
RAPPORT DES/182

USE OF PSA
FOR IMPROVING THE SAFETY

OF FRENCH PWRs

LANORE J.M., CHAMBON J.L

033 INSTITUT OE PROTECTION ET DE SURETE NUCLEAIRE
D E P A R T E M E N T D ' E V A L U A T I O N D E S U R E T E



RAPPORT DES/182

USE OF PSA
FOR IMPROVING THE SAFETY

OF FRENCH PWRs

LANORE J.M. , CHAMBON J.L

"PSA/PRA and Severe Accidents 94"
UUBUANA, 17-20 avril 1994

DES/DIR
DES/SEREP Juin 1994



Use of PSA for improving the safety of French PWRs

J.L. Chambon, J.M. Lanore

CEA/IPSN, Safety Evaluation Department

BP6 92265 Fontenay-aux-Roses Cedex, France

Abstract

Two level 1 PSAs have been performed in France for the standardised PWR series
of 900 and 1300 MWe. These studies have some specific features, in particular the
treatment of shutdown conditions, the treatment of long term post-accidental
situations, and a wide use of French experience feedback. The results indicate the
important contribution of shutdown situations and of human factors. The PSA are
used for safety improvements of the French PWRs. Specifically, following the PSA
results, and despite some uncertainties, several modifications to plants concerning
the dominant sequences were decided on.

1. Introduction

Two French PWR Probabilistic Safety Assessment (PSA) studies were
terminated in 1990.

The first of these studies (PSA 900) concerns a standard reactor of the 900
MWe series, and was carried out by the "Institut de Protection et de Sûreté
Nucléaire du Commissariat à l'Energie Atomique" (Institute of Health Physics and
Nuclear Safety, Atomic Energy Commission) with the participation of the
Framatome Company. It was financed by the "Service Central de Sûreté des
Installations Nucléaires" (Central Service for the Safety of Nuclear Installations) [1 ].

The second study (PSA 1300) was carried out by the utility "Electricité de
France" on Unit 3 (1300 MWe) of the Paluel nuclear power plant, also in
collaboration with Framatome, the NSSS manufacturer [2].

Both PSA 900 and PSA 1300 are level 1 PSAs, that means their objective is
the evaluation of core meltdown frequency. In their present form the studies do not
cover internal and external hazards such as fires, floods, and earthquakes.
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2. Specific features

Compared to similar PSAs1 the French studies have some particularities, the
most significant of which are presented here after.

Initiating events. The initiating events taken into account were chosen to be as
complete a list as possible. An important feature of the French PSAs is that the
initiating events are considered not only when the plant is at full power (in line with
current international practice) but also during all operational phases of the plant -
including cold shutdown for maintenance and refuelling.

Post-accident situations. The accident sequences were analysed until the plant
reached a situation where the risk is negligible. It was considered that the residual
risk would be only negligible when a state was reached in which either the core
could be unloaded or the initiating event recovered. This meant that some very
long, slow sequences had to be taken into account. For instance, in the case of a
large loss-of-coolant accident, conditions were analysed over a period of one year
following the event.

Reliability data. Almost all the data used in the PSAs came from EdF's
operating experience with PWRs. Since 1986, a detailed analysis of EdF's 200
reactor-years of experience has been carried out with a view to obtaining data that
could confidently be relied upon. Because the design of French plants is fairly
homogeneous, with almost identical components - a situation unique in the world
nuclear power industry - very high-quality data could be obtained.

Human factor. In this particularly complex area, a high priority was placed on
operating experience, which is the only basis for a truly realistic analysis. The main
information sources were real-life incidents, specific inquiries and interviews, and
simulator experiments. Information collected by EdF during simulator experiments
(204 tests with 78 different crews) was particularly important.

3. Main results and findings

The total frequency of core damage obtained from the study of the 900 MWe
units is 5x10"5/reactor-year. If one excludes accident sequences in shutdown
conditions, and if the duration of the sequences is limited to 24 hours, the
frequency of core damage becomes 2x10'5/reactor-year.

The total frequency of core damage obtained from the study of the 1300 MWe
Paluel unit is 10~5/reactor-year. If only events during power operation are
considered, the frequency of core damage is estimated at 4.7x10'6/reactor-year.

The breakdown of the results by family of initiating events and by reactor state
is given in figures 1 to 4.

The total result is made up of a large number of sequences and families. No
sequence contributes more than 13% to the total risk of core meltdown. This
indicates a certain degree of uniformity in the overall safety of 900 MWe and 1300
MWe units.

One interesting finding from these PSA studies is the considerable contribution
to core melt probabilities arising from situations connected to the shutdown state,
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which account for 32% of the total core melt probability figure for PSA 900 and for
56% in the case of PSA 1300. These high values may result from the fact that
there are generally no automatic systems to counter accident situations in
shutdown conditions and that human action is therefore necessary.

The risk is particularly high in the case of mid-loop operation (i.e. during
maintenance and refuelling shutdowns, with low water levels in the primary circuit)
because only a short time is available for the operator to take any action, due to
the low primary coolant inventory. It should nevertheless be noted that
uncertainties associated with these figures are high, as regards the probabilities
associated with human error and the actual frequency of the initiating events.

Particular sequences initiated by a spurious dilution of the primary coolant
were identified, specifically one involving the formation of a slug of non-borated
water in a primary loop during a loss of the primary pumps. Starting up a pump in
this situation can send the water slug into the core and cause a reactivity accident.

Another important initiating event is a loss of residual heat removal system in
mid-loop operation, and a speedy response from the operator is needed here.

Human factors clearly play a very important role. Sequences containing at
least one human error contribute nearly 80% of the total. Furthermore, human
factor plays a role both in the probability of failure of the systems and in the
frequency of the initiating events.

The French approach to safety has led to the introduction of two new sets of
procedures: H procedures (complementary procedures in case of loss of redundant
systems), and U procedures (ultimate procedures for emergency core cooling and
accident management). These complement the classic set of incident and accident
procedures (I and A procedures). Taking account of the recovery actions
envisaged in the complementary and ultimate accident procedures, H and U,
makes it possible to reduce the probability of core meltdown significantly. For
example:

- Sequences involving loss-of-coolant with failure of systems in the long term
have a contribution which, although not negligible, is not great. On the other hand,
if allowance is not made for backup of safety injection (procedure H4) and
containment spray (procedure U3), the long term risk would be more significant.

- The additional resources brought to bear under the procedure (H3) for
dealing with power blackout make the effects of sequences leading to leakage at
the primary pump seals negligible.

- Allowance for "feed and bleed" cooling (procedure H2) reduces the
probability of core meltdown associated with loss of steam generator feedwater
supply by a factor of about 10.

- Another factor contributing to risk reduction is human redundancy due to the
presence of the safety engineer and the existence of the ultimate symptom
oriented procedure, U1. Taking account of the U1 procedure reduces the
probability of a large number of sequences by a factor of 3-10. Such sequences
include small primary system break, steam generator tube rupture with high
pressure safety injection failure, and all sequences involving a failure of the
auxiliary feedwater system.
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4. Use of PSA results

• The dominant sequences were analysed in order to define measures able to
reduce their probability. The dominant sequences are mainly related to shutdown
situations described above (loss of RHRS during mid-loop operation, spurious
boron dilution). The measures decided on by EdF are the improvement of technical
specifications and operating procedures, and the definition of automatisms.

- Concerning the loss of RHRS, technical specifications were defined in order
to reduce the frequency of loss of heat removal due to an excessive draining of the
primary circuit. The instrumentation was improved to provide a more accurate
check on the water level in the primary loops (installation of a device using
ultrasonic sounds). It was decided to implement an automatic supply with borated
water in case of loss of RHRS at mid-loop operation.

- Concerning spurious boron dilution, provisional automatism was installed
allowing to stop the on-going dilution in case of primary pumps trip. Some
experiments were made to obtain further knowledge on physical phenomena such
as the conditions of mixing. Moreover, exhaustive research was carried out to find
all the scenarios leading to sudden dilution. The results of these studies will allow
the final modification to be defined.

• The calculation of importance measures for systems and components is used
as a guide for an optimised follow up of reliability parameters.

- The first results obtained from PSA 900 reveal the importance of the
Emergency Feedwater System and, less evidently, of the ventilation systems.

- In addition, an important exercise based on the PSA models is presently in
progress at EdF with the objective of optimising maintenance.

• Furthermore, the PSA models are used to assess the importance of incidents
(calculation of conditional core melt probability). This approach is used both by EdF
and IPSN.

• The PSA results were also used to determine priorities for improving the
emergency procedures, and training of the operators. For instance :

- better presentation of the procedure (A3) to be followed by the operating
team after a steam generator tube rupture,

- additional measures to help the operators in shutdown situations.

• Also, a review of the technical specifications is in progress, based on the
PSA models.

• Finally, the PSA results were used as a basis for the research of safety
improvements in the design of future plants. A feature of the new French-German
PWR project is a wide use of PSA since the early design stage.
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5. Conclusion

The French PSAs constitute an important knowledge base that can be used to
assess PWR safety and rank problems in order of importance. Many valuable
lessons have already been yielded for improving the safety of French PWRs by
design or operation modifications.

Moreover, the PSA research effort itself is continuing : the studies will be
updated, incorporating new knowledge and data; the scope will be extended to
take into account internal fires and level 2.
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