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ABSTRACT

This paper reviews the application of PSA in German nuclear power plant -regulation. From a
fundamental point of view, it has to be mentioned that as stipulated in the corresponding
requirements, regulatory decision making in Germany is primarily based on deterministic
analyses and evaluations. Therefore, PSA is not used as a stand alone but as a supplementary
basis. In this context PSA has developed a valuable tool with continuously growing
importance. Level 1+ PSAs are now elaborated for all German nuclear power plants in
operation, most of them are already reviewed by the competent supervisory authority and its
experts. Current research activities on the federal level primarily concentrate on the further
development of the methodology in the areas human factor, common cause failures, accident
management measures and reduction of uncertainties in methods and data.

1. Introduction

As stipulated in the regulatory framework nuclear licensing and supervision in Germany is
essentially based on deterministic analyses and evaluations. However, already at an early
point of time probabilistic methods have represented a non negligible part in German nuclear
power plant regulations. Criterion 1.1 ,,Principles of safety precautions" as part of the safety
criteria for nuclear power plants, published in 1977 [1], requires that the engineered safety
systems have to be designed to be sufficiently reliable, meaning that ,,the reliability of certain
systems and components shall be determined with the aid of probabilistic methods as far as
the required accuracy can be achieved according to the state of the art of science and
technology".

The German Risk Study for pressurized water reactors, DRS/A [2] - using Biblis B as a
reference plant, has been the first full-scope (Level 3) PSA in Germany and was performed in
a more generic manner in the frame of a research project following the objective to gather a
quantification of nuclear power plant risk to public and environment. This study has been
prepared to a great extent according to the Rasmussen Report and was published in 1979. The
following phase B, DRS/B [3] (Level 2) - completed in 1989, is characterized by refined
investigations on a more realistic basis mainly aiming at an evaluation and optimization of the
safety design taking into account core melt sequences. In addition to DRS/A possible accident
management concepts as countermeasures against such sequences are discussed and evaluated
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concerning their efficiency. Plant specific and conceptional safety insights gained from
DRS/A and following DRS/B influenced significantly the safety design of the reference plant
and, furthermore/have more or less affected the engineered safety systems of all German
pressurized water reactors.

In the licensing procedure of the most recent generation of pressurized water reactors
(KONVOI plants), conducted in the early eighties, a probabilistic safety analysis (PSA) of
limited scope was performed. This PSA has covered the entire spectrum of relevant initiating
events elaborated in the DRS/A. Moreover, insights gained from DRS/A and especially from
DRS/B influenced the safety design of the KONVOI plants.

In 1993 the first phase of a probabilistic ,,Safety Analysis for Boiling Water Reactors", the
BWR-study [4], was completed, again performed in a more generic manner following strictly
the objective to optimize plants' safety design on the system level. A second phase of this
study dealing with a detailed evaluation of accident management measures as well as
performing an analysis of low power and shut down states has been practically completed and
is expected to be published in the near future.

The Level 1 PSA performed in the frame of the licensing procedure for the research reactor
facility, FRM-II at Munich [5], still under construction, shows that PSA is now looked upon
as an indispensible tool to optimize plants safety design from the start of the planning phase
parallel to the licensing procedure. This analysis covers only internal hazards excluding large
LOCAs of the primary circuit and ,,internal fire". Also safety instrumentation and control has
not been analyzed. The FRM-II will be equipped with a computer based instrumentation and
control system.

At present, from the regulatory point of view the most important application of PSA is
certainly the elaboration of Level 1+ PSAs in the frame of the Periodic Safety Review (PSR).
The performance of PSR is supported by regulatory guides [6] in order to promote a unique
application.

2. PSA as part of Periodic Safety Review

In 1988, the German Reactor Safety Commission recommended as a supplement to the
continuous regulatory supervision process to make every operating nuclear power plant
subject to Periodic Safety Reviews at time intervals of about 10 years.

Essential parts of the PSR are a deterministic analysis and evaluation of the overall safety
status including the operational experience of the plant, and a probabilistic safety assesssment.
The different analyses to be performed in the framework of PSA are supported by regulatory
guides which have been filed by a task force of the Federal States Committee for Atomic
Nuclear Energy: the basic principles of PSR, the guide on safety status analysis, and the guide
on PSA [6]. The technical details regarding the performance of PSAs are set out in two further
documents, PSA Methods [7] and PSA Data [8], that have been developed by a working
group of PSA experts. The key requirements of these guidance documents in respect of
evaluation nuclear power plants' safety are briefly summarized in the following.
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2.1 Use of PSA to improve nuclear power plants design

It is the overall objective to perform PSAs as supplement to the deterministic safety analysis.
The main objectives are to check qualitatively and quantitatively the overall safety level of the
plant and the well balancedness of the engineered design safety features in order to cope with
safety relevant events. The last item does preponderately contain an evaluation of single

_ contributions (event sequences) from initiating events which should not dominate the overall
quantitative safety results and is looked upon as the prior objective. Furthermore, in addition
to the deterministic safety analysis the PSA results shall serve for an evaluation of the
necessity and urgency of remedial (backfitting) measures. Decisions on backfitting measures
by the supervising authority take into account considerations between effort and benefit.

2.2 Scope of the PSA analysis

Probabilistic safety analyses in the frame of PSR are restricted to Level 1+ (i.e. Level 1 plus
active containment systems but without consideration of core degradation). Thereby the active
engineered design safety features are covered exhibiting the well balancedness of the design
or possible vulnerabilities by comparison the frequencies of the various plant hazard states. It
is seen as essential that basic information to be included into the analysis are plant specific
(e.g. reliability parameters, minimum requirements for system function). Corresponding plant
documentation shall be used. Concerning reliability data available from the present
operational experience this requirement can often only be achieved to a limited extend.

The PSA guide [6] for a first orientation contains reference listings of initiating events such
as different types of leak accidents arid transients for PWR and BWR respectively which have
to be checked plant specifically with respect to applicability and completeness. Regarding the
scope of the. initiating events it is generally required that all events which could contribute
significantly to the results have to be included. Cut off criteria for the inclusion of initiating
events are single contributions to plant hazard states to be less than 10"7/a and total
contributions of these events to be less than 10~6/a.

Dependent failures as well as human actions have to be covered adequately in the analyses.
Consequential failures and functional dependencies are modelled directly in the fault trees.
Residual dependent failures (Common Cause Failures) are taken into account in the fault trees
after parametric modelling. They are of utmost importance for the analysis of highly
redundant systems, as e.g. has been shown by the BWR-study. A special chapter in the
document on PSA methods states type and extent of PSA with regard to human reliability
analysis. For the screening step the Accident Sequence Evaluation Programme (ASEP)
method is recommended whereas the Technique for Human Error Rate Prediction (THERP) is
proposed for more detailed quantitative investigations relying to a larger extent on data from
the Swain handbook. .,

From the present state of guidance, the analyses are still restricted to full power states. Low
power and shut down states should be included into the analysis only if corresponding
investigations show adequate evidence that these states give significant risk contributions.

In principle earthquake, external flooding and air craft crashes may provide non negligible
contributions to the frequency of plant hazard states. Therefore, the necessity of including
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such events into Level 1+ PSAs has to be decided on a case by case basis. However,
assessment of external hazards in the PSA is not required at the current stage.

Backfitting measures can be included into the analysis before implementation if an approval
by the authorities has been given or these measures are under expert evaluation by the
corresponding independent expert organizations working on behalf of the supervisory
authorities.

2.3 Evaluation of results

The well balancedness of the safety concept should be evaluated under different viewpoints
(e.g. frequency of initiating events, frequency of event sequences), i.e. the different categories
of plant hazard states exhibiting various development in time as well as various possible
consequences have to be considered. Interpretation of the results shall include adequate
uncertainty, sensitivity and importance analysis.

Concerning the overall probabilistic safety evaluation of the plant it has to-be mentioned that
no prescribed probabilistic safety criteria exist in Germany. However, orientation values have
been included into the technical guidance documents which may serve as indicators for the
assesssment of estimated frequencies of plant damage states or plant hazard states
respectively. A guiding principle is obtained by the results of already existing international
PSA guidance and performed PSAs, on national and international level [7]:

- total frequencies of beyond design basis accident sequences (plant damage states) are
typically in the range of 10"4 - 10~5 / plant and year. Evaluated higher frequencies are seen
as indicators for safety improvements,

- total frequencies of accident sequences with a potential of early and high activity releases
caused by bypassing of the containment shall be of one order of magnitude lower than the
above mentioned frequency values.

Furthermore, the results of the DRS/B (estimated total frequency of plant hazard states:
2.9 • lO'Va), and the BWR Safety Analysis (estimated total frequency of plant hazard states:
5 • 10"Va) are cited for an orientation.

2.4 Inclusion of accident management measures

It is not required to include accident management measures into the analysis. It might,
however, be advantageous to consider these measures if the estimated frequency of plant
hazard states is comparably high. The estimated frequency of final plant states then has to be
assigned as plant damage states or core damage states respectively.

Concerning the guiding principle for evaluation of the results it has to be mentioned that it is
the idea to assess the frequency of plant hazard states first and see whether or not the range 10"
5/a to 10"4/a can be met (see guiding principle above). In this case it can certainly be concluded
that the smaller frequency of damage states is adequate. If this criterion can not be met in this
way the licensee has the opportunity to estimate the effect of the available accident
management measures on the results, if adequate inclusion is possible. The two numerical
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values of frequencies of hazard states mentioned above (DRS/B, BWR-study) serve for
further comparison or reference indicating a range of frequency of plant hazard states of plants
whose safety has already been evaluated.

3- Precursor studies

Systematic precursor evaluation would require level 1+ PSAs for all NPP as they are now
being completed as part of PSR.

The term precursor describes special events in nuclear power plants that can lead to severe
accidents with core damage if certain additional failures occur in safety systems on demand to
mitigate such transient or accident events. The systematic study of precursors provides a
further tool for identifying weak points in plants and indicates ways for possible
improvements.

In Germany, GRS analyzed events observed during the first 16 reactor years of the nuclear
power plant Biblis with its two pressurized water reactors (PWRs) in the scope of a plant
specific precursor analysis, the "German Precursor Study" [9]. Contrary to the US approach,
which concentrates on industry-wide global evaluations, the German Precursor Study was
specifically limited to the plants Biblis A and B. Because of this choice, many data from the
German Risk Study Phase A could be used and the methods (fault trees) and the results could
be compared.

In the beginning of the 90ies a programme for continuous precursor analyses, dealing with
events at all operating German NPPs, has been initiated within the frame of the nucler
regulatory research programme. With these analyses, primarily the safety significance of
events in German nuclear power plants shall be assessed in a quantitative way and the safety
level of the plants be monitored continuously. The precursor analyses thus supplement the
evaluation of the operating experience by "traditional" engineering methods. Results have
been obtained for the years 1993, 1994, 1997 and preliminary results for 1998 [10, 11].

The basis for the identification of precursors for core damage accidents in German nuclear
power plants is formed by about 120 to 180 events per year, which are reported obligatorily to
the nuclear safety authorities. Concerning the procedure for the precursor analyses, first in a
screening process all events at which the safety margins were definitely not reduced
significantly (e.g. a single failure in a highly redundant system) are sorted out based on a set
of deterministic criteria and probabilistic engineering judgement [20]. In a further step all
events are identified which cannot be assessed probabilistically with reasonable effort
utilizing probabilistic methods and reliability data currently available. For the remaining
events, an upper boundary for the plant hazard state probability is estimated, i.e. the
probability of damage to safety systems such that core cooling is not ensured. Currently, a
plant hazard state probability of 10"6 is applied as threshold for further analyses. For the
finally selected events an in depth analysis is performed on the basis of the PSAs which have
been or will be performed for the German nuclear power plants in the frame of PSRs. The
German methodology is in its structure similar to the procedure used at the US accident
sequence precursor programme, with the difference that in Germany plant specific PSA
results are used as basis for the evaluation.
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The results of the precursor analysis are in the range of beyond design event frequencies
calculated by the plant specific PSAs for the German nuclear power plants [11].

4. Research activities in the PSA field

As has been demonstrated PSA is a field of "safety analysis showing still strong developments
both in the available methods and tools and in the areas of application. The PSA expert group
has expressed its view that further progress should be achievable in the course of the next
years mainly in the areas common cause failures, human reliability, analysis of low power and
shut down states and of external events as well as reduction of uncertainties and data. It is
intended to update the PSA documents on methods and data at the end of 2000.
Corresponding research activities on the federal level have been launched.

4.1 Common Cause Failures

A benchmark test on common cause failures was performed giving institutions in Germany
the opportunity of demonstrating and justifying their intepretations of events, their methods
and models for analyzing CCF. As a common data base about 200 event reports were chosen.
In a first step the participants had to evaluate qualitatively the various events with respect to
CCF significance and transferability to the components selected in the benchmark test.
Caused by interpretation margins this individual evaluation led to substantial differences. In a
second step quantitative results should be estimated by application of different models for the
calculation of CCF unavailabilities. Due to extrapolation uncertainties the various results of
the specific calculation methods exhibit growing difficiencies with assumed higher degrees of
failure combinations.

The ongoing development of CCF evaluation techniques should address the problem of
reducing the margins of judgement with regard to transferability of CCF occurrences. Further
development will also concentrate on estimation of modelling parameters from operational
experience, adequate inclusion of cause defence methods as well as validation of the results
and quantification of uncertainties.

4.2 Human actions

The current guidance (PSA Method) covers largely the treatment of human action in an
adequate way, but for some selected aspects a further development of the corresponding
methodology is considered as desirable. These aspects are the evaluation of cognitive human
behaviour, investigations of usefulness of applying the fuzzy set theory to assess human
failures, inclusion of organizational.and management factors as well as estimation of the
contribution of quantified human actions in existing PSAs. A simulation model shall be
developed in order to achieve a probabilistic evaluation of repair measures and inclusion into
PSAs. Repair measures carried out are evaluated in respect of its succeeding probability.
Corresponding investigations are on the way or in a planning phase respectively.
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4.3 Low power and shut down states

Presently, a systematic analysis of low power and shut down states is not required [6]. The
risk contributions from low power and shut down states have up to now not been estimated
rather than analyzed systematically due to a lack of consensus of the PSA expert group on the
methods and data to be recommended. A first systematic approach is developed in the second
phase of the BWR Safety Analysis. Combining these results with insights-from available
international approaches, appropriate methods arid data for German PSA applications for the
planned update of PSA guidance is intended.

4.4 Treatment of uncertainties

It is intended to achieve a higher degree of confidence in safety related decision making by an
improved treatment of uncertainties in PSAs. It is therefore necessary to reach improved
incorporation of statistical and technical uncertainties resulting from the evaluation of CCF,
human actions and component behavior in PSAs. First discussions on a corresponding
extension of the technical PSA documents [7, 8] have underlined the necessity to conduct an
uncertainty analysis in the frame of PSA. The statistical uncertainties being caused by limited
numbers of observed failures are already well covered. Contributions to uncertainty due to
modelling, completeness of the set of initiating events and expert judgement are more difficult
to assess. Importance and sensitivity analyses can help to identify major contributions to the
overall uncertainty.

5. Summary and conclusion

PSA research studies initiated on the federal level in Germany aiming at the quantification of
the risk of nuclear power plant use revealed strengths and shortcomings of the probabilistic
methodology. The strength of the methodology is certainly dedicated to the use of the PSA
tool to optimize nuclear power plants safety design on the system level, e.g. as has been done
in the BWR-study. Precursor studies offer the potential to evaluate continuously the
operational experience from German nuclear power plants by probabilistic methods.

The benefit of PSA applications can be clearly demonstrated by many backfitting measures
comprising maintenance and test strategies, prescribed operational procedures as well as more
expense safety design improvements like changes of instrumentation and control as well as
implementation of an additional safety system.

From the regulatory point of view, presently the most important application of the PSA tool
is the elaboration of plant specific Level 1+ PSAs in the framework of periodic safety review.
The elaboration of the PSAs is supported by regulatory guides and follows primarily the
objective to optimize the active engineered design safety features by evaluation of its well
balancedness responding to risk significant initiating events supporting deterministic
evaluations.

The regulatory guide on PSA recommends updating of elaborated PSAs in order to allow for
Living PSA application. For a more rigorous application of PSA for that purpose, the
development of a common approach for the extension of elaborated PSAs towards a most
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comprehensive, integrated probabilistic view of the plants safety as well as a further
development of PSA methodology is necessary. The last is preponderately combined with a
further reduction of uncertainties mainly assigned to areas such as further incorporation of
plant specific data, evaluation of human failures and accident management measures, common
cause failures. Corresponding research activities are on the way.
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