates to a risk
of death of ..
< 1 x 10 y

(1) Allocation of the Sellafield site criteria
(2) Rounded numbers
(3) Committed Effective Dose Equivalent
(4) Includes a factor for averaging over wind direction

bring the Plant to an operational status has required excellence in
Project Management with a supporting level of excellence from the
contributing management teams, analysts and engineering disciplines. To
put some perspective on the project, Table III gives an overview of the
engineering dimensions of the THORP plant. Table IV gives an overview of
the extent and current cost, to date, of the safety analysis on the
Project. In each case the expenditure in resources and funds is assumed
for the period 1983-1991.
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Table III Overview of the Engineering Dimensions of THORP
Key Quantities

General
3Concrete poured 190,000 m

Reinforcing 40,000 t

Main Frame Steelwork 19,000 t
Stainless Steel Pipework 234,000 m
Carbon Steel Pipework 82,000 m
Major Vessels 3,000
Minor Vessels and Plant Items 11,500

Ventilation Ducting 42,000 m

Electrical and Instrument Cabling 3,000,000 m
Sub Stations and Switch Boards 45
Main Computers 15

Zonal Computers 90

Building
Building Approximate Size 260m x 120m x 48m
Chimney Height 120 m

Room Spaces 2,032

Building Cladding 58,000 m2
2Stainless Steel Cladding 23,000 m

Construction Personnel (typically) 3,500

11. CONCLUSIONS

11.1 THORP, as a second generation nuclear fuel reprocessing plant, is a
comprehensive facility. It is designed to take whole irradiated fuel
elements and to process them to produce a depleted uranium product, a
plutonium product, and effectively manage its solid, liquid and aerial
wastes. Physically THORP is a large structure and at the forefront of
nuclear technology, and it is technically sophisticated.
11.2 During its design and construction the radiological safety
implications of the plant and its processes have been rigorously examined
by accepted safety methodology. This has led to the evolution of a
facility engineered to meet the design safety standards and principles
with some margin. The outcome of the safety case has demonstrated that
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Table IV Overview of the Safety Analysis Dimension of THORP

OVERALL DIMENSIONS

- Total Effort Expanded 1983-1992
- Total Real Time Expanded
- Cost of the Theoretical Safety

Analysis and Documentation
SAFETY ANALYSIS BREAKDOWN

- Total Effect Expanded 1983-1991

Committees
- HAZOPS

Regulatory Issues
Assessment and documentation
Safety Working Party Papers and
Technical Assessment Notes

HAZARD AND OPERABILITY STUDIES

Effort expanded

Number of Design Drawing Studies

Actions Placed

160
9 years
£8M(1>

(2> man years

160 man years

2%
10%

19%
69%

> 600

16 man years

> 1000

> 8000

NOTES
(1) Is for safety assessment only. Excludes technical and engineering
costs supporting safety. Would increase the figure to about a factor of 2.
(2) Estimated total to commissioning 1992 is 180 man years.

the plant will meet, for both normal operation (Table I) and identified
fault sequences (Table II), the Plant's safety criteria. The Plant,
through its safety analysis, demonstrably presents an acceptable annual
risk to the workforce and the public within the scope of its proposed fuel
specification and throughput.

11.3 Finally, throughout the safety analysis full congnizance of the
requirements of the regulatory authorities and government ministries has
been taken. Exchanges of information with these bodies has been carried
out to ensure that the adopted criteria encompasses and meets agreed
requirements.
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Abstract

The Thermal Oxide Reprocessing Plant at Sellafield has a treatment plant
to remove most of the carbon-14 from liquid effluent arising from
dissolver off-gas caustic scrubbing. Removal is by a solid precipitation
then encapsulation for long term storage. The application of the ALARP
principle, using cost-benefit analysis, is demonstrated as one of the
techniques that can be used to reach the decision to invest in the
treatment plant.

1. INTRODUCTION

1.1 The system of dose limitation recommended by the International
Commission on Radiological Protection [1] has, amongst others, the basic
principle that,

all exposures shall be kept as low as reasonably achievable
(ALARA) , economic and social factors being taken into account.

1.2 The application of this principle to dose limitation relies not only
on quantitative techniques but must, in addition, rely on the experience
and judgement of design engineers, plant operators and Health Physics
advisers.
1.3 An increasingly accepted approach is to quantitatively take account
of economic factors by the use of differential cost - benefit analysis
[2]. This approach can be applied for the change from one level of
protection to another being described by a smooth function or, as occurs
in many design/waste management strategies, by a step function. In either
case, a financial valuation is placed upon the radiation dose detriment
saved by the protection option under consideration. All financial costs of
the protection, capital and operating (if significant), in addition to the
dose detriment valuation, are brought into consideration to establish an
optimum level of protection which gives the lowest total cost.
1.4 Cost benefit analysis only addresses the economic factors of
optimisation and is one of several inputs to an optimisation study. Other
factors such as political, public relations and practicality of the
options form an important contribution to any final decision on the level
of optimised protection.

As Low As Reasonably Achievable which is for practical purposes
equivalent to As Low As Reasonably Practicable
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1.5 The purpose-of this paper is to demonstrate the application of the
ALARP principle with regards to the decision to remove carbon 14 and
place it in interim storage.

2. CARBON 14 REMOVAL PLANT ON THE THORP

2.1 Carbon 14 is produced during the irradiation of oxide fuels as an
activation product via (n, )reactions with oxygen-17 in the fuel. In
addition, it can be produced by (n, p) reactions with nitrogen-14 in the
fuel. An additional route is through the fission process but the amount
produced is negligible.
2.2 The half life of carbon-14 is 5730y, and is a pure beta emitter via
the reaction.

14,

,n

14N + ß + V

p + p + i>

..... (1)

..... (2)

The peak energy of the beta emission is 156.5 KeV [3]

2.3 Sheared fuel from the THORP Shear Cave will enter a basket in a
dissolver containing a hot solution of nitric acid and other reagents,
By a process of heating and gas sparging, NO and other gases are removed
from the dissolver liquid. At this stage in the reprocessing cycle the
majority of the carbon-14 is removed from the fuel to the Dissolver Off
Gas Treatment Plant. The carbon-14 goes off principally as carbon dioxide
with a small fraction as carbon monoxide.
2.4 A simplified diagram of the Dissolver Off Gas Treatment plant is
shown in Figure 1. The gas stream passing through the Plant enters a
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caustic scrubber. The majority of the carbon is taken into solution as
sodium carbonate from carbon dioxide ( CO.) and drains from the caustic
scrubber. The remaining small gaseous fractions of carbon dioxide and
carbon monoxide ( CO) are ultimately discharged, via HEPA filters, to the
THORP chimney and to atmosphere. The carbon monoxide component cannot be
removed by caustic scrubbing.
2.5 The caustic scrubber liquid effluent, containing most of the
carbon-14, will be treated with barium nitrate to precipitate the carbon
as solid barium carbonate. The process will result in only a few percent
of the carbon-14 throughput being discharged to sea in the primary
supernate. The solid carbonate, after further settling, will be removed
from the THORP to an encapsulation plant.

3. DESIGN OPTIONS FOR CARBON-14

3.1 At the conceptual stage of the THORP, two options existed for dealing
with carbon-14. These were:

a. aerial and sea discharge directly from the plant to the
environment,

b. treat carbon-14 streams and store.

3.2 Several treatment options were considered but rejected on the grounds
of being technically impracticable, the final choice being caustic
scrubbing then barium nitrate/precipitation and encapsulation. The ALARP
principle can be demonstrably used through cost benefit analysis as an aid
to formulating the decision to invest in treatment plant. This is a step
function analysis going from a level of no environmental protection
against carbon 14 discharge, to some level of capital investment and
operational costs to remove and long term store carbon 14.

4. COST BENEFIT ANALYSIS ASSUMPTIONS

4.1 The main assumption used to evaluate the cost benefit of carbon 14
removal and encapsulation are given in Appendix 1.
4.2 The analysis is carried out assuming that THORP is processing design
reference LWR fuel.
4.3 Critical group doses are calculated for the THORP design basis annual
throughput reference fuel. World population collective doses, over a 10
year timescale, are based on total carbon 14 arisings from reprocessing
the total design base load of reference fuel.
4.4 For comparative purposes, within this paper,.the long term critical
group effective dose limit is assumed to be 5 mSv per year. This is the
ICRP recommended dose limit for members of the public.
4.5 The anticipated carbon 14 inventory of THORP, following off-gas
scrubbing, and prior to any treatment are taken for process flow sheet
reference fuel conditions. Although the level of carbon 14 is subject to

(2) For comparative purposes only. The design targets for the THORP are
significantly lower than this value.
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uncertainty, comparison with experimental data indicates values which are
in relatively good agreement with flow sheet data.
4.6 Encapsulation of barium carbonate in cement forms a demonstrable
robust product which is expected to have a monolith integrity for a
minimum of 10 years. Further, considerations of the solubility product of
barium carbonate would suggest negligibly small annual release rates. This
would be particularly the case for an alkaline environment which a long
term repository would represent. However, for this analysis storage
periods of 10 , 10 and 10 years have been considered with.a pessimistic
release rate for carbon 14 after this storage period of 10 per year.

5. TREATMENT PLANT COSTS

5.1 The capital cost of the carbon-14 treatment plant in THORP is
estimated to be of the order of £8M. The running costs and decommissioning
costs of the plant will probably be a small fraction of this and are
therefore excluded.
5.2 The encapsulation of barium carbonate solid is a relatively small
addition to the work load proposed for the encapsulation plant.
Nevertheless, the marginal capital plant cost for this solid waste stream
is estimated at £2M. Running costs and decommissioning costs for barium
carbonate encapsulation have been excluded.
5.3 The interim storage costs and the marginal cost for long term
repository storage will be small for encapsulated carbon-14 and are
excluded.
5.4 The approximate total cost of the plant for carbon-14 treatment and
storage is therefore assumed to be £10M.

6. RESULTS OF THE APPLICATION OF METHODOLOGY
Aerial Release (Results)
6-1 The release of carbon-14 by this route is primarily carbon monoxide
( CO). The aerial release of carbon-14 comes direct from the dissolver
off gas treatment and is independent of the caustic liquid ( CO«)
treatment plant. This gas stream can of itself however, be considered for
treatment by cost-benefit analysis.
6.2 The critical group dose from untreated aerial release of carbon-14 is
estimated to be less than 0.04% of the ICRP annual dose limit for members
of the public. This is equivalent to a critical group collective dose of
about 4x10 man-Sv, with a negligibly small value of health detriment
(£40).

46.3 The world collective dose, over 10 years, from reprocessing the
total design base load of reference fuel is 195 man-Sv. The monetary
value (£10 per man-Sv) of the health detriment is £2M . If consideration
is given to the very low doses per annum being received (peak in the first
100 years) then applying a monetary value of unit collective dose of
£3x10 per man-Sv (Appendix 1), this reduces to £0.7M.

(3) 1991 Prices
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TABLE I

CRITICAL GROUP DOSES*1* FROM CARBON 14
IN LIQUID EFFLUENT DISCHARGES
FROH THE CAUSTIC SCRUBBER

Item

mSv/y

% ICRP Limit
Critical Group
Collective
Man-Sv'' M;

Monetary Value
of the health
detriment
£u;

Effluent Not Treated Effluent Treated

F/SF(4) WHBM(4:> F/SF(4) WHBM(4)

3 x 10~2 1 x 10"2 5 x 10~4 2 x 10"4

0.6 0.2 0.01 4 x 10"3

1 x 10"2 1 x 10~4 1 x 10"4 2 x 10"6

100 neg neg neg

(1) All figures rounded

(2) Assumes 7000t of fuel processed in about 10 years.

(3) At a valuation of unit collective dose of £10 per man-Sv.
(4) Critical groups

F/SF Fish/Shell fish eaters

WHBM Whitehaven Boat Man

6.4 Of the gas released the majority is carbon monoxide that cannot be
removed by caustic scrubbing. Only C0_ is removed. Any modification to the
caustic scrubber to remove all (if technically feasible) carbon dioxide
would only remove 29 man-Sv (monetary value C0.3M - EO.lM).
Liquid Release (Results)

,14,6.5 Two options are available when considering carbon dioxide ( C0„) in
solution arising from the caustic scrubber, these are; discharge directly
to sea or treat and store.

6.6 Table I indicates the critical group dose for untreated and treated
discharge. The monetary value of the health detriment is negligibly small.

This analysis is somewhat academic and the low monetary value of the
health detriment to the critical group would be expected. The main feature
of the safety analysis and plant design is to minimise critical group
doses and health detriment.
6.7 Table II shows the collective dose from untreated discharge and the
effect of treatment and storage. The Table also indicates the effects on
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TABLE II
MONETARY VALUE OF THE HEALTH DETRIMENT

FOR VARIOUS CI4 SEA DISCHARGE OPTIONS

Delay Period
Before Release ,

Years

££*»**>
Monetary Value
of the health
detriment

o<1> o<2> io2 io3 io4 io5

1060 620 621 560 230 0

11^ 6.2 6.1 5.6 2.3 0
4<6) 2 2 2 1 0

Assumes immediate release and dispersion.
(2) 5Delay period 0 to 10 assume a pessimistic release rate of

10" /y for carbon-14.
(3) Collective man-Sv - world.
(4) 4Integrated over 10 years. Minor variation for integration

over 10 years or infinity.
(5) 4Monetary value of unit collective dose £10 .
/ f \ O

Monetary value of unit collective dose £3 x 10 .

collective world dose allowing for a pessimistic release rate of carbon-14
to the environment after various periods of storage. The monetary value of
the health detriment is given for the various scenarios.
6.8 The difference in the monetary value of the health detriment between
discharging directly to sea and various storage periods is given in Table
III.
6.9 The potential difference in health detriment between pessimistically
high release rate into the environment and direct discharge is between
£2M-5M assuming failure of the storage at zero time. This range increases
if the repository remains intact for 10 years giving a difference in
health detriment valuation of £4M-11M.

7. DISCUSSION

7.1 The total cost of the carbon-14 treatment plant on the THORP, and the
encapsulation and long term storage (off THORP), is about £10M (1991
prices). The treatment plant on the THORP has no effect on the aerial
discharges of primarily carbon monoxide. It will however isolate (for some
time period) the majority of the carbon 14 activity as encapsulated
barium carbonate. The cost-benefit implications of the health detriment
from aerial and liquid effluents are as follows.
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TABLE III
DIFFERENCES IN THE MONETARY VALUE OF THE
HEALTH DETRIMENT BETWEEN DIRECT DISCHARGE

AND TREATMENT AND STORAGE

Delay (1)
Periods Years

Difference in monetary
value of the Health
Detriment

0 102 103

5<2> 5 5
2(3) 2 2

104 105

9 11
3 4

(1) Assumes a carbon-14 release rate of 10 /y.
(2) Monetary value of unit collective dose £10 per man-Sv.
(3) Monetary value of unit collective dose £3 x 10 per man-Sv.

Aerial Releases (Discussion)

7.2 Critical Group: The critical group annual dose is within the applied
dose criteria with a significant margin (Section 6.2). The monetary value
of the collective dose to the critical group is insignificant (£40) and
cost-benefit analysis would suggest that doses are ALARP and further
expenditure to reduce critical group doses is not justified.
7.3 Collective Dose: The world collective dose from aerial releases is
195 man-Sv (Section 6.3), with the majority of this (166 man-Sv) being
carbon monoxide. Removing the carbon dioxide (15% of aerial release) by
additional caustic scrubbers would only give a health detriment saving of
£0.3M. It is considered that to modify the THORP caustic scrubbers to
accommodate an additional reduction of C0„ is untenable on technical
grounds. To accommodate further carbon dioxide removal would require an
additional caustic scrubber valued well in excess of £0-3M, the maximum
health detriment saving. To remove the carbon monoxide CO, oxidation
plant would be required involving heated metal oxide prior to caustic
scrubbing. The technical difficulties of high gas flows and the
operational difficulties in providing means of replacing the oxide bed
suggest design and capital costs well in excess of the maximum potential
health detriment saving.
Cost-benefit analysis would suggest that the collective dose is ALARP and
further expenditure to reduce the world collective dose is not justified.
Liquid Release (Discussion)

7.4 Critical Group: Table I indicates that the collective annual doses
are within the annual dose criteria adopted by a significant margin for
untreated liquid discharge from the caustic scrubber. Further, the
critical group collective dose and associated monetary value of the health
detriment are negligibly small. The doses are judged to be ALARP and cost-
benefit analysis would not justify further expenditure to reduce dose.
7.5 Collective Dose: Table II and III indicates that the difference in
the monetary value of health detriment, between direct discharge without
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treatment and with treatment, is significant. Even for only modest
retention and a pessimistic release rate the difference is several
millions of pounds. Typically, if material can be encapsulated and stored
for around 10 years with a release fraction of 10 /y thereafter, the
saving in health detriment would be between £4M-£11M (depending on
valuation of unit collective dose).

7.6 The cost of the carbon dioxide precipitation plant encapsulation and
storage is around £10M. If pessimistically, isolation of carbon-14 from
the environment can only be done for 10 years, the saving in health
detriment of £9M would suggest that an investment of £10M is Justified by
cost-benefit analysis. At shorter delay periods, Table III, the case for
the expenditure by quantified cost-benefit analysis alone becomes less
tenable. However, for delay periods beyond 10 years the conclusions of
cost benefit analysis are further enforced, eg 10 years, £11M health
detriment valuation.
7.7 Modifications to the plant to remove the small quantity of carbon
dioxide in precipitation supernate, that is discharged to sea, (were
complete removal technically feasible), cannot be justified by cost-
benefit analysis. The maximum monetary value of health detriment (world
dose) is - E0.2M. At these low levels of carbon dioxide in supernate,
further removal would require considerable expenditure (in excess of
£0.2M), producing diminishing marginal reductions for each increment of
investment.

8. SENSITIVITY
8.1 Monetary value of the unit collective dose: Reference 4, suggest a
valuation of £10 per man-Sv for public exposure. However, it is
recognised that the collective dose obscures the implication of a large
world copulation (10 persons) receiving relatively low dose rates
( ~10 - 10 _ Sv/y). At low dose rates a value for the unit collective
dose of £3x10 per man-Sv is suggested. The cost-benefit analysis is
sensitive to changes in the monetary value of collective dose as indicated
by Table III. However, the results of this analysis are judged against the
£10 per man-Sv valuation [4].
8.2 Storage delay time: The analysis is sensitive to storage delay time,
but not sufficiently so to invalidate the analysis when linked to an
annual release fraction.
8.3 Release fraction: The analysis is sensitive to the release fraction.
High release fraction (10 /y) and short storage periods do make the cost
benefit argument less tenable. However, the technical choice is barium
carbonate precipitate and a monolithic cement product in a stainless
steel drum. If this..is located in a purpose built engineered repository,
release rates of 10" /y for carbon~14 from such a system is considered to
be inconceivably high.
8.4 Collective dose aodelling: The analysis will be sensitive to the
modelling adopted. However, standard BNFL data was used and is assumed to
be suitable for the purpose.
It is noted that the decision to build a carbon 14 precipitation plant and
to encapsulate the product was made around 1983. Rejecting a de-minimis
for low dose rate exposure, the monetary value of the health detriment
saved was calculated at that time to be in excess of £100M. The cost
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benefit analysis was based on the environmental modelling of marine
discharges for carbon 14 which were available during 1983. Cost benefit
analysis suggested that an investment of £10M (estimated cost of carbon 14
Plant in 1983) for a saving of E100M was justifiable. However, recent
modelling has significantly reduced the man-Sv dose per unit of carbon 14
discharged to the marine environment. The effect on the monetary value of
the health detriment has therefore also reduced.
8.5 Collective dose integration period: The integration period assumed
was 10 years. The status of humanity and world population beyond this
period is debatable. Nevertheless, if integration periods of 10 years are
assumed then the collective world dose rises by about a factor of 1.3.
This would not have a significant effect upon the conclusions of the
analysis.
8.6 Carbon 14 generation: The production of carbon 14 is a difficult
parameter to predict. However, best available data has been used for
THORP. Changes of a factor of 2 could influence the conclusions on liquid
treatment. However, increases of orders of magnitude would be required
for a revision of the cost benefit analysis conclusions on aerial effluent
treatment.

9. CONCLUSIONS

9.1 The application of the ALARP principle, using cost benefit analysis,
demonstrates that there is no justification, within the assumptions made
in this paper, to provide additional plant to reduce aerial releases of
carbon 14 from the THORP.

9.2 Cost benefit analysis has demonstrated that the expenditure of £10M
on THORP plant to remove carbon 14 from liquid effluent streams is
justified and reduces world collective doses to values that are ALARP.
This holds on the assumption that retention of carbon 14 can extend up to
10 years or more. If retention is less than this then quantified cost
benefit analysis alone would suggest that the expenditure on plant is not
justified.
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APPENDIX

COST-BENEFIT ANALYSIS ASSUMPTIONS

The following assumptions have been made to evaluate the cost-benefit of
carbon-14 removal and encapsulation.

The cost of the health detriment and the collective dose equivalent
is directly proportional [2].

The monetary yalue of the unit collective dose for members of the
public is £10 per man-Sv [4].
To assess the sensitivity of the analysis to the implications of low
individual annual doses (< 5 x 10" Sv) a monetary value of the unit
collective dose for members of the public of £3 x 10 per man-Sv has
been considered [4, 5].
Consideration has been given to the critical group exposure.
Collective effective dose equivalent is considered for the world.

Collective effective dose.equivalent commitments are calculated for
the time periods 10 y, 10 y, 10 y after discharge.
No cut off is applied to low levels of individual dose equivalent
[5]. The de minimis concept is not applied.

A discount rate of zero is used in computing the monetary value of
health detriment.
The critical groups (marine discharge) for integrated dose analysis
are assumed to be;

Fish and Shell fish eaters
Whitehaven boat men

For aerial discharge the critical group is defined as persons within
a specified distance from, but local to, the Sellafield Site.
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Abstract

Industry in general and the nuclear and chemical industries in
particular are coming under increasing pressure to achieve and
demonstrate conformance with high safety standards. This must be
effected at a time of increased pressure for competitive pricing.
Proactive Safety Assessment is one way to optimise the benefits derived
from safety assessment and thus offset the costs. This paper outlines,
from a human factors perspective, the means of integrating and
co-ordinating human factors safety assessment work with operational
initiatives to derive proactive safety assessment. It shows how human
factors work can be incorporated into the life cycle of a plant and how
the lessons learned from qualitative and quantitative assessments can be
integrated with operational experience to produce an evolving safety case
and operational regime leading to reduced lifetime costs.

1. The Problem Facing Industry
The experience of large scale accidents such as Flixborough,

Seveso, Bhopal and Chernobyl has led to the demand for high safety
standards. In addition, an increasing public awareness of ecological
issues and the actual and postulated impacts of both major and minor
incidents has contributed to the pressure that has been brought to bear
on industry and regulators. The operators of the nuclear, chemical and
transport sectors of industry are expected to achieve and demonstrate
conformance with standards necessary to provide the high reliability that
such safety goals require. This alone is not a simple task. However,
this requirement has come at a time of increasing financial pressure on
such industries for competitive pricing and cost control.

The evaluation of incident and performance data has identified
human failures as one of the major contributors to accidents and plant
unavailability. This has resulted, at least within the nuclear industry,
in extensive research and development in human factors aspects of safety.
Methodologies and techniques have been developed to address a number of
aspects of the human factor in safety assessment. The cost of the human
factors contribution to a safety case can now form a significant portion
of the safety budget for new plant. This can also be true for
assessments of established plant or proposed modifications to achieve
and/or demonstrate conformance to current safety standards. The
increased capability to address the human aspects of safety thus
contributes to the increasing costs of safety assessment.
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2. A Solution for Industry.
Industry must seek to maximise the benefits from all safety work if

it is to achieve and demonstrate conformance with the current, high
safety standards and remain competitive. Such initiatives can also
result in longer term cost reduction through improved operability and
reduced time loss due to plant modifications. In some senses, this is
merely extending the concept developed in HAZOP of addressing both safety
and operability issues at the same time.

In the nuclear power industry initiatives have already led to the
concept of a living probabilistic risk assessment (PRA). Much of the
work on living PRAs has concentrated on making the fault tree
assessments, established as part of the initial (i.e. pre-operational)
assessment, available for updating and interrogation. Such updating is
required to maintain the validity of the results of the PRA by ensuring
that the plant model maintains correspondence with the 'as built' and
operated plant. The interrogation facility enables the operators and
others to determine the effects of the unavailability of particular items
of equipment or systems on the overall safety of the plant. Such
information can be used to assist in decisions about maintenance
scheduling and responses to plant failures to ensure effective use of
resources (both financial and personnel) by identifying those matters
that significantly impact safety and availability.

However, the living PRA concept has limited scope in its current
form as it is restricted to a probabilistic model of the plant. If
industry is to meet the challenge of cost effective safety standards it
must capitalise on all aspects of safety assessment, not just the
probabilistic, to ensure effective and efficient operation of plant.
Proactive Safety Assessment (PSA) is one way to optimise the benefits
from safety assessments and thus offset their costs.

Proactive Safety Assessment is an approach that requires an
interactive relationship between safety assessment and plant operation; a
living PSA. Human Factors expertise must be used to inform the design
process. The insights gained from safety assessment must be fed through
to plant operation in a useable manner so that informed decisions can be
made in respect of the development or change of the details of the
operating regime. As experience is gained during plant operation this
information must be fed back into the plant's safety case to ensure that
the safety case realistically reflects (as far as possible) the risk
associated with the plant and the benefit to be derived from any proposed
modifications. Only then can cost effective decisions be made.

This approach can significantly reduce lifetime costs. It enables
resources to be directed effectively by focusing effort where it is
required. By reducing redesign and plant modication requirements it
reduces the design verification effort and the manpower requirements
during commissioning. Through provision of quality operator interfaces
and focussed training it produces decreased lost time incidents and
improved efficiency during operations and thus reduced operating costs.

3. Human Factors Elements of Proactive Safety Assessment

There are a number of elements to the Human Factors component of
Proactive Safety Assessment. These span activities that fall outside the
scope of the safety case assessment process itself as well as those
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activities traditionally associated with the production of modern safety
cases.

3.1 A Human Factors Strategy
The first element to be considered is the tailoring of the human

factors effort to the particular plant. Such tailoring should apply to
both the human factors support to design prior to assessment as well as
the actual assessment itself. Although a variety of human factors
techniques are now available, to address a number of aspects of the human
system, not all should be automatically applied to all plants. The cost
of the human factors effort must be commensurate with the estimated
'benefit' to be derived. Thus, each industry or company must establish
criteria for determining the level and nature of the human factors effort
required for particular plants. One approach is to tailor the human
factors effort to the risk arising from the plant (1). This could be
risk in terms of Health, Safety and Environmental Protection (HS&EP) or
in terms of economic risk. An alternative might be to direct the human
factors effort towards areas of operation where stringent targets are set
for product quality as well as those presenting HS&EP risks. The nature
of the enterprise and the particular pressures to which it is subject
will determine the overall balance of the human factors programme.

Also the effort must be tailored to the stage in the life cycle of
the plant. At the early design stage, general ergonomie support to
designers could result in significant savings through less redesign and
modification as well as long term operability benefits. On currently
existing plant, the effort might well be directed to particular areas
where safety or production problems have been identified.

This approach is enabling BNFL to make a rational choice as to
where to focus its human factors effort to achieve the maximum benefit
from the resources available and to ensure that plants or areas of plant
get the attention they require.

3.2 Ergonomie Standards and Guidelines
Another element, which applies before the assessment process has

begun, is the provision of ergonomics standards and guidelines. Various
ergonomie standards are now available but they are often unwieldy and
contradictory which means they require ergonomics expertise for their
interpretation and application. However, such expertise is often
difficult to obtain and such a method of application is a very
inefficient use of scarce resources. Resource efficient methods must be
developed. Each Industry or company needs to establish, based on this
body of knowledge, its own standards. These need to be documents that
are simple, consistent and useable so that they can be applied at the
design stage by the designers. At BNFL a team of designers, human factors
and standards specialists have developed such a standard for the design
of operator interfaces (2). By establishing about one hundred
requirements, supplimented by a similar number of recommendations it
provides guidelines for use by design teams. Such design support enables
those in the best position, the designers, to develop designs that
minimise costly modification when the design comes to be evaluated for
safety or operability. Such guidelines should be applied consistently
across individual plants as a minimum and preferably across individual
companies in order to capitalise on the benefits.
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3.3 Detailed Qualitative Human Factors Assessment

Arising from the criteria established to determine where human
factors effort is directed will be the requirement for detailed design
assessments of particular areas of plant or. particular operations. These
qualitative assessments would form part of the support to the overall
safety case rather than forming part of any probabilistic assessments.
However, these qualitative assessments help to 'validate' the the
assumptions underpinning the quantitative assessments and thus bring
increased confidence to the PRA results.

To be effective such detailed design assessment must look at the
combination of the design and the intended operational regime as it is
the combination of these factors that leads to safe lifetime operation
(3). At this point a potential conflict can arise. The early
identification of human factors design problems can allow cost efficient
design changes (i.e. prior to fabrication) and so there is a stong
incentive to carry out these assessments as early as possible in the
design process.

However, not all of the details of the operational regime will have
been determined at this early stage. As part of many of the detailed
assessments it will be necessary to define, at least in preliminary form,
the sequence of operator actions required to fulfill the plant function.
Such information can be represented in the form of task analyses and
these used as the basis of the human error identification process which
evaluates the design. This information represents a significant amount
of work by the designers and future operations staff in supplying the
detail required by the human factors specialists as well as the effort by
the human factors specialists carrying out the error identification. It
will also involve a number of assumptions as to the detailed interactions
between the operator and the plant interface. In addition, the
assessment will generate suggestions as to potential means of reducing
human errors in both safety critical and operationally important areas.
Such information represents a significant investment and if only used for
the safety assessment then one of limited benefit. If, however, this
information is exploited it can be used to support the safe and efficient
operation of the plant. The task and human error analyses can be used to
assist in the generation of the operating instructions for the plant and
the training structure and content. The assumptions and recommendations
can be carried forward to the commissioning phase to assist in decisions
about prefered methods of operation and control. Such benefits can be
obtained if the information is preserved and presented in a useable form.
BNFL are currently developing methods of conveying this information to
those who can exploit it as well as investigating means of developing
training which benefit from this information (A).

3.4 Quantitative Human Reliability Assessment

As the design safety case developes, the requirement for
probabilistic evaluation of safety will be defined. Part of any modern
probabilistic assessment will be a requirement to address the human
element.

For plants such as those developed by BNFL, a large number of human
interactions have to be evaluated. Evaluation of these interactions by
human factors specialists would be a very inefficient use of resources.
BNFL have developed a resources flexible approach to enable the safety
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specialists carrying out the safety assessment to make preliminary
assessments of human reliability (5). These assessments are used as the
basis for determining, by means of sensitivity analyses, where more
detailed evaluation by human factors specialists might be required. Such
an approach has been employed in the Design Safety Case for THORP where
it capitalises on the knowledge acquired by the safety assessor and thus
avoids the requirement of two specialists developing the same
understanding of the plant in order to complete the evaluation.

However, it does have the requirement for a method of assessing
human reliability, useable by non human factors safety specialists, to
give robust human error probabilities and thus avoid underevaluation of
the human contribution. BNFL have developed the Justification of Human
Error Data Information (JHEDI) system to fulfill this requirement. In
addition, the development of the Human Reliability Management System
(HRMS) supports the human factors specialist in the task of detailed
human reliability evaluation where this is required. These systems
enable the specialist resources available to the safety assessment effort
to be used most effectively.

Just as the transfer of information from the detailed design
evaluation at the design stage to the operations personnel at the
commissioning and operational stage is important so it is with the
probabilistic evaluation of human reliability. The systems developed
also assist in the recording of information and assumptions from the
assessments to enable this to be carried forward to subsequent revisions
of the safety case or to those developing the training and procedural
support to the operations.

3.5 Incident Evaluation

Another element of safety that is often underdeveloped is the
incident reporting system. While many systems might fulfill any
legislative requirements placed on them, they do not always capitalise
fully on the information they obtain. It is important that such systems
are integrated into the safety assessment process. The information
obtained as part of any investigation, albeit on significant incidents or
minor occurrences, should be fed back to the safety case so that any
implications can be determined (6). In the longer term, such information
might form the basis for company specific data to support safety
assessments.

4. Summary

This paper has outlined the type of integration of the various
human factors efforts necessary to achieve the Proactive Safety
Assessment that is the requirement of effective and efficient safety
performance in the coming economic climate. This approach is being
applied by BNFL and will be developed further as additional experience is
gained. The overall objectives are clear. Through timely intervention
costly redesign and plant modification can be reduced. By integrating
the requirements of safety assessment with the requirements of operations
a more efficient use of resources and information can be achieved.
Ensuring feed-back and feed-forward mechanisms are in place will enable
all the various parts of an organisation concerned with a plant,
throughout its life-cycle, to maximise their benefit from and
contribution to the safety and operability of the plant.
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Abstract

In the UP3-A design studies, three complementary approaches were used :
- observance of regulations, and good practice,
- review of experience feedback,
- the correlation of probabilities and consequences making use of an acceptability

graph.
The latter approach was considered by the safety authorities to be an acceptable

practice where the probability calculations were sufficiently accurate. Examples of its
application are presented.

1. Introduction.

In the reprocessing plant UP3-A design studies, three complementary approaches
were used :

- observance of regulations, and good practice,

- review of experience feedback,

- the correlation of probabilities and consequences making use of an acceptability
graph.

The latter approach was considered by the safety authorities to be an acceptable
practice where the probability calculations were sufficiently accurate, for instance external
hazards such as aircraft crashes or explosions, as well as events associated with failures of
systems such as the electrical power, cooling, compressed air, flushing and handling
installations, for which adequate data are available. Conversely, for accidents where the
origin is earthquake, criticality or fire, deterministic rules were applied.

2. Presentation of acceptability graph.

The acceptability graph, in which probabilities and consequences are correlated, is
shown in Figure 1. In this chart, situations are divided into five frequency categories.

The first category covers the common operating incidents, with the frequency of
greater than 10"1 per year, classified as normal operation, in which the annual liquid and
gaseous radioactive waste release limits authorized by ministerial orders are not to be
exceeded. These release limits correspond to an irradiation of the population far lower (by a
factor around 100) than the regulatory limit of 5 mSv per year.

As regards the other categories, la Compagnie Générale des Matières Nucléaires
(COGEMA) has proposed to limit the radiological consequences for the most exposed
members of the public on the basis of the estimated annual probability, as indicated below :

- Category 2 : annual probability between 10"^ and 10"^ and annual radiation
exposure less than 0.5 mSv (0.05 rem).
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- Category 3 : annual probability between 10"J and 10° and annual radiation

exposure less than 5 mSv (0.5 rem).

- Category 4 : annual probability between 10 and 10"̂  and annual radiation
exposure less than 150 mSv (15 rem).

- Category 5 : annual probability lower than 10.

The fifth and last category corresponds to "beyond-design-basis" accidents. This
annual probability value of 10" per workshop and per family of events is such that, in view
of the number of workshops and the number of families of events of significant effects, the
overall risk for an establishment such as La Hague, once UP3-A and UP2-800 are
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commissioned, should be of the same order of size as the objective laid down for the
Electricité de France (EDF) sites equipped with pressurised water reactors.

The approach shown in the probability versus consequence acceptability graph is
not of a regulatory nature but was judged an acceptable practice by the safety authorities. It
is used, whenever possible, to assess the provisions made in the design of the facilities to
limit the probabilities and/or the consequences of accidents.

Note :

Hereafter, the expression "unacceptable consequences" shall be taken to mean
unacceptable consequences as defined in the acceptability graph in Figure 1.

The design basis of a nuclear installation is established using a methodology in
which a distinction is drawn between normal, incident and accident situations and safety
rules specific to each are proposed by the operator and examined by the safety authorities.

The main technical rules used in the design work were those put forward by
COGEMA in the plant UP3-A preliminary safety analysis ; after appraisal by the "Standing
Group", they received the approval of the safety authorities, which was followed by the
decree of 12th May 1981 authorizing the construction of plant UP3-A.

For the plant UP3-A workshops, the "safety-related design basis" was used in this
process. This basis was examined by the "Standing Group" and approved by the safety
authorities. These documents include a list of the situations adopted for the design basis of
the installations and the corresponding criteria deduced by using the above approach.

Identifying the plausible accidents necessitates investigating the possible forerunner
events. Some of these originate inside the installations while others are specific to the site,
having effects inside the installations which cause accidents.

The safety functions of a workshop are defined as functions whose loss or
degradation reduces the safety of the workshop. These can be classified into four main
categories :

- "containment" functions, which ensure that sufficient integrity and leaktightness
of the barriers is maintained (containment of radioactive solids, liquids, aerosols and gases,
and containment of chemical reagents),

- "structural" functions, designed to preserve the resistance of the structures
which support or contain equipment participating in other safety functions (civil engineering
structures, equipment supports, fixed shields providing protection against external exposure
to ionizing radiation),

- "auxiliary" functions, designed to maintain the physical and chemical conditions
necessary for preserving the containment (control of temperatures, transfer of radioactive
materials, handling equipment for maintenance and repair work, supply of power and
services, and ventilation of buildings),

- "control" functions, designed to maintain satisfactory operating conditions
(process control and radiological protection control).

Of these safety functions, those considered to be most "important for safety" are
those of whose loss or degradation would result in environmental radiological consequences
greater than 150 mSv (15 rem).

Choice of design basis accidents is based on an analysis in which allowance is
made for the action of forerunner events on the equipment of the workshop and study of the
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resulting scenarios assuming either proper operation or failure of the sub-systems
participating in the safety functions. The study of each plausible scenario, particularly the
development of the effects of the forerunner event on the installation and its consequences is
carried out deterministically.

For use of the acceptability graph, the scenarios are, in estimation of the
probabilities, grouped by families of similar events and the consequences of the worst case
scenarios are token into consideration.

In the design process, COGEMA paid particular care to the means of minimizing
the consequences of common mode failures of certain auxiliary functions contributing to the
execution of functions important for safety, in particular diversification of the electrical
power supplies of the workshops as well as the sweeping air supply system.

As concerns the reliability data, when there was a divergence in views between
COGEMA and the safety authorities, the latter had a sensitivity study carried out to make it
possible to assess the impact of the choice of data on the order of magnitude of the overall
result. On the basis of the conclusions of the study, a more accurate assessment of the data
was made.

As regards human error, these have not been the subject of quantification in the
design-basis probabilistic assessment. The safety authorities then considered with particular
care the operating documents, the training and the problems associated with the man-
machine interface.

The safety authorities recommended thus COGEMA should record and manage the
data relating to the main items of equipment considered in the reliability studies, such as the
duration of operation, the number of calls, the number of failures, the duration of the
corresponding unavailabilities, and the duration of partial unavailabilies for maintenance, so
as to make it possible, after a few years of experience, to analyse the elementary reliability
of these items of equipment.

For all the events chosen, emphasis is placed on justification of the determination
of the parameters taken into consideration and the "bounding" nature of the analyses. The
following examples explain this process.

3. Examples of analysis of selected events.

3.1. Failure of high activity liquid effluent cooling systems.

In reprocessing plant UP3-A, fuel assemblies are sheared and dissolved in
workshop Tl after a period of radioactive decay. In workshop T2, the fission products are
first separated from the uranium and plutonium, then concentrated to 300 litres per tonne of
reprocessed uranium. They are then stored in order that the time counted from the date the
fuel was unloaded from the reactor is at least 4 years, before vitrification in workshop T7.
These concentrates are highly radioactive and, as they release large amounts of heat, the
tanks in which they are stored have to be permanently cooled.

a) Plant UP3-A cooling unit (unit 6260) is located on the roof of workshop T2. It
consists of six forced draft cooling towers, each with two fans driven by two speed motors
which under normal operating conditions, produce and distribute the cold water necessary
for cooling of the equipment of workshops Tl, T2 and T7.

Water is distributed to the internal loops and the equipment to be cooled via three
headers, with one pump each, two being active while the other is on standby. Under
normal operating conditions, four cooling towers are assigned to the two active headers,
while the other two remain on standby (see Figure 2).
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FIG. 2. Plant UP3-A cooling unit.

In workshop T2, the fission product concentrate solution storage tanks (volume of
each : 120 mj) are cooled by unit 6220 in the following manner: each tank is cooled by two
independent internal cooling loops, each capable of removing the maximum amount of heat
released in the tank and consisting of five coils (see Figure 3).

The design of these systems is essentially based on :
- thermal performance calculations allowing for worst case scenarios,

• from the point of view of the heat output per unit volume of the solutions,
• from the point of view of the climatic conditions of the site,
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- on earthquake resistance calculations making it possible to guarantee the
permanence of the cooling function after a "maximum safety earthquake" ("Séisme Majoré
de Sécurité": SMS),

- on loss of cooling accident studies.

b) The study of accident situations involving loss of cooling can be divided into
four stages :

- characterization of the events,

- assessment of the reliability parameters of the different systems,

- estimation of the consequences (function of the duration of the loss of cooling),

- assessment of the corresponding probabilities and determination of the
acceptability of the different situations.

The results are shown in Figure 4, where all the points representing the
development of loss of cooling accident situations in the probability-consequence graph fall
within the acceptability domain determined at the design stage (the different cases marked
A, B, C etc. correspond to loss of cooling scenarios affecting the equipment of workshops
Tl, T2andT7).

Case E is the worst case for loss of cooling of a fission product storage tank. With
the most conservative postulate, the times taken to reach environmental radiological
consequences are the following:
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FIG. 4. Acceptability of accident situations.

- 0.5 mSv (0.05 rem):6 hours after total loss of cooling,
- 5 mSv (0.5 rent) : 7 hours after total loss of cooling,
- 150 mSv (15 rem): 25 hours after total loss of cooling.

During the evaporation of the solution, the concentration in nitric acid increases,
which leads to the formation of volatile species of ruthenium. Ruthenium would not be
released in volatile form before the third day.

c) The accidental release values are based on the following predicates:

cl) The radionuclides escape from tanks in the form of aerosols,
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c2) The factor for entrainment of radioactivity from the tanks by aerosols escaping
from them is taken to be 10" .

This value represents the upper bound of the results obtained in laboratory
experiments in which fission product solutions were boiled.

c3) The factor for transfer between the tank outlet and the stack outlet is taken to
be 4xlCT2.

This value was obtained by mathematically modelling the propagation of aerosols
in the vent lines from the storage tank outlet to the plant stack outlet, essentially using the
following parameters:

- the diameter and the flowrate of the aerosols at the point of release, the values
of which were obtained by experimental studies,

- the flowrate of the air in the ducts (natural draft ventilation),

- the relative humidity of the ambient air etc.

d) The action to be taken in the event of deterioration of the situation, is specified
in the general operating rules applicable to plant UP3-A and is detailed in the instructions
and procedures.

The study of loss of cooling of concentrated fission products demonstrates that all
the plausible scenarios remain within the acceptability graph limits as defined earlier.

The least improbable cases of loss of cooling correspond to short duration
shutdowns (of less than the time necessary for reaching boiling of the solutions, i.e. about
six hours under the worst conditions). The causes could be the following :

dl) Failure of a cooling system component:

Due to the design provisions to ensure redundancy and reliability of the equipment,
the preventive maintenance policy and the spare part management policy applied at the La
Hague site, action can be taken to restore the cooling function within due time.

d2) Loss of main electrical power supplies:

The La Hague site is normally supplied from the Electricité de France (EOF)
national grid by two 90 kV lines.

These two lines rated for 400 kV are used at 90 kV. Both simultaneously supply
the site, the load being roughly equally divided between them. However, either of the two
lines can supply the site alone.

These lines lead to switchyard P90 whose function is to redistribute the electric
current to all the site installations via a set of bus bars after transformation to 20 kV.

The design principle adopted for the 20 kV network is to separate the entire system
into two distribution lines A and B, which are independent under normal conditions,
dividing the consumers between them to ensure that their respective loads are virtually
equal. However, these two trains can be used to back each other up if certain connections
are made.

The 20 kV network includes (see Figure 5) :

- distribution stations DEA ("Distribution Electrique, voie A") and DEB
("Distribution Electrique, voie B"),
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FIG. 5. Schematic diagram of electrical power generation and distribution from the site to the workshop.

- distribution sub-stations ("Sous Stations de Repartition Electrique" : SSRE)
throughout the site,

- "building unit" sub-stations ("Sous Station, Bâtiment-Unité" : SSBU) associated
with each workshop of plant UP3-A,

- a self-contained standby power plant with three electric generating sets.

In the event of failure of the EDF grid, standby power is supplied by the self-
contained power plant which automatically starts after 12 seconds. The consumers thus
supplied are those of type E ("emergency supplied" or "essential").

The gradual resupply of electrical power to the consumers is optimized by the load
shedding/return system ("Système de Délestage-Relestage" : SDR) on the basis of:

- their importance for safety,
- the power available from the self-contained power plant, making it necessary to

classify the emergency supplied consumers into three families:
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• family A:
consumers which, during loss of the EOF electrical power supply, are
resupplied if at least one of the generating sets of the self-contained standby
power plant is operating,

• family B:
consumers which, during loss of the EDF electrical power supply, are
resupplied if at least two of the generating sets of the self-contained standby
power plant are operating,

• family C:
consumers which, during loss of the EDF electrical power supply, are
resupplied if at least three of the generating sets of the self-contained standby
power plant are operating.

Also, certain "type P" or "permanent" consumers supplied with current from the
EDF grid or the self-contained standby power plant include an independent circuit (batteries
and inverters). The following are of this type : the instrumentation control systems (self-
contained operation for 30 minutes), the emergency lighting of radiological protection
devices (self-contained operation for 1 hour) and the criticality detection and fire detection
circuits (self-contained operation for 12 hours).

In the event of total loss of both the EDF power supply and the power supply from
the self-contained standby power plant, electricity is supplied by double local "safeguard"
diesel generating sets making it possible to resupply the consumers required for functions
important to safety (including the concentrated fission product solution cooling function)
which are referred to as "type S" or "safeguarded" consumers. These safeguarded
consumers are supplied by safeguard electrical generating sets via two independent and
mutually redundant trains.

These safeguarded consumers are an integral part of family A, i.e. any consumer
for which the safeguard power supply is possible can also be supplied from the self-
contained standby power plant if at least one generating set is operating.

The division of the consumers into four types: N ("normal", supplied only from
the EDF grid), E, P or S results from the analysis made of the safety of the installations
and feedback of experience concerning electrical power blackouts.

Indeed, a number of incidents involving the temporary loss of concentrated fission
product cooling have occurred at the UP2 reprocessing plant on La Hague site caused by
the failure of electrical power supplies : on 15' April 1980 after a fire.in electrical power
sub-station PO (several hours), on 14m March 1989 (one hour) and on 8th August 1989 (1.5
hour). During these incidents, no significant variations in the temperatures of the
concentrated fission product solutions were observed.

The "safeguard operating system" makes it possible to preserve the operability of
the functions whose purpose is to protect the environment from unacceptable consequences
after an accident.

The operating instructions specify, for each workshop, the conditions of utilization
of the safeguard system. A "safeguard operating mode" enables the shift supervisor and the
workshop operators to implement safeguard provisions. This operating mode provides
sequences of operations that the operators are required to carry out in chronological order,
and guidelines for the shift supervisor which enable him to monitor, in liaison with the
operators, the different phases of safeguarding of the workshop. This document gives the
locations of the call points, the routes to be followed by the operators and an estimation of
the time necessary for carrying out the main operations.

The shift supervisor (or possibly his deputy) coordinates the operations involved in
safeguarding the workshop and operating it under such conditions. He orders the operations
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to be started, then coordinates and monitors them from a room in the workshop termed the
"fallback room".

Once the safeguard provisions have been implemented, the operating parameters
are monitored and a unit operating log is kept updated.

Throughout safeguard mode operation, the operating team :

- provides permanent presence in the current distribution rooms and the fallback
rooms (safeguard control panel),

- monitors the important parameters,

- establishes the necessary liaison with the plant manager and the shift engineer.

To ensure proper completion of the actions necessary for safeguard switchover
within the time specified, exercises are carried out periodically.

To sum up, UP3-A reprocessing plant takes off-site electrical power from the
national grid and on-site electrical power from diesel generators, combined with on-site
distribution from two geographically segregated lines ; furthermore, the consumers
considered important for safety can be re-supplied by seismically-designed safeguard diesel
generators. These features ensure a high level of reliability of electrical supply, resulting in
the acceptability graph of figure 4.

3.2. Process cell explosion hazards.

The prevention of explosions caused by the accumulation of hydrogen produced by
radiolysis is based on the use of highly reliable systems which are used to dilute the tank
atmospheres with air.

Allowance, at the design stage, for the hazards resulting from the production of
hydrogen by radiolysis involves the following main stages:

a) Design basis of sweeping air system.

This stage consists of :

- identifying the tanks where there is an explosion hazard due to the concentration
of radiolysis hydrogen,

- assessing the maximum flowrate of generated hydrogen, particularly as regards
the heat output of the solutions and the hydrogen generation rate G

- assessing the minimum air flushing rate ensuring that a concentration of 2% is
not exceeded in the tank atmospheres ; a corresponding air flushing system is installed.

b) Assessment of the time taken to reach a concentration of 4% (the lower limit of
flammability) after total loss of flushing.

c) Study of flushing system reliability making it possible to estimate the probability
of redundant loss of flushing liable to create an explosion hazard.

The results indicate explosion probabilities in the tanks affected of less than
10" .year , which places such accidents in the beyond-design-basis accident domain.
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The air necessary for flushing is produced by two passive redundant booster
pumps.

In the event of unavailability of the two booster pumps, it is possible to supply the
distribution header directly with the industrial compressed air of the plant (with the
possibility of interconnecting with the plant UP2-400 production unit).

The solutions stored in certain tanks (exemple : High active liquid wastes storage
tanks) are homogenized with pulsed air devices. In the probabilistic study, allowance was
made for the availability of these devices ; when they are operational the time to reach a
critical concentration of 4% is in certain cases extremely long.

As a back-up measure, sweeping with nitrogen is possible. The availability of the
related devices was not taken into account in the probabilistic demonstration.

3.3. Aircraft crash hazard.

In view of the way in which air space is organized, the nature of flights (general,
military and commercial aviation), and the existing accident statistics (by mode of
propulsion and weight and by phase of flight), it is possible to calculate the probability of
the fall of a reference aircraft for a given site per square metre.

For the La Hague site :

- the probability of a fall per square metre is 4.4x10"* per year,

- the reference aircraft chosen is a Cessna 210 falling at a maximum speed of 100
m.s ,

- the fall trajectories selected are, on an equal basis, vertical and 45° at any
azimuth.

The tests carried out by the Centre d'Etudes Scientifiques et Techniques
d'Aquitaine (CESTA) have demonstrated that 50 cm of concrete representative of workshop
walls constitute an effective shield for the reference missile.

The "target" to be protected is considered to be all the structures and equipment
necessary for the safety functions of the workshop. Where it is not possible to study the
consequences of the hazard for the target itself or one of its parts, the building or the part of
the building in which it is contained is conservatively adopted.

For assessment of the probability of a fall on each of the targets, the formulae
include the concept of the virtual area of the building or buildings housing each safety
function of the workshop : this area constitutes the area of the target to be allowed for and
corresponds to the mean probable area of the cylindrical projection to ground level at the
possible directions of fall of the aircraft of the apparent area of these buildings.

For each of the plant UP3-A workshops, uie annual probability of an aircraft crash
causing unacceptable consequences is less than 10"'.year".

Consequently, this hazard is not included in the design basis.

In the scope of beyond-design basis accident studies, the study of the mechanical
effects of the fall of a business aircraft (a Cessna 210) on the spent fuel interim storage
ponds has furthermore indicated that the ponds would remain leaktight.
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4. Conclusion

The Purex process used for the processing of spent fuel has been operating
successfully, as regards safety, at plant UP1 at Marcoule since 1958 and plant UP2 at La
Hague since 1966. One of the greatest challenges in designing plant UP3-A has resulted
from the application of even more stringent safety criteria to further restrict the frequency
and consequences of accidents.

The probabilistic approach, used in cases where probabilities can be calculated with
adequate accuracy, has borne out the provisions made in the design of the installations to
attain this goal. This approach represents an essential resource, which supplements and
strengthens the nuclear rules and deterministic safety objectives for assessing the design
basis of the installations. The design basis of plant UP3-A results in significantly higher
safety, for instance the concentrated fission product solution cooling systems have attained
an extremely high level of reliability (essentially due to the greater reliability of electrical
supply, an incident involving a several hours long blackout of all the electrical power
supplies of plant UP2-400 of the type which occurred on 15th April 1980 is now far more
improbable).
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THE EXPERIENCE OF PSA IN
AEA TECHNOLOGY DURING THE
LICENSING OF MAJOR RESEARCH FACILITIES
(Abstract)

D.S. BARNES
Safety and Reliability Directorate,
Culcheth, Cheshire,
United Kingdom

Within the UK, the safety of nuclear installations is
monitored through the regulatory authority, the Nuclear
Installations Inspectorate. Any nuclear site, be it reactoror other facility, eg reprocessing, fabrication etc. is
granted a licence under the Nuclear Installations Act and
is required to comply with the requirements of a number of
site licence conditions.
One of the (35) licensing requirements in the UK demands
that all individual facilities dealing with radioactive
materials have to produce Safety Cases to justify their
continued safe operation. The AEA used a menu approach to
the construction of Safety Cases, one of the principal
sections being the safety or hazard assessment.
The AEA has issued a series of its own Corporate Safety
Directives and associated Guidance Notes, which are
intended to give guidance to those people directly involved
in the production of Safety Cases. These included
definition of the AEA's own standards on risk criteria and
the standards to which the AEA should work. These documents
also cover issues such as radiological protection,
emergency arrangements, criticality etc.
This presentation is intended to indicate how PSAs were
used to quantify the risks arising from the operation of
the nuclear chemical plant in the AEA, particularly those
concerned with the fuel cycle facilities on the Dounreay
site, in particular reprocessing and waste treatmentplants, but also laboratory facilities. The radioactive
inventories cover a wide range of material types, including
fissile, activated material, fission products and higher
actinides.
It will demonstrate how fault sequences were identified
leading to the assessment of frequency, consequence and
overall risk for individual facilities to form the major
input to the hazard assessment section of the Safety Case.
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PSA FOR NUCLEAR FUEL CYCLE INSTALLATIONS:
STATE OF DEVELOPMENT AND EXPERIENCE
IN THE FEDERAL REPUBLIC OF GERMANY

HJ. WINGENDER, R. LEICHT
NUKEM GmbH,
Alzenau, Federal Republic of Germany

Abstract

This paper undertakes to summarise and to document through ex-
amples the state of development and experience in the FRG with
respect to probabilistic safety assessment (PSA) for nuclear
fuel cycle installations (NFCI) - except nuclear power plants
(NPP) which, however, are to be referred to at some sections of
the paper, in order to put the PSA achievements for NFCI in per-
spective.
The following items are covered: Historical overview; Methods,
tools and results; Affecting ambience; Current situation and
work; Conclusions and recommendations. An extensive liât of re-
ferences is added.
Most of the activities described were initiated through coopera-
tion of the Federal Ministry for Research and Technology, re-
search centres and industry. The project "System Study on Radio-
active Waste in the FRG" was the starting point (1974 - 1977).
The efforts were continued in the "Project Safety Studies of the
Back End of the NFC" (1977 - 1985). The projects aimed at the
development of safety related investigation methods, the demon-
stration of applicability and usefulness of these tools with
respect to the planning and later operation of the NFC back end
facilities.
Developments abroad - in particular those in the U.S.A. at that
time - had strong effect and influence as in the field of PSA
for NPP. However, the particular needs of the problem, i.e. fa-
cilities housing chemical processes in unfamiliar, remote and
barred structures required their own set of methods: The fault
tree was extended to what has been called a release tree capable
of achieving results directly comparable for different facili-
ties? a fully dynamical representation of accident courses was
developed and a steady states approach was derived. The respec-
tive computer tools were developed as well as the required data
bases: reliability data collection and analysis, the parameters
and dependencies governing the behaviour of processes, systems
and materials.
By 1985, the FRG had at hand the resources to perform PSA in the
appropriate manner for the various states of planning and opera-
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ting NFCI, a sound understanding of how to compare and to inter-
pret results, and the ability to evidence whether NFCI show a
balanced safety engineering or not, and why.
Some achievements of PSA for NFCI have been tested in interna-
tional benchmark exercises, like the EuReDatA benchmark exercise
on data analysis and others. It might be advisable to initiate
further benchmark comparisons dealing with the items treated in
PSA: fault tree approach and methods; uncertainty of data and
results, human factors, interdependencies of events, modelling
of accident evolution, documentation of PSA etc. It might be
recommendable to summarise and/or assemble the resources avail-
able in an appropriate project.

1. INTRODUCTION

According to subject and objective of the Technical Committee
Meeting, the paper summarizes and documents the developments
achieved and the experience accumulated in the Federal Republic
Germany (FRG) with respect to Probabilistic Safety Assessment
{PSA) for nuclear fuel cycle installations (NFCI). PSA for nuc-
lear power plants (NPP) is, however, not treated, because the
item is outside the scope of the meeting. Nevertheless, PSA for
NPP has to be referred to in a few sections in order to provide
some kind of basis for comparison and perspective of what has
been achieved in the field of PSA for NFCI.

The 2nd paragraph reviews the history of the developments and of
the projects in which the experience was collected and applied.
It covers the time period between 1975 and 1985. By then, the
capability and the resources were available to perform PSA pro-
perly for NFCI at their various states of planning and in their
operating state as well. A sound understanding had been achieved
of how to compare and to interpret results and of what prerequi-
sites are needed and to be used in order to derive proper re-
sults, i.e. results in line with the actual objectives of a PSA
exercise.

In order to document and substantiate the statements in the
foregoing section, paragraph 3 makes use of examples explaining
and justifying the development and the character of methods and
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tools. For this purposes it is important to clarify the particu-
larities of NFCI in relation to those of NPP with respect to the
objectives and to the prerequisites of PSA. On this basis only/
a profound understanding and appreciation of the differences in
features and aspects between PSA for NFCI and NPP can be estab-
lished. The findings and the results of various PSA exercises
documented are dicussed on this basis. They hopefully unveil
parts of the background of these efforts, evidence the state of
the art achieved, and eventually document areas requiring furt-
her effort.

The fourth paragraph deals with the ambience affecting those
developments and achievements and determining their further fate
until today. The - in this context decisive characteristics of
the ambience are the legal situation with respect to licensing
in the FRG, the international cooperation situation, and the
events which influenced the nuclear area inside and outside the
FRG.

The fifth paragraph describes the present situation of PSA for
NFCI in the FRG and some examples of ongoing work in this field.

The last paragraph is meant to draw conclusions, in particular
to recommend domains and features requiring further effort and
to indicate ways of combining forces for effectively tackling
such tasks.

2. HISTORICAL REVIEW

In 1974 the Bundesminister für Forschung und Technologie (BMFT,
Federal Minister for Research and Technology) launched a compre-
hensive exercise aiming at

the compilation of all relevant information on and experience
in matters of radioactive waste,
a sound basis of forecasts of waste arisings,
establishing the needs of R+D, processes and plant capacities
required by the year 2000, and
outlines of a properly adapted waste treatement and disposal
system for the FRG.
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FIG. 1. Scheme of SRA activities, 1974-1977 (according to IM).

It was named "Systemstudie Radioaktive Abfälle in der Bundes-
republik Deutschland - SRA" (System Study on Radioactive Waste
in the FRG /!/). The project was led as an interdisciplinary
effort by NUKEM GmbH with eight major contributors from industry
and research establishments. The safety item was regarded as an
essential feature (figure 1, table 1) to be treated by probabi-
listic methods. In consequence, a PSA working group (headed by
one of the authors) was established with delegates from six in-
stitutions (4 research centres, 2 industries) and charged with
the tasks to provide the project with the appropriate methodolo-
gy and tools and test them through application to several selec-
ted facilities (table 1).
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Table 1: Overview of FRG Radwaste System Study SRA and
SRA - PSA Working Group

SRA - FRG System Study on Radioactive Waste /!/

Time Period: 1974 - 1977
Objectives: - compile information and experience,

- forecast waste arisings and needs of R+D and
capacities required until 2000,

- define solutions,
- outline the FRG waste treatment and disposal
system.

Safety: - essential,
- particular PSA working group.

SRA - PSA Working Group /10/

Time Period: 1975 - 1977
Objectives: - provide the appropriate methodology and tools

for PSA of NFCI,
- test them by applying to selected facilities.

Facilities: - tank storage of high level radioactive liquid
waste (HLLW) at a reprocessing plant /10/,

- vitrification plant for HLLW /10/, /13/
- transportation of high level radioactive waste

(HLW) /ll/,
- repository for HLW final disposal /12/

Under the umbrella agreement on R-fD exchange between the German
Federal Ministry of Research and Technology (BMFT) and the U.S.
Energy Research and Development Agency (ERDA - later incorpora-
ted into USNRC and DOE) a close cooperation had been established
in the radioactive waste management domain enabling the SRA-PSA
Working Group to have access to the ongoing developments in the
U.S.A. as for instance the U.S. Reactor Safety Study (Rasmussen
Study) /2/ and the efforts making use of the PRA approach in
the NFCI area at Battelle Northwest Laboratories (BNWL) /3, 4,
6/f the Electric Power Research Institute (EPRI) /5/, Sandia La-
boratories in Alberquerque and Science Applications Incorporated
(now SAIC, San Diego).
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Table 2: Features of NPP and NFCI affecting the respective PSA
method

Plant Features
NPP NFCI

Many plants operating Single/few plants/unique/
pilot

Ample operational experience Minor operational experience
Inventory locally concentrated Inventory locally distributed
Special chemical and physical Multitude of chemical and
conditions of inventory: physical conditions of inven-

tory:
T high T low to high
P high P low
Phase: solid Phase: solid, liquid,

solution
single compound various compound

PSA Features
NPP NFCI

Pre-analysis Pre-analysis
Event tree + fault tree Fault tree only
Initiator: Initiator:

control system/barrier fax- process/barrier failure
lure

Course: Course:
thermohydraulics model chemical/physical process

model
counter measures failure counter measures failure
emergency failure retention failure
release path open release path open

The decision to use PSA/PRA as the qualified method was guided
by the U.S. experience, the UK foundations /14, 15, 16/, and the
idea that for an exercise aiming far into the future - like SRA
- the adequate tool should possess a certain and sufficient
quantity.of predictive power. In a second step of the method se-
lection process it became obvious that the PSA as used for NPP
applications and described at that time in the U.S. Reactor Sa-
fety Study /2/ and later in the PRA Procedures Guide /8/, the
Deutsche Risikostudie Kernkraftwerke /?/, and the PSA-Leitfaden
/9/ were tailored according to the reactor safety problem and
did not suit the particular needs of NFCI safety assessment. The
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characteristics of NFCI in the SRA exercise were - and this
holds in general even today:

Most of the facilities in question are/were in the blue print
stage.
Some of the processes were established and operating on a pi-
lot plant scale, not in an industrial scale as reactors were/
are.

Development work was in progress.

Almost all of the facilities will be unique in a country,
i.e. the plants will not be constructed and operated in large
numbers - as reactors - and will consequently also be outnum-
bered by reactors with respect to operating experience in
terms of plant operating years.
Reactors contain the bulk of radioactive inventory in their
cores where it is to remain until fuel discharge. In con-
trast/ NFCI's rather resemble chemical plants treating the
material at several subsequent process steps, changing its
physical and chemical characteristics, transferring it bet-
ween the locations of the process untis. In consequence, the
radioactive inventory is not locally concentrated but dis-
tributed over an extended "core" region - the hot cell tract
- of the plant.

The requirements derived under these aspects and to be met by an
PSA method adequate for NFCI's were:

- Abandon event trees.

- Use fault trees as the main tool of system strucure modelling
and accident sequence derivation.
Model main course of accident propagation as a sequence of
barrier violations up to an opening to the ambience; thus,
the fault tree top event carries the denomination "unintended
release ....".

- Quantify release (rates) over time based upon the modelling
of barrier violating effects and on radioactive material con-
veying and/or retaining phenomena.
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Perform a preliminary analysis in order to define the areas
which are to be dealt with in detail.

- Ensure comparability of results by properly indicating relea-
se rates as function of time (or release quantities as inte-
gral over time) in terms of either radionuclide spectrum in-
volved, chemical composition etc. so that dispersion and ex-
posure models can be subsequently linked, or in terms of ha-
zard weighted quantities.

Those requirements have been proven justified and extremely
fruitful throughout the SRA-PSA work and in all subsequent exer-
cises. The logic behind those requirements ist that event trees
reflect operational experience of a particular type of plant and
that this accumulation of experience can never be achieved for
NFCI's. Thus it was concluded that for NFCI PSA the construction
of event trees were premature and likely misleading. The task of
formulating possible accident sequences could easily be conveyed
to a preliminary analysis followed by fault tree construction
reflecting the course and propagation of possible accidents,
i.e. event chains leading to unintended release. The conditions
for modelling the release quantity functions under consideration
of plant specific effects and phenomena is logical because the
requirement of result comparability means that the accidental
releases are to be given in terms of hazard-weighted units ta-
king into account the various types of radionuclides and their
effect. Also atmospheric dispersion and exposure calculations
should be adjoinable.

Based on the requirements, the existing methods were reviewed
and the Battelle approach /3, 4, 6/was identified as the most
appropriate one for the SRA project. With only minor adaptations
it was adopted and applied in PSA's of a few plants - i.e.
plants in a blue print state (table 1). The results are communi-
cated in /17/, SRA volume 5 /10/ and in three theses /ll, 12,
13/.

As to the results, there are two types:

1. The test of the approach has shown that the method does in
general meet the requirements and that adaptations might be
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recommendable in particular cases - for instance: a general
exclusion of event trees might be too restrictive, an inter-
linked combination of deductive and inductive procedures is
recommendable.

Furthermore, the method is capable of being adventageously
used in the planning as well as in the operational phase of
a process or facility. Its results support the understandig
of the process, lead to balanced measures of amendment, and
are comparable between different plants. Initially raised
doubts about it applicability onto the underground repository
for waste disposal have been confirmed in the sense that the
availability of long term reliability data cannot be ensured.
For the operational phase of the repository its use might
prove helpful and beneficial.

2. From the test application a number of gaps, recommendations
of improvement and ideas for further work have turned out:

Use is to be made of distributions rather than mean or me-
dian values of reliability parameters only (failure rates
and probabilities p.e.).

Common mode/cause failure source identification and treat-
ment are problems not yet sufficiently accessible.

Human factors (detrimental and remedial actions, effects)
are to be considered.

Data problems exist in a wide range of component failure
probability, and with respect to parameters governing the
transport and retention of material flows leading to re-
leases.
Adequately modelling the effect of material transport from
its source to the release point requires more effort and
understanding of the underlying phenomena.

Adequate models and respective data are required for trea-
ting the migration and transport processes of near surface
above ground (i.e. atmospheric) releases, topsoil/subsoil
contamination and in geologic strata.
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With the experience gained in the PSA Working Group and with the
objective to improve the method, the tools and the base, a new
"Project Safety Studies of the Back End of the Nuclear Fuel
Cycle" (Projekt SicherheitsStudien Entsorgung - PSE) was formu-
lated and eventually launched by the Federal Minister for Re-
search and Technologie (BMFT) in 1977 and planned for finaliza-
tion in 1980. As it turned out, a. second phase of PSE was needed
which lasted until the beginning of 1985. Preliminary indication
of the launch of PSE was communicated by one of the authors /17/
who served as a member of the management board of PSE for its 8
year life time.

PSE was assigned to the Hahn-Meitner-Institut für Kernforschung
(HMI) in Berlin, where the management board was institutionali-
zed. Over the years the project grew so that during the period
of highest activity there were 20 working groups with 120 staff
contributing from universities, research centres and industry.
Roughly three quarters of the work was devoted to the safety of
the geologic repository for waste disposal. An overview of the
tasks of PSE is listed in table 3 and visualized in figure 2.

The objectives of the project clearly stated in an interim sum-
mary article of 1981 /18/ and in the PSE Summarizing Final Re-
port of 1985 /19/ were as follows:

In general, the project was meant to support the FRG nuclear
fuel cycle back end concept through providing a sound, test-
ed, and approved methodology of safety assessment, whose re-
sults can be used in decision making on R+D by the government
as well as in the ongoing planning efforts of industry and
future operators of NFC back end installations.

In particular,

develop the method - preferably that of PSA - for the
safety assessment of an integrated NFC back end concept
and provide the corresponding data based on experience and
experiment,

. test and demonstrate methods and data using planning docu-
ments of exemplary facilities or sections,
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Table 3: Overview of PSE tasks

1. PSA of surface installations and processes up to the source
term quantification
* spent fuel storage
* reprocessing, also comprising HLLW storage

MLW storage
HLLW vitrification
MLW solidification

* transport of spent fuel and waste
Methods - further development and adjustment also compri-

sing ccf, cmf and hf
- basic reliability parameters
- tools, codes development
- barrier efficiency modelling
- accident course modelling

2. Modelling and assessment of expected radionuclide releases
{source terms) from the geologic repository due to barrier
failure - for instance after water intrusion - into the geo-
logic environment surrounding the host formation (salt dome)

3. Modelling atmospheric dispersion of radionuclides and subse-
quent exposure through inhalation and external irradiation

4. Fall out, deposition of radionuclides on topsoil (rain and
wind effects) and migration into ground water

5. Contaminated brine migration above the salt dome (repository)
and contact/transfer to ground water

6. Food chain transfer; ingestion; irradiation from topsoil sur-
face contamination

assess comparability of risk contributions from accident
courses of typical plant sections, - determine effect and
efficiency of respository barriers on the basis of proba-
bilistic or deterministic quantities of radionuclide re-
leases during anomalous operating conditions.

From table 3 can be concluded that two tasks (no. 1 and 2) are
concerned with accident modelling up to the assessment of the
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spent fuel
interim
storage

FIG. 2. Domain of PSE efforts, 1977-1984.

release function at the release point (source term). The remai-
ning four tasks deal with the various transport mechanisms in
the environment of the facilities - in the case of the reposito-
ry this environment comprises the geologic formation around and
above the host formation, i.e. the salt dome structure - and the
assessment of exposure doses (task €).

It is to be mentioned here that during the first phase of PSE
(1977 - 1981) the parallel efforts in the U.S.A. were progress-
ing (see p.e. /15/) and close contacts were cultivated. However,
political decisions affected this climate. The International
Fuel Cycle Evaluation (INFCE) project launched by President Car-
ter and the U.S. decision to set back or even temporarily aban-
don reprocessing resulted in ceasing activities in the U.S.A.
and consequently in reduced contacts and exchange.
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The FRG NFC back end concept stressed in the objectives of PSE
also underwent dramatical changes during the course of PSE with
respect to

- siting: initially co-located facilities on the repository
site, later various changes of sites for reprocessing,

- capacity: initially 1500 tons of heavy metal per year and
then 500 and down to 350 tons of HM/year.

These developments influenced the work of PSE seriously but none
more than the PSA of transportation activities.

The results of the project are fairly comprehensively and expli-
citly laid down in the suntmarazing final report /19/ and in the
adherent technical annexes (/19-1/ to /19-19/). For the safety
assessment of the geologic repository in a salt dome (host rock)
a fully deterministic approach was chosen because of the impos-
sibility to define any type of sound reliability parameters or
stochastic data describing the long term (10,000 years and more)
behaviour. Nevertheless, the repository results are convincing,
plausible and have already proven very useful in the safety
assessment and comparison of the so called Projekt Andere Ent-
sorgungstechniken (PAE - Project Complementary Strategies for
the NFC Back End) /20/.

The following sections will, therefore, deal with the PSA exer-
cises and methods for the surface installations only. A further
concentration concerns the restriction to the facilities them-
selves: the migration and dispersion models and the dose assess-
ment are not discussed here. It is to be emphasized, however,
that these tools have been fully developed and have been in wi-
der use.

Table 4 shows the main achievements of PSE with respect to me-
thodology. These tools and procedures have been applied in the
PSA exercises of PSE and beyound.

Table 5 contains an overview of the PSA applications and method
tests peformed in PSE.
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Table 4 : Methodology related achievements and tools in PSE
(compilation)

Release tree:

logic diagram of barrier system effect
structure: barrier state transitions necessary and suffi-

cient to change release rates
top events: unintended release
basic events: barrier states

Fault tree (analytic, Monte Carlo):

logic diagram of component/event system
structure: component state transitions necessary and suffi-

cient to change barrier states
top event: barrier failure (increased penetrability)
basic events: component states

primary source term models (dynamic/steady state)
barrier efficiency models (dynamic/steady state)
material flow models (transport cells) (dynamic/steady state)
model interlink/dependence tools (dynamic/steady state)

component reliability data (distribution functions)
uncertainty propagation
ccf/cmf dependency models
human factors (studied/applied in tests only)
"Farmer" diagram and CCDF diagram

Radionuclide dispersion models
Exposure assessment models

Computer codes developed in or acquired and adapted for PSE pur-
poses are listed in table 6.

Detailed discussion of the most significatn aspects and results
is provided in paragraph 3.

One project is to mentioned here, although it is not directly
related to PSE. During the SRA project it become obvious that
the problem of reliability data/parameter acquisition had to be
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Table 5: PSA for surface NFCI executed in FSE (overview)

NFCI/activity examples

Reprocessing;
- head ends

- 1st ectraction cycle:
3rd plutonium cycle:

- extraction:

* zircalloy fire, criticality in
dissolver, off gas system failures

* solvent fire
* evaporator explosion ("red oil"
reaction)

* criticality in homogeneous solu-
tions, formation and reaction of
ignitable gas mixtures

Waste treatment;
HLLW concentration:

- HLLWC storage:

HLLWC denitration:
HLLWC vitrification:

solid HLW storage:

MLLW storage:

- MLLW solidification!

solid MLW storage:

* evaporator explosion
* loss of cooling, leak and barrier
failures in off gas and venting
systems

* run away reaction
* irregular process courses, off gas
system failures

* mechanical impact, venting system
failures

* tank leaks, pff gas and venting
system failures

* mechanical impact, barrier failu-
res

* mechanical impact

Transportation of spent
fuel and radioactive
waste (road and raili

- complete routing system1' inter-
linking all facilities and sites

- transport frequencies and quanti-
ties for all route sections

- normal operation exposure of popu-
lation and staff

- accident scenarios (release tree/-
fault tree)

- quantities (characterized) relea-
sed

- radionuclide dispersion
- exposure assessment

Three different routing systems were to be investigated due
to changes in policy and politics
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Table 6: Computer codes developed or acquired for and
adapted to PSE purposes (compilation)

Code package
name

ACCIDOS
AERODOS

BAMBUS
ECOSYS

EMOS

EVENT

LASAT

MUSEMET

RIDO

STAR

description

Radiation exposure assessment accord-
ing to FRG regulations
{atmospheric dispersion)
deterministic, time dependent assess-
ment of radiation exposure, detailed
food chain effects
deterministic, time dependent modell
of release processes from a salt dome
repository
deterministic model of transport phe-
nomena in air duct systems
near surface release dispersion model
(La Grange method)
extended Gaussian model of atmosphe-
ric dispersion
probabilistic simulation of release
governing phenomena, fully dynamic
barrier behaviour modelling
probabilistic model of release govern-
ing phenomena, steady state approach

reference

/19-9/

/19-9/
/19-19/

/19-15/
/19-16/

/19-2/

/19-8/

/19-9/

/19-3/

/19-4/
/19-5/

SWIFT

RIS A

FTL

FDA

of barrier behaviour dynamics
radionuclide transport model of migra- /19-18/
tion in ground water strata
fault tree construction and evaluation /28/
tool, analytic, Monte Carlo, uncertain-
ties
fault tree construction and evaluation /29/
code, analytic, uncertainties
basis event data statistical analysis /27/

solved. Until then preliminary collection exercises at German
fossil and nuclear power plants /21/, the Systems Reliability
Service (SRS) data bank of the United Kingdom Atomic Energy
Authority (UKAEA) and the U.S. Mil-Handbook /22/ were the only
sources of data. Because of this situation a project was launch-
ed - again in the realm of BMFT - to collect and analyse event
data of the components in the operating reprocessing pilot plant
in Karlsruhe. The project was executed by NUKEM in the period
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from 1978 till 1981 and covered an operating period of roughly
four years. The success was convincing and for the plant opera-
tion itself fairly beneficial. Unfortunately the resulting in-
formation and data were considered confidential and never pu-
blished. Nevertheless/ the database established for PSE was
checked against these reprocessing data and corrected. Although
the data have become obsolete by now, the experience gained in
this project had fairly beneficial consequences and has been
published in a few papers and led to data analysis code deve-
lopments widely in use (/23/f /24/, /25/, /26/, /27/).

3. METHODS, TOOLS, RESULTS

3.1 Characteristic methods in PSE

The general features developed, tested and refined in PSE for
the execution of PSA for NFCI and NFCI complexes is outlined in
figure 3. Starting from the fact that the facilities investiga-
ted are either in a blue print state of planning or - when ope-
rating - of an unique and singular type, it is thought reasona-
ble to choose an approach which ensures that as many of the
main risk contributors as feasible will be identified. In order
to keep such a task managable, early quantification, screening
and cut off are necessary procedures (preliminary and complemen-
tary ananlysis, identification of critical facility sections,
documentation of sections not to be investigated further and of
the quantified reasons why not). The PSA for those sections
found important is then executed resulting in:

accident frequencies

- accident release functions (rate over time, integral quanti-
ties )

frequency/release diagrams

complementary cumulative distribution functions

- uncertainty areas, confidence limits

- complete documentation of procedures, data, assumptions, dis-
tributions, neglections etc.
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FIG. 3. General course of PSA exercise according to PSE strategy for NFCI.

According to the general approach of PSE, these results are com-
prising a huge multitude of accidents, although cut off procedu-
res were applied in the fault tree/release tree evaluation. The-
refore, a second screening process is applied by the use of
simple, conservative, and fast dispersion models and exposure
assessment tools. The screening is again completed by a documen-
tation step. Those accidents passing the screening check are
subject of explicit and comprehensive dispersion modelling and
exposure calculations, p.e. taking into account seasonal weather
and food chain effects (N.b. this information is important for
emergency preparedness strategies).

The PSA exercise starts with the barrier diagram (figure 4) en-
abling the analyst to identify all reasonably possible pathways
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FIG. 4. Barrier diagram, simplified example of HLLW storage tank.

from the inventory (primary source, p.e. HLLW in tank) to exi-
sting (normal) or to incidentally occurring points of release to
the environment. The example lets suggest several pathwyas: via
off gas system, via venting system in case of tank leak, via
cooling system in case of tank leaking into coolant and heat ex-
changer leak, via foundation in case of tank leak and concrete
failure etc. Each pathway can lead to a point of release, if
particular preconditions - i.e. barrier failures - are met.

In the reverse direction from a release point on a pathway to
the primary source, all barriers can be passed if they are open.
This is the way of constructing what is called the release tree.
It is the logic diagram of the barrier structure and comprises
the possible states of the barriers (more than 2 states per
barrier are possible) in such a way that it represents all iden-
tified pathways to all identified points of release (figure 5).

Consequently, the top event of a rlease tree is (unintended) re-
lease (however: primary source and all barriers normal means
normal operation release) and its basic events are barrier sta-
tes. The occurrence of anomalous barrier states can be described
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FIG. 5. Release tree subsection /31/.

by an adherent fault tree which comprises the event sequences
causing the barrier irregularity. Fault trees are constructed
and treated in the familiar way (/28/, /29/).

The release tree comprises all identified pathways and all ad-
herent fault trees, so that physical and technical dependencies
which can be represented in fault trees, will be simultaneously
evaluated, i.e. event sequences opening more than one pathway
are inadvertently correctly derived. This feature is of tremen-
dous importance in the planning stage, where weak point identi-
fication is essential.

A second feature concerns the quantification of the barrier sta-
tes. In simple terms, a barrier state can be characterized by
two quantities: the probability of occurrence of the state which
is derived from the adherent fault tree, and the efficiency of
the barrier in its respective state. Both the quantities are
dimensionless and each set of them can be evaluated separately
by treating the release tree as if it were a fault tree resul-
ting in two quantities for each pathway represented by the re-
lease tree:
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the probability of this pathway open which can be transformed
into a frequency of occurrence of the pathway open, and

the remaining retention efficiency of the pathway which can
be transformed into the quantity of material released via
this pathway by multiplying the efficiency with the quantity
of material in transportable state before the first barrier.

This is a simplified description of what is called the static
approach.

However, the potential of the release tree method ist - in prin-
cipal - reaching far beyond this approach.

Since the release tree comprehensively represents the stocha-
stic, the logical and the material transport structure of the
system, it can be evaluated simultaneously or separately. Its
advantage for fast, qualitative or quantitatice sensitivity
tests is immense. But there is more: with the formulation of
dynamic barrier models (transport cells) and the development of
a barrier model coupling mechanism along the lines of the logi-
cal structure it has become possible to model the release pro-
cess in a fully dynamic way and to simultaneously operate it
under the effect of stochastic changes of the barrier charac-
teristics. The foundation of this approach has been laid by R.
Storck and L. Camarinopoulos in PSE (/30/, /19-3/) and was then
made applicable through the development of the RIDO code /19-3/.

Developing dynamic transport cells (barrier models) requires a
good understanding of the underlying effects and phenomena, a
sound database of necessary parameters, the formulation of the
interaction of the effects and the particularities of the compo-
nents themselves (like filters, scrubbers, etc.).

The principle is shown in figure 6 :
the primary source and each barrier of the considered pathway
are defined by a set of parameters describing the material
transfer properties. The cell specific parameters are operators
capable of changing the material parameters at each of the bar-
riers in a specific way. Wether and how and which of these ope-
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FIG. 6. Scheme of transport cell/barrier interlinking /19A

rators are effective depends on the state of the barrier (for
instance: normal, failed, 50 % failed). The state of the barrier
is governed by the fault tree which actuates or triggers these
states according to the type of event chain stochastically oc-
curring. This means that the model in total is fully dynamic and
fully probabilistic.

With the computers available in the early BOies it was not pos-
sible to treat all the relevant accident scenarios found with
the fully dynamic model, even if all required transport cells
and barrier models had been at hand. Therefore, a variation of
the approach was developed by R. Leicht (/19/, /19-4/, /31/,
/32/, /33/), the steady states method (SSM).

In the SSM, the flow of radioactive material originating in the
source is characterized by a number of parameters such as tempe-
rature, pressure, humidity, or aerosol concentration and size
distribution. As this flow enters a barrier, its parameter set
is modified in a way that can be understood as the effect of a
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"barrier operator". Hence, the actual penetration of a barrier
is influenced by the effects of preceding barriers, and the
amount released depends on the sequence of the barriers.

The activity flow generated during normal operation is assumed
to be constant in the SSM. After an incident affecting the sour-
ce, this flow generally varies with time. Quasi-stationary pha-
ses of constant flow are assumed in the SSM, to approximate its
behaviour time dependently.

The operation of the barriers is modeled to be time independent
not only during their intact states, but also after transitions
into failure states. Only transitions from the intact state into
one (or more) failed barrier states are considered. Partial or
progressively failing barrier functions can be approximated by
increasing the number of failed states.

Thus, it is possible to achieve almost any degree of detail bet-
ween static and dynamic models by refining the source model his-
togram and the barrier states according to the objectives to be
met and the information availabe.

Based on the SSM, the STAR computer code has been developed to
evaluate the quasi-stationary release risk. The specific models
for generating a flow of activity from the source and for redu-
cing this flow in the various barriers are included as FORTRAN
subroutines. Other input data required are the fault tree struc-
tures of the failed states of source and barriers, and the fai-
lure data of the corresponding basic events. Cut-off procedures
are available concerning either the frequency of a release path
or the maximum number of simultaneous failures.

The results of the analysis are presented as tables of annual
frequency, mean duration, activity flow, activity released, and
release risk of all paths treated, as well as graphically as
complementary cumulative distributions or consequence/frequency
plots. Result uncertainties are assessed analytically in a sim-
plified error propagation procedure but only to provide a rough
estimation.
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A comparison of the three approaches mentioned - static, dynamic
and steady states - is shown in figure 7.
It is abvious that the methods are by no means restricted to nu-
clear chemical plant application.

3.2 Adequate tools in PSA of HFCI

As discussed in the previous section, PSA execution according to
the PSE method requires a set of tools, i.e.

adequate models,
- sound data and parameter base, and

appropriate code systems.
Consequently they have been developed to a sufficient degree in
PSE. There are two sets of models:

deterministic and
stochastic (probabilistic) ones.
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Table 7 : Compilation of deterministic models

Primary source term models
criticality in heterogeneous systems
criticality in homogeneous systems
zircalloy fire
solvent fire
"red oil" explosion
ignitable gas mixtures
chemical run away reaction
surface of liquids
- volatilasition
- evaporation
- disturbances

- self heating
aerosol formation process
aerosol size spectrum

- aerosol transport
gaseous effluents

Barrier models
passive wet steam recondenser
condensation phenomena
sand filters
gas flow mixing
flow control system
scrubber
demister
condenser/cooler
jet scrubber
glass fiber bed filter
heater
HEPA filter
parallel filter block (bank)
iodine filter
throttle flap
subpressur control system
container wall penetration model

reprocessing
reprocessing
reprocessing
reprocessing
reprocessing
reprocessing
reprocessing
liquid wastes
(solutions
and melts)
in tank sto-
rage
an in vitrifi-
cation melter

HLLW tank
vitrification
many
HLLW tank
many
many
many
many
vitrif ication
many
many
many
exhaust air
vitrification
exhaust air
many
tanks

Each of them requires its respective kind of data base and code.

Deterministic models

These models describe the behaviour and the effect or efficiency
of barriers, transport cells for the dynamic or modular steady
states approach (MSSA) /31/, and of the primary source terms. A
compilation of models developed is shown in table 7.
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There are several kinds of barriers:

- Absolute barriers are impenetrable under normal conditions:
tank and pipe walls, heat exchangers, fire protection flaps
actuated and working under design load, hot cell ceiling
plugs, pressure release valves etc. They can assume a variety
of unintended states caused by corrosion, dependent failures
(release valve not operating, pressure build up beyond design
load), common cause (explosive depressurization and subse-
quent missile impact), etc.
Relative barriers are partially penetrable by design: all re-
tention devices in off gas and exhaust air cleaning systems -
except protection flaps in emergency case.
Physical barriers are partially penetrable. Natural physical
barriers are - for instance - surfaces of liquids, i.e. phase
boundaries which provide a material exchange between the pha-
ses according to a set of governing parameters.
Engineered physical barriers are - for instance - maintained
pressure differences in the venting, off gas and cooling sy-
stems .

A particular kind of barrier is the liquid waste surface in a
tank with aqueous HLLW solution or in a vitrification melter.
Even under normal conditions they are release sources transfer-
ring radioactive material - gaseous Krypton, aerosols, tritium
in water vapor - to the off gas and eventually to the ambient
atmosphere in a profoundly controlled way. This primary source
term can be affected by quite a number of phenomena, p.e. a
cooling failure raising the temperature, changing the aerosol
size spectrum and consequently the filter efficiency - not to
mention the effect of increased moisture deposition.

Therefore, these barriers are modelled together with the primary
source term.
From figure 6 can be seen that the effect of a barrier is affec-
ted by two parameter sets:

- the transport cell operators and
the effect of all prior barriers on the set of parameters
carried by the material flow.
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FIG. 8. Example of primary source term modelling: HLLW tank aerosol generation.

It is to be emphasized that a transport cell operator is not a
simple factor but rather a function dependent on the parameters
of the material flow, say the temperature for instance. This is
visualized in figures 8 and 9. Figure 8 demonstrates the change
of aerosol size distribution and flow rate (transfer rate) into
the off gas of the tank and into the cell exhaust air after a
leak spill. Temperature is the parameter in the diagram. Figure
9 provides an overview of the retention efficiency (here in
terms of penetration) of a couple of retention devices in the
off gas and exhaust air cleaning systems. It is to be mentioned
that this is only one transfer parameter (aerosol flow rate and
size) and only one transport cell operator (filter efficiency as
function of aerosol diameter). Furthermore, gases (krypton) and
water vapor (containing tritium) behave, are affected and are to
be treated differently in the models.

These examples of modelling features can only touch the surface
of the efforts undertaken to collect all the data and relations
required to formulate the models indicated in table 7. As far as
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FIG. 9. Example of barrier/transport cell operator modelling: Efficiencies of retention equipment as
function of aerosol size.

possible the models were checked against experiments and pilot
plant operation at the Karlsruhe Research Centre: the off gas
treatment system test equipment for the planned reprocessing
plant and the vitrification development facility.

The computer codes capable of interlinking the models according
to the respective barrier diagrams/release tree representations
are the RIDO /19/ code package (dynamic aproach) and the STAR
code package (modular steady states approach MSSA) /31/. Both
the codes require the same particular way of model structure so
that interlinking of models in the codes is ensured and mutual
use of the models in either code is possible. Thus, comparison
checks between the codes werde easily possible (confer figure
7 ) .
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Probabilistic models

Besides the main type of probabilistic model in PSA - the fault
tree - there are a few features which are to be treated in pecu-
liar ways:
- uncertainty propagation,
- interdependencies,

common cause/common mode effects,
tolerable down time,

- human factors,
cut off procedures and justification.

Both the fault tree codes in use in PSE and later - RISA (/28/,
/34/, /35/) and FTL /29/ - are capable of treating distributions
of reliability parameters (failure probabilities and frequen-
cies, repair times, success propabilities of remedial actions
etc. ) and the uncertainty propagation. The STAR and RIDO code
can then treat these uncertainties further together with the un-
certainties of the deterministic models. These latter procedures
require further refining, however.

Screeing procedures of identifying dependencies and ccf or cmf
candidates in a facility and in a fault tree have been widely
used in PSE. A major study on the state of the art in this field
was performed. The methods at hand were carefully tested. A ge-
neral conclusion could not be derived in this respect.

Because of the nature of the processes going on in NFCI, it
could be made plausible that accidents with external consequen-
ces do not require immediate counteraction - i.e. within a few
minutes. Countermeasures can be dealt with according to careful-
ly developed plans. For many accidents it has been shown that
specific periods of down times of safety equipment (cooling) are
tolerable. This has been taken into account in the fault tree
formulation and evaluation procedures. The success probability
of remedial actions within a given period of time has been used
here. Since specific repair activities can be soundly quantified
in terms of time required, it was possible to assess the respec-
tive success probabilities.
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A careful study on human factors literature was performed. It
was concluded that - due to the nature of most of the accidents
possible in NFCI - h.f. did eventually not play a role as impor-
tant as in NPP accidents. Quantification of human factors was
used in PSE for test/check purposes only and mainly in quanti-
fiying success probabilities of remedial actions, because these
actions are to performed under aggravated and adverse conditions
and under time pressure.

Cut off procedures are provided by both of the codes {RISA, FTL)
in a wide variety, for instance based upon:

number of events per cut set,
consequence values,
frequency values,
risk values.

These possibilities are useful for screening, sensitivity stu-
dies, specific other objectives. In any case the codes provide
an estimate of what might likely has been thrown away:
- how many cut sets
- which fraction of the full concsequences, frequency, risk.

This information should give the analyst a clue of whether he
should allow for more detail in a next run or not. The justifi-
cation of a cut off chosen is to be substantiated by {conf. fi-
gure 3 ) :

use of preliminary analysis results,
- use of documentation,

repetition of evaluation in more detail (cut off reduction)
and comparison of results,
sensitivity studies.

The remaining aspect in the context of probabilistic models is
data. As already mentioned, there was not any NFCI in operation
in the FRG during the PSE exercise but two:

the Karlsruhe reprocessing pilot plant and
the Asse salt mine repository.
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The latter was out of scope of the PSA approach. The former was
used for a data collection and analysis project, however not in
the frame of PSE. Although the data were not explicitly accessi-
ble for PSE, it was possible that one of the PSE contributors
who was also the contractor for the data collection project,
could check the PSE data set and improve it. In PSE a review and
screening of data from various sources was performed resulting
in the PSE data set which by now might be as obsolete as the
data compiled at the reprocessing plant.

3.3 Results of PSE

There are three classes of results of the project at a first
glance:

general results according to the overall objective: provide
sound and adequate methodologies for PSA of NFCI back end
facilities and procedures,

particular results according to the objective: engender the
methodologiy operational and applicable in an uniform and
user friendly way, i.e. adaptable to changes and alterations
of design and strategy of the fuel cycle, and substantiate
the achievement by application, and
quantitative results of PSA application according to the ob-
jective: demonstrate the usefuless and advantage of the me-
thodology by deriving quantitatively based recommendations
and findings for the planning engineers.

General results

The PSE approach of PSA for NFC back end installations is com-
prehensive in that it covers the

NFC installations:
PSA according to the scheme shown in figure 3 and detailed in
the preceding paragraphs of this chapter is applicable also
to the surface installations and even to the underground
operations of the waste repository during the operating phase
prior to sealing it off;
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NFC procedures:
PSA according to the PSE scheme is also applicable to all
types of transportation of waste and spent fuel although this
has been evidenced only for rail and road shipment in PSE
(/19-7/, /19-8/).

The PSE approach is comprehensive from other points of view
also:
- Its procedure is straight forward, provides halting points

(decisions), enables loops (repetition) and orientating pro-
cedures (sensitivity analysis).
It provides the tools for full scope analyses from prelimina-
ry screening up to determination of exposure risks.

- It is orientated to and capable of identifying the spectrum
of possible accidents as completely as engineering and human
abilities permit, and of doing this in a very detailed way.

- It provides the means for comprehensive documentation of
every step of the PSA exercise, forces the analyst to use
them, and finally establishes the prerequisite to trace back
and examine.
It has derived the tools (models, data, parameters, equa-
tions) from experience and re-checked them against experi-
ments whenever possible.

- It takes into consideration a wide range of effects and phe-
nomena like for instance ccf, cmf, interdependencies and
human factors and highlights how they are to be preferably
used in the scope of PSA for NFCI.

The PSE approach is incomplete in that

it fails to provide a long term methodology of PSA for geolo-
gic waste repositories,
it has to be further developed according to new findings in
the engineering domain.

As to the geologic repository safety assessment, PSE does provi-
de and has substantiated a highly successful methodology, though
not a stochastic one (/19-10/ to /19-19/).
The full scope of PSE methodology development has been orienta-
ted and has achieved to meet the need of safety assessment of
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NFC back end installations. Because of the wide range covered by
the method, it may well be rendered to other areas of applica-
tion.
Particular results

PSE has commissioned the required tools in such a way that they

- have become immediately applicable in PSA exercises,
will be interlinkable, if used or established according to
the prescriptions given,
are easily adaptable to changes of components, planning stage
and processes.

These characteristics have proven feasible and beneficial, be-
cause many alterations were introduced into the structure and
strategy of the NFC back end during the eight years of PSE's
life time.

It is to be emphasized that the overviews of tools, models and
codes compiled in the previous paragraphs (tables 4, 6 and 7)
are not complete in any way. Important contributions to methods
assessing transportation risk, accident-free transportation
caused exposures, and effects influencing and governing the
waste repository safety features are not shown in this paper.

Quantitative results

The first published quantiative result of PSE is shown in figure
10 taken from /18/. The example distinctly indicates the direc-
tion of PSE's quantified results. Each of the four fields in the
drawing is the area in which the risk values (simplified: fre-
quency times quantity released) of the accidents identified for
a particular plant are located. The areas for the two liquid
waste tank storages (3: MLLW, 4: HLLW) are significantly sepa-
rated. The distinction indicates the different character of the
accidents possible in the two storages:
- The MLLW storage accidents are apparently more frequently ex-

pected than those of the HLLW storage.
- The quantities released (in terms of activity) are much smal-

ler with MLLW storage accidents than with HLLW storage ones.
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release (3.7E10 Bq)

FIG. 10. Example of early result comparison; 1: MLLW solidification; 2: HLLW vitrification; 3: MLLW
tank storage; 4: HLLW tank storage.

In contrast, the two solidification plants (1: MLLW solidifica-
tion = cementation, 2: HLLW solidification = vitrification) are
roughly co-located in terms of risk value domains.

In additon the substances released are of the same grade of ra-
diotoxicity for the four plants, i.e. if propagated to exposure,
the picture would hardly change.

However, the seemingly apparent conclusion that something should
be done to reduce the solidification risk down to the level of
the storage risk is not allowed yet because two points of infor-
mation were missing at this early stage of PSE:

- The detail of modelling was not yet uniform at that time
(data problem).
Conclusions have to take into consideration the result uncer-
tainty, a feature not yet available at that time.
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On the other hand, an eventually far more important conclusion
can be drawn:

The methodology of PSE is equipped with the potential
to make PSA results interprétable and thus useful in
the sense that comparison becomes possible, measures
can be derived and the engineering can be balanced in
terms of risk.

The following figures 11 and 12 demonstrate the progress achiev-
ed by roughly 1985. They show the frequency/consequence and the
CCD diagram respectively of the PSA of the HLLW storage tank
(design of HLLW storage tank changed with respect to the one
represented in figure 10):

error bar indication,
uncertainty bands.

The distinction of accident classes is obvious.

The further treatment of the results, i.e. the procedures lea-
ding to exposure indications in terms of individual dose or dose
commitment are described in PSE annex 9 /19-1/, results are
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FIG. 11. Frequency/consequence diagram of the aerosol release as a result of the MSSA in a PRA of
an HLW storage tank.

145



1 Failures in the Off-Gas System
2 Leakage and Failures in the Exhaust-Air System

10 10 10
Released Activity (Bq)

FIG. 12. Complementary cumulative distribution of aerosol release as a result of the MSSA in a PRA of
an HLW storage tank.

communicated in a number of publications (/19-5/, /20/, /36/,
/37/, /38/,
A condensed compilation of output quantities and information of
a fault tree code is shown in table 8. The output comprises an
input check representing the fault tree structure (gates, basic
events) and the basic event input data as well as a few derived
quantities. The check is followed by information about the ef-
fect of the cut off procedures chosen (repeatable) . Finally the
top event (optionally chosen by the analyst, can be any gate
output of the tree) data are listed including uncertainty (eva-
luated either by analytic or by Monte Carlo algorithms ) .
A more investigative view onto the matter - in particular a view
from above - unveils a fourth class of results:

Global result

Apparently, the results achieved through PSE by 1985 are:
- The means are at hand to perform PSA in the appropriate way

for the various states of planning and operating NFCI.
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Table 8: Quantitative fault tree evaluation information

aytern structure found:
* list of gates/ number of gates

basic events identified:
* list of basic events, number of basic events

basic event data check:
* type, name of event
* failure rate or failure probability on demand
* repair rate
* unavailability and failure frequency density (calculated)
* variance for each of the data

cut off effect information
* TOP gate chosen for evaluation
* cut off criteria: relative limit, absolute limit
* dominant cut sets found, annual failure frequency
* upper limit of failure frequency neglected due to cut set

rejection based on cut off procedure
* ratio "rejected to dominant" failure frequency
* repetition of cut off run with changed parameter

TOP gate results
* annual failure frequency -f variance
* asymtotic unavailability +• variance
* mean failure duration •*• variance
* probability of failure duration exceeding tolerable value

- tolerable down time
- complementary probabilities with and without repair
restriciton

* frequency density, frequency, unavailability (current,
mean, maximum)

* uncertainty parameters (analytic, Monte Carlo)

- A sound understanding has been established of how to compare
and to interpret results.
The ability has been cultivated to substantiate wether NFCI
show a well balanced safety engineering or not, and why.

4. AFFECTING AMBIENCE

Licensing of nuclear installations in the FRG is governed by the
Atomic Law Act (Atomgesetz - AtG) /43/, the adherent Directives,
p.e. Radiation Protection Directive (Strahlenschutzverordnung)
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/44/, which are of the. same legal level as a law act, the Regu-
lations , p.e. Atomic Law Procedure Regulation (Atomrechtliche
Verfahrensordnung) /45/ covering the licensing procedure for
those kinds of facilities which require a licence according to
S 7 of the Atomic Law Act. In absence of regulations for the li-
censing procedures for facilities which need a licence according
to another paragraph of the Act, it has become common practice
to apply the existing regulation correspondingly.
Furthermore, there is the huge set of standards, rules, guideli-
nes, and even recommendations issued by a variety of technical
commitees, commissions and advisory bodies: Reactor Safety Com-
mission 1) and Radiation Protection Commission 2) are advisory
bodies to the Federal Minister for Environment, Nature Preserva-
tion and Reactor Safety 3), the Nuclear Technical Committee 4) is
a rule setting body in nuclear safety and engineering matters
etc.
The Atomic Law Act states that a particular Federal Minister
(BMU since Cernobyl, before that: the Minister of the Interior)
is in charge of and responsible for the safety and the licensing
of nuclear installations in Germany falling under the rule of
the Act or its by-laws. Likewise according to a statement of the
Act, the Minister is expected, compelled, and obliged to delega-
te his power to equivalent bodies - mainly Ministers again or
senators in the townstates - of the states. Reason of this is
the character of the FRG's constitution as that of a federal re-
public. However, the federal minister can revise the situation
and recall his delegated right from a state in particular cases
of apparent and substantiated violation of the Act or its by-
laws. This reservation is not of general consequence, it applies
to a particular case only. The general power of the state re-
mains with the state exept for this particular case. However,
the state authority can deny the right of the federal side to
recall its power by stating that the federal demand were unju-
stified and thus unlawful. Then it is likely to become a matter
of courts.
1) Reaktoraicherheitskommission - RSK2> Strahlenschutzkommission - SSK3) Bundesminister für Umwelt, Naturschutz und Reaktor-

sicherheit - BMU
^ Kerntechnischer Ausschuß - KTA
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Such is, in a very coarse sketch, the visible and operational
legal situation.

Invisibly governing the laws concerning technical matters from
behind, there is the long, successful and mostly beneficial tra-
dition of determinism in Germany's legislation and jurispruden-
ce. It is far beyond the capability and the qualification of the
authors to undertake an attempt to unveil the history and the
subtleties of this background. The influence of philosophy of
the late 18th and early 19th century and the success of determi-
nistic science during the 19th century onto this foundation
cannot be easily denied, however.

One of the obvious emanations noticeable in everyday life from
this background is the ALAP principle in the Atomic Law Act:
keep detrimental consequences of the use of nuclear energy and
of the operation of nuclear activities

As Low As Possible

corresponding to the state of science and engineering. In conse-
quence, the prescriptions regulating the licensing of nuclear
facilities are strictly deterministic in the FRG.

The terra "State of Science and Engineering" is commonly inter-
preted in commentaries as in correspondence with the generally
accepted technical rules and scientiefic knowledge. However,
legislation and legal practice are subject of societal effects.
Thus, the opponents refuse the existence of commonly accepted
rules and knowledge in the traditional meaning. This is one of
the claims in their court applications. The interpretability of
traditionally fixed terms in legislation is one of vulnerable
spots in the application of the law. This will eventually - over
many decades - contribute to a change of the fundamental, rough-
ly 200 years old approach of German jurisprudence.

In correspondence to - however not necessarily in consequence of
- the deterministic character of the Atomic Law Act, PSA has
never become a legally demanded prerequisite of nuclear facility
licensing in the FRG. However, it could have been included in
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licensing without touching the deterministic character of the
law/ if it had been incorporated in the catalogue of commonly
accepted technical rules, i.e. had been labelled "state of engi-
neering".
In 1988 the RSK recommended and the BMU required to execute a
PSA for each of the nuclear power plants in operation in the FRG
and to re-do it continually, at least every 10 years. A living
PSA is to be approximated. The justification of this step was -
more or less literally - that PSA for operating plants had been
substantiated as state of engineering and had proven beneficial
for safety. Substantiation and proof were based upon the success
of the German Risk Study for NPP (Deutsche Risikostudie Kern-
kraftwerke IH, /46/).
Experience gained with individual plant examination (IPE) accor-
ding to the new exersises has recently been communicated in an
expert meeting at the Annual Meeting of the German Nuclear So-
ciety (Jahrestagung Kerntechnik - JKT - der Kerntechnischen Ge-
sellschaft - KTG) providing the view of operators, authorities,
and analysts /47/.
PSA has not yet become a constituent of the licensing documents
and has not been required for other nuclear facilities but NPP.
It is to be emphasized that probabilistic methods have been re-
quired for licensing and have been in use for many years to evi-
dence that availability and relability targets are met by safety
relevant systems and equipment of NPP and other nuclear plants.
Nevertheless, the PSA exercises described in previous chapters
frequently faced the problem that their objectives were not in
line with the current licensing procedures and regulations. They
were looked at with concern and suspicion because they might
interfere with or disturb the ongoing licensing procedures.
Therefore, it was mandatory to denominate the plants and facili-
ties, for which exemplary PSA was performed, hypothetic and ge-
neric, which turned out to be the appropriate terms in many ca-
ses eventually.
Many political decisions were taken to change the NFC back end
strategy: from a center comprising all back end facilities at
the site of the repository over reprocessing sites in the states
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of Hessen, Rheinland-Pfalz and Bavaria, to construct engineered
interim storage facilities for spent fuel and waste (two of them
are now commissioned), and to investigate other strategies -
strange, even alien at a first glance with respect to uranium
resource saving by plutonium use - like the direct disposal of
spent fuel.

Finally, the reprocessing project already under construction at
some of its sections was abandoned in 1989. In consequence, PSA
for NFCI was out. The only remaining activities were: storage of
waste and spent fuel, a pilot plant for encapsulating spent fuel
to be disposed of directly, transportation, and the repository
for waste and spent fuel disposal. The encapsulation facility
and the transport activities had been investigated by means of
PSA (/19-7/, /19-8/, /20/). The repository did not fit into the
PSA approach because of difficulties with data and modelling of
probabilistic features if there were any. The two storages
(spent fuel and solidified wastes) make use of transport storage
casks and those had passed the transport PSA.
Thus, the PSA efforts for NFC back end facilities were doomed to
cease. Actually, they already had ceased by 1986. Less than one
and a half year after PSE had celebrated its success at a clo-
sing conference and press conference in February 1985, at a time
when the results were ready to being communicated at internatio-
nal conferences, something dreadful happened in April 1986, Cer-
nobyl. The consequence for PSA of NFCI was in the FRG: attention
and funds were drawn to NPP.
Other effects of switching the PSA efforts completely to the NPP
realm are that PSA is an established engineering tool in the FRG
now, that the claim of having very safe NPP can be justified
through PSA substantiation using an internationally agreed sca-
le, and that the odds of PSA becoming a more generally accepted
instrument in a fairly wide area have improved. This latter
point asks for preparedness.

5. CURRENT SITUATION AND WORK

Executing a PSA requires quite a variety of capabilities, know-
ledge and experience in many fields of science and engineering.
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Developing the methodology of PSA is in need of having available
a particularly high quality of those resources.
When it happens that suddenly the resources are not longer niee-
ded for the exercise they were assembled for, they have the ten-
dency to disperse. It happened this way when the PSA activities
for back end facilities of the MFC lost the interest of the fi-
nanzing bodies in 1986. A few of the industrial partners in PSE,
also involved in planning and constructing the reprocessing
plant of the FRG, went on with PSA studies. They maintained the
PSA key resources - personnel and tools - occupied with PSA and
other advanced safety tasks.

PSA was executed for the spent fuel encapsulation plant in the
Project Alternative Back End Techniques (Projekt Andere Entsor-
gungstechniken - PAE) /20/ and continued for the corresponding
pilot plant now under construction.
The Commission of the European Communities ordered a PSA based
comparison of solidified HLW storage centres of différend type:
water cooled pool storage and free convection air cooled vault
storage.
For the planning of the Gorleben repository operation a compre-
hensive safety investigation has been executed comprizing normal
procedure and malfunctions and covering the complete transporta-
tion and emplacement system for HLW. This activity includes the
relability engineering of the HLW emplacement system from
scratch to test of the prototype. The system is a mobile device
for take over of waste canister, move to position by coordinate
controlled steering, couple to the position equipment, hoist the
canister down to the next unoccupied position safely ~ 300 me-
ters down at the deepest. Repair is not possible with suspended
canister. The availability and reliabilitiy requirements put
onto the system are stringent and high, and they are to be met
in an adverse environment. This is an ongoing exercise, as waste
repositories will certainly be operated in the future.
As to the back end facilities adherent to a reprocessing plant
in Germany, there will be none as became apparent with the 1989
decision to stop the construction at the Wackersdorf site in Ba-
varia and to contract reprocessing services with France and
Great Britain.
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A further decline of not NPP related application of PSA came
along with this decision. There were only a few applications for
the Japanese reprocessing project (/40/, /41/).

Just then, however, an increasing demand for tools in NPP rela-
ted PSA, the promotion of safety assessment requirements in the
chemical domain, and a growing awareness of the advantage of re-
liability engineering aspects in an extending field of indu-
stries enabled single companies which had a broad spectrum of
clients already outside the nuclear industry, to keep their PSA
resources together, to use the chance, and to take on the chal-
lenge.
This is the reason why the further development of codes and mo-
dels has never been stopped. In consequence, PSA experience de-
veloped for NFCI is currently successfully used in the NPP re-
lated PSA (RISA code, plant specific data collection and analy-
sis), the car manufacturer supply industry {product specific da-
ta collection, analysis, and use in warranty quantification, PDA
code), the chemical industry (accident analysis, safety analy-
sis, accident and release modelling techniques).

6. CONCLUSIONS

Nuclear energy and nuclear technology have by far not yet reach-
ed their destination; a bright future lays before them. That
comprises further development in the NFC field.

Many technical achievements of the nuclear side have advanta-
geously and beneficially affected non nuclear enterprises. PSA
is one of those "nuclear" tools which carry the potential of far
broader application. This is particularly apparent with the
methods developed for PSA of NFCI which are basically chemical
installations.

This leads us to the following conclusions with respect to PSA
of nuclear fuel cycle installations:
1. As the exercises have been run on a national scale rather

than an international one so far, the knowledge about the re-
spective achievements is confined in a way:
The wall should be broken.
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A compilation of all the experience available should be es-
tablished.

2. As comparison is a target and - consequently - comparability
is a need, the foundation should be established on interna-
tional ground:
A comprehensive benchmark exercise of the methods and tools
should be launched.
Similar efforts have been undertaken:

comparison of fault tree codes in the FRG,
Ispra (CEC)/EuReDatA benchmark exercise on data analysis.

3. The topics of such exercises could be for instance:
fault, event, release tree
uncertainty of basic event data
uncertainty propagation tools

- uncertainty of basic model parameters and propagation of
uncertainty

- uncertainty from modelling approximations
- cmf/ccf/hf modelling and application focusses.

4. The knowledge of plant characteristics is important for the
type of PSA required as is the objective of a particular PSA.
From information aggregated in such exercises as mentioned in
topis 1 to 3, a scheme of preferences could possibly be allo-
cated to types of plants.
It is to be emphasized that the character of plant is going
to be changed in the future: automatisation of mixed oxide
fuel fabrication is only the beginning.

5. As comparison is a target, documentation is another need.
Thus, it is recommendable to establish an internationally
agreed and technically sound way of PSA documentation and an
international documentation system or bank accessible for the
contributors.

6. Finally, comparison needs an agreed scale like INES (Inter-
national Nuclear Event Scale) for NPP accidents.
This is the focus onto which the former topics are to be
concentrated.
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