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PROBABILISTIC SAFETY ASSESSMENTS

by Michel Laverie

Director of the Central Service
for the Safety of Nuclear Installations

To situate the probabilistic safety assessment of standardized
900 MWe units made by the Institute for Nuclear Safety and Protection
(IPSN), it is necessary to consider the importance and possible
utilization of a study of this type.

At the present time, the safety of nuclear installations essentially
depends on the application of the defence in-depth approach The
design arrangements adopted are justified by the operating
organization on the basis of deterministic studies of a limited number of
conventional situations with corresponding safety margins. These
conventional situations are grouped in categories by frequency, it being
accepted that the greater the consequences the lesser the frequency
must be.

However in the framework of the analysis performed under the control
of the French safety authority, the importance was rapidly recognized of
setting an overall reference objective. By 1977, on the occasion of
appraisal of the fundamental safety options of the standardized
1300 MWe units, the Central Service for the Safety of Nuclear
Installations (SCSIN) set the following global probabilistic objective:

"Generally speaking, the design of installations including a pressunzed
water nuclear reactor must be such that the global probability of the
nuclear unit being the origin of unacceptable consequences does not
exceed 10-6 per year..."

Probabilistic analyses making reference to this global objective
gradually began to supplement the deterministic approach, both for
examining external hazards to be considered in the design basis and
for examining the possible need for additional means of countering the
failure of doubled systems in application of the deterministic single-
failure cntenon.

A new step has been taken in France by carrying out two level 1
probabilistic safety assessments (calculation of the annual probability of
core meltdown), one for the 900 MWe senes by the IPSN and the other
for the 1300 MWe senes by Electnctte de France. The objective of
these studies was twofold:

- firstly to check the safety level of the French units in the international
context.

- secondly, and considerably more importantly, to develop an
additional resource for help in decision-making, allowing assessment
of the relative impact of modifications to installations or procedures
and to detect, once again in relative terms, any weak points. The
importance of this second objective is of course greatly increased by
the fact that the French nuclear facilities are standardized.



When probabilstic safety studies are mentioned, emphasis is frequently
placed on the first objective. Although it may be reassuring to find that
the French power plants are well placed internationally, the absolute
values indicated by the different probabilistic assessments are too
dependent on the domain covered, the techniques implemented and
the data used for it to be possible to make comparisons of safety leveis
on the basis of global results alone. On the other hand, the use of
probabilistic safety assessments can provide interesting insights
towards relative comparison approaches offering the greatest
improvements in safety. In this respect, it is encouraging to find that the
design of the 1300 MWe senes represents an overall improvement over
that of the 900 MWe senes.

The two studies which have been carried out must not be seen as an
end, but as a way forward. Furthermore, it is possible to improve and
add to them. This opens up two lines of action for the French safety
organizations in the field of probabilistic safety assessments.

Therefore, the latter plan to use the probabilistic safety assessments to
help in the following fields:

- grading safety problems and identifying any weak points; for instance,
in carrying out the two assessments, two outage accident sequences
were revealed whose relative importance had been underestimated.
The international community has been kept well informed about them,

- making penodic safety reassessments (earned out every ten years in
France): this essentially consists of making a more quantitative
assessment of the impact of any modifications made to bnng
equipment up to standard,

- analyzing the accident situation operating procedures and the
technical operating specifications,

- studying the importance of the reliability of certain items of equipment
or systems for safety,

- analyzing the design of reactors of the N4 senes and future types.

As regards the evolution of the tool, the probabilistic safety
assessments will be updated tc allow 'or any modiiiudUuiis mau« 10 tne
units, the latest discoveries and the lessons derived from feedback of
expenence. Furthermore, the French probabilistic safety assessments
may be supplemented to cover additional hazards, such as fire risks;
extensions may be made to better appreciate, for vanous sequences
leading to core meltdown, the corresponding probabilities of off-site
releases, making allowance for certain modes of containment failure.
This will involve overcoming a number of difficulties, essentially
methodological, requiring a major analysis initiative which may well
constitute a central feature of international cooperation.

To conclude, it must be emphasized that although a major step has
been taken with the completion of the level 1 probabilistic safety
assessments of the 900 and 1300 MWe units, the making available of
these tools has opened up a large additional field of study with much
potential for improving the safety of these units. A major effort has been
made to carry out these two studies. This effort will be maintained to
ensure that they continue to bear fruit.



NOTE

The 900 MWe reactor probabilistic safety assessment (EPS 900)
described in this report represents the status of the studies performed
by the "Institut de Protection et de Surete Nucleaire" in April 1990.

Some additional sequences were recently discovered: in particular, this
is the case of some possibilities of losing cooling during plant
shutdown. They will be introduced in a future issue of this study, taking
into account backfitting determined by Electricite de France to cope with
these accidental sequences.

Moreover, external checking of EPS 900 by Electricity de France is not
yet fully completed. Some modifications could be introduced
concerning hypotheses and data.

As further knowledge is obtained from safety studies and from
experience feedback, this PSA will have to be revised to ensure it
remains a living resource.

Apart from these reservations, this report gives the present status of the
knowledge regarding probabilistic safety evaluation of the 900 MWe
reactors; from now on, it will be used by the IPSN as the framework of
its safety studies.
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in the preparation of this study.

This document was translated from the original French and typeset by
Raven International France, Clamart.

Translator's note:

In French documents, PWR main systems are designated by standard
three-letter codes. These have been used in this translation except
where commonly-used English abbreviations exist. A full list of these
three-letter codes and abbreviations is to be found in a key at the end of
this document.
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A.1 INTRODUCTION

This probabilistic safety assessment of the 900 MWe pressurized water
reactor, hereafter referred to by its French title EPS 900, was carried out
by the Safety Analysis Department of the Nuclear Safety and Protection
Institute of the French Atomic Energy Commission (CEA/IPSN/DAS)
with the participation of Framatome. It was financed by the Central
Service for the Safety of Nuclear Installations (SCSIN).

Its purpose is to assess the probability of core meltdown caused by
internal events liable to occur in the installation (failure of equipment or
human error). In its present form, EPS 900 does not cover internal and
external hazards such as fires, floods and earthquakes. It is
conventionally classified as a Level 1 probabilistic safety assessment.

The probability of core meltdown is assessed by investigating all
scenarios which can result in accidents (referred to as "accident
sequences") by calculating their probability using suitable methods on
the basis of elementary data concerning equipment failure and human
error.

The first complete probabilistic safety assessment bore the title of
"Wash 1400" and was published in the USA in 1975 by Professor
Rasmussen. After initial criticism, the value of the study became
increasingly obvious, particularly after the Three Mile Island accident.

Indeed, this approach not only provides quantified probability results
but also provides a model of the operation of the reactor in accident
situations which integrates a particularly large amount of data
concerning the design and operation of units.

Since then, studies of the same type have been carried out in most
countries with nuclear facilities, with many indirect benefits for the
design and operation of reactors.

Although the basis of reactor design is essentially deterministic, the
probabilistic approach has been viewed in France, since the beginning
of the seventies, as being particularly helpful in safety analysis. A
number of partial probabilistic studies were first carried out by Electricity
de France, IPSN and Framatome on different types of reactors. In 1982,
the decision was taken by the IPSN to make a full probabilistic safety
assessment of a reactor of the standard 900 MWe series. The
existence in France of standardized series (thirty four 900 MWe units of
the same design) has made it possible to build up a large corpus of
realistic data particularly suited to making a probabilistic safety
assessment.
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• 1987 to 1989 — a provisional phase enabling qualitative allowance
to be made for all EDF remarks, as well as results of the additional
studies and improvements considered necessary. In addition, certain
modifications of the 900 MWe units, which had been decided upon in
the mean time, were introduced. It is also during the provisional
phase that it was decided to use the LESSEPS computer system
developed by EDF.

The provisional phase was the subject of review at the qualitative
level only.

• 1989 to 1990 — a final phase during which the final quantification
was established, and the final documents were drafted.

The study necessitated the participation of a large number of IPSN/DAS
and Framatome engineers in a wide range of fields (operation, physics,
reliability methods and human factors), the work being coordinated by a
project manager from the PWR Design and Analysis Unit. The total
investment in the study can be estimated at 50 engineer-years.

Frequent contacts were maintained with EDF within the framework of a
joint committee whose task was to harmonize the approaches to certain
difficult problems such as equipment reliability data, the initiating event
probability, common mode failures and human reliability.

A.4 QUALITY CONTROL

During preparation of EPS 900, quality control was instigated at a
number of levels:

1. Each report was checked by the writers, their office heads, the
project manager and the head of the PWR Design and Analysis
Unit.

2. Internal reviews were carried out, after each stage of the
probabilistic safety assessment was completed, by a group of IPSN
and Framatome engineers who had not participated directly in the
work. These reviews led to remarks being recorded in the minutes
of the meetings. These remarks were formerly taken into account
by the writers of the reports.

3. An external review was carried out by Electricite de France. This
extremely, detailed review took place after the preliminary phase of
the probabilistic safety assessment. Written questions were
submitted concerning each memorandum, then debated during the
meetings of an EDF/IPSN liaison committee. The conclusions of
these meetings were officially recorded in reports. These
conclusions were taken into account in the final study.
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A.5 DOCUMENTS PREPARED AS PART OF THE PROBABILISTIC
SAFETY ASSESSMENT

The EPS 900 documents consist of the detailed reports listed in
Appendix I. These reports are of four categories:

• generic reports,

• reports concerning studies of families of events,

• reports concerning systems,

• reports containing thermohydraulic studies.

The results of these studies are contained in this executive summary,
which consists of the following parts:

• Part A, which places EPS 900 in perspective,

• Part B, which gives a detailed description of the reference unit
(systems, procedures and operating data),

• Part C, which gives the methods and data used, with particular
reference to the particularities of the study,

• Parts D to M which give, for each family, an overview of the study and
corresponding results,

• Part N, which reviews the results and presents the conclusions of the
study.
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B.1 DESIGN BASIS

The reactor in question is a type CP2 900 MWe pressurized water
reactor embodying all the modifications decided upon up to 1st January
1990. The primary coolant system consists of the reactor vessel
containing the fuel (enriched uranium fuel under three-batch core
management) and three cooling loops, each of which includes a
circulation pump and a steam generator. The pressure in the system,
which must be permanently kept higher than the saturation pressure
corresponding to its maximum temperature, is controlled by means of
the pressurizer connected to one of the loops by heaters and spraying
using the primary pumps.

The primary pumps remove the heat released in the core, and the
steam generators transfer sufficient heat to the secondary system to
produce the steam required to drive the turbine.

• As regards safety, it was on the basis of a list of the design operating
conditions that the protection systems and engineered safety features
(ESFs) were designed. This list was supplemented by studying the
additional operating conditions corresponding to the loss of redundant
systems resulting in the implementation of additional means.

All equipment in the installation, whether protection/ESF-related or not
safety-related, was taken into consideration in the probabilistic safety
assessment as regards the accomplishing of the following functions
required for preventing core meltdown:

• reactivity control,

• core cooling and removal of primary power,

• control of the water inventory,

• control of pressure.
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B.2 REACTOR OPERATING STATES

On the basis of operating experience with reactors in service, six
different operating states have been identified.

State A: duration 7488 hours per year.

This state covers the following operating phases:

• Reactor under power: power > 2% nominal
Average temperature between 286 and 304°C
Pressure: 155 bar absolute.

• Reactor on hot standby: power < 2% nominal
Average temperature: 286°C
Pressure: 155 bar absolute.

• Reactor on hot standby and sub-critical:
Average temperature: 286°C
Pressure: 155 bar absolute.

• Reactor on intermediate shutdown to the P11 and P12 thresholds:
Average temperature between 280 and 286°C
Pressure between 139 and 155 bar absolute.

This state is particularized by the fact that in all the corresponding
phases, the safety injection system, which enables the water inventory
in the core to be preserved in an accident situation, is activated by a low
primary system pressure signal.

State B: duration 38 hours per year.

This state covers the remainder of intermediate shutdown up to the
point where RHRS implementation conditions are reached.

• Average temperature between 177 and 280°C

• Pressure between 30 and 139 bar absolute.

State C: duration 264 hours per year.

This state covers the phases where primary system cooling is provided
by the residual heat removal system and the primary system is full.

This state includes the following three phases:

• Temperature between 90 and 177°C, duration: 37 hours
Pressure: 24 bar.

• Temperature between 60 and 90°C, duration: 110 hours.
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• Normal cold shutdown when the System PTR can remove the
residual heat, necessitating a primary system escape:
Duration: 117 hours.

State D: duration 456 hours per year.

This state covers phases in which the primary system is partly drained
or open to the point where the primary pipes are half-full. A number of
specific cases are recognized depending on the location of the opening
in the primary system. The RHRS (and possibly System PTR) is in
service.

State E: duration 216 hours per year.

This state covers cold shutdown for refuelling with the reactor cavity full
and with at least one fuel element in the reactor vessel.

State F: duration 288 hours per year.

This state covers all primary system configurations where all fuel has
been unloaded from the reactor vessel.

B.3 CONTROL

A unit is run from a single control room containing the necessary
controls and displays. Control is effected by the following staff:

• a shift supervisor, responsible for the operation of twin units,

• a deputy shift supervisor,

• two control room operators,

• two technicians and two roundsmen in charge of operating and
testing the equipment of two units.

In the event of a scram, a Safety Engineer (ISR) is called to the control
room to apply specific procedures for permanent surveillance of the
installation.

In incident transients, independent protection channels of the reactor
protection system (the RPS) supply both the signals which trigger the
scram or the operation of safety systems as well as inhibition signals
preventing certain actions. Two documents are available to the control
room operators for such situations:

• procedure AO which is applicable when safety injection is
implemented automatically (Figure 1),
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• the operating instruction selection chart which is applicable when
special alarms occur (Figure 2).

These two documents enable the operator to make his diagnostic and
to select the appropriate procedure. It is to be noted that the scope of
validity of the operating procedure selection chart (DEC) covers all
possible nuclear steam supply system states, while procedure AO only
covers those for which the residual heat removal system is not
connected to the primary coolant system. In the latter case, operation of
the safety injection system is mainly manually controlled.

During an accident sequence, the Safety Engineer applying procedure
SPI (permanent surveillance during incident) ensures redundant
monitoring of the operator control action. He may also request other
additional action or the application of procedure U1 in the case where
the application limits of event-oriented procedures I, A and H are
exceeded.
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The applicable procedures are the following:

AO
A11
A12
A21
A22
A3
A7

A10
H11
H12
H2

H3 1
H3.2
H4
SPI

U1/SPU
U2
U3
U4
U5

DEC
RCA

11
121
I22
13

13.1
I3.2
I4A
I4B
I9A
I9B
I9C

I10A
MOB
111 A
111B

me
HID
113

IARE2
IRCP4
IRCP8
IRCV1
IRRA2
IRRI4

ISAR1
ISAR2
IASG9

Operation after safety injection
Small primary system break
Large primary system break
Secondary system line rupture outside containment
Secondary system line rupture inside containment
Steam generator tube rupture
Spurious dilution
Loss of primary coolant with the RHRS connected
Total loss of heat sink with the RHRS disconnected
Total loss of heat sink with the RHRS connected
Total loss of steam generator feedwater supply
Loss of electrical power supplies with the RHRS disconnected
Loss of electrical power supplies with the RHRS connected
Back-up of low pressure safety injection by the CSS system and vice versa
Permanent surveillance dunng incident
Nuclear steam supply system emergency operation
Containment isolation breach
Implementation of mobile emergency resources
Penetration of basemat by corium
Decompression of containment
Operating procedure selection chart
Curve and chart handbook
Post-scram operation
Loss of main electrical power supply
Off-site power blackout
Interruption of spurious safety injection
Interruption of spurious safety injection
Interruption of spurious safety injection below P11 and P12
Loss of off-site electrical power supplies and diesel train A
Loss of off-site electrical power supplies and diesel train B
Loss of 48 V d-c train A
Loss of 48 V d-c train B
Loss of 48 V d-c train C
Loss of 125 V d-c train A
Loss of 125 V d-c train B
Loss of 220 V process instrumentation system protection I
Loss of 220 V process instrumentation system protection II
Loss of 220 V process instrumentation system protection III
Loss of 220 V process instrumentation system protection IV
Loss of 30 V control power
Small feedwater line rupture (inside containment)
Primary leak without safety injection action
Primary to secondary leak without safety injection action
CVCS malfunction
Malfunction/loss of the RHRS when in service
CCW system leak
Loss of System SAP or fault in System SAR outside containment
Loss of System SAR in reactor building
Re-supply of AFW tank
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B.4 DESIGN OF SYSTEMS

B.4.1 - General

A distinction is drawn between the systems depending on the function
they provide to avoid core meltdown (Figure 3). The design of the main
systems taken into consideration is based on the single-failure
principle. With a few exceptions, the circulation in these systems is
ensured by motor-driven pumps. Electrical power is distributed to the
auxiliary systems of a unit (Figure 4) by:

• the unit buses (Systems LGA and LGD) which supply the auxiliaries
required for generating electricity. These buses are supplied by the
alternator or the main power supply (400 kV),

• the permanent buses (Systems LGB and LGC) supplied by the
alternator, the main power supply (400 kV) or the auxiliary power
supply (225 kV),

• the emergency buses (Systems LHA and LHB) supplied by the
alternator, the main power supply, the auxiliary power supply or the
two diesel generators constituting the on-site power supply. These
6.6 kV buses principally supply the motors of the pumps of the major
systems and output voltages of 380 V (LL), 125 V (LB), 48 V (LC), 30
V (LD) and protection currents (LN), respectively used for driving
valves and fans, operating contactors, control and instrumentation,
regulation and the RPS protection system.

In the event of an electrical power blackout, an on-site gas turbine
with a capacity equivalent to that of one diesel generator can be
connected to one of the two emergency supply buses within three
hours.

B.4.2 - Reactivity Control

Reactivity control is provided by:

• control rods which govern the primary system temperature when the
reactor is under power,

• shutdown rods which, in a scram, enter the core by gravity together
with the control rods. Scram signals cause the opening of two circuit
breakers which supply power energizing the retention coils of the
control mechanisms of the control and shutdown rods, which fall into
the core under their own weight,

• the injection of borated water using the CVCS or the SI system.
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The CVCS is used without the control rods to compensate for slow
variations in reactivity, which may for instance be associated with
depletion of the fuel during its lifetime, and also for variations in xenon
activity. The CVCS can be used to inject a boric acid solution with a
concentration of 7000 ppm contained in the System REA tanks.

The SI system is used in accident situations to compensate for an
insertion of reactivity by injecting a solution of boric acid with a
concentration of 21,000 ppm into the cold legs of the primary system,
backed up if necessary by water from the RWST with a concentration of
2000 ppm.

B.4.3 - Cooling of Core and Removal of Primary Power

The core is cooled by the circulation of liquid (primary pumps, the
RHRS pumps or natural convection).

The primary power can be removed by:

• producing steam in the steam generators, requiring:

- supply of water to the steam generators by:

. the Main Feedwater Flow Control System (System ARE),

. the Auxiliary Feedwater System (System ASG),

- the release of the resulting steam by:

. the Main Steam System (System VVP),

. the Steam Dump System condenser section (System GCT),

. the Steam Dump System atmosphere section (System GCT),

• opening of the pressurizer safety valves which protect the primary
system against overpressure,

• transfer of power to the heat sink via the raw water and intermediate
cooling systems (ESW and CCW systems) cooling, among other
things, the water in the following systems:

- the Residual Heat Removal System (System RRA),

- the Reactor Cavity and Spent Fuel Pit Cooling and Treatment
System (System PTR),

- the Containment Spray System (System EAS).

a) Main steam generator feedwater supply

The steam generators are normally supplied with feedwater by:

1) the condenser which condenses and deaerates the steam,

2) the condenser extraction pumps powered via two sets of non-
emergency supplied busbars which replenish the feedwater tank,
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3) the feedwater tank,

4) the turbine-driven feedwater pumps supplied with high pressure
steam from the steam header or low pressure steam from the low
pressure casing of the turbine,

5) heaters designed to raise the enthalpy of the water introduced into
the steam generators,

6) steam generator feedwater control valves. Three lines lead from
the feedwater tank making it possible to supply and control the
flowrate of the water introduced into each steam generator by
means of two valves. A so-called "high flowrate" valve is used for
more than 15% filling and a "low flowrate" valve is used for less
than 15% filling, including post-scram operations.

b) Auxiliary Feedwater (AFW) System — System ASG
(Figure 5)

The AFW system is one of the main engineered safety feature systems.
Its role is to provide sufficient feedwater to enable the removal of
residual heat in the event of total loss of the main steam generator
feedwater supply systems.

Events which can lead to demand of the AFW system include:

• failure of the main steam generator feedwater system, including loss
of off-site electrical power supplies,

• loss of primary or secondary coolant triggering safety injection,

• the safety injection signal,

• transient with failure of the reactor to scram, in which case a special
signal activates the AFW system and a turbine trip command is
emitted.

The AFW system includes a part specific to each unit including:

• a storage tank containing demineralized water. The volume of water
contained in this tank is sufficient to meet the requirements for
switching to the RHRS,

• two half-capacity (80 m3/h) motor-driven pump units powered from
emergency supply electrical buses discharging into a common
manifold supplying three lines leading to each steam generator,

• a full-capacity turbine-driven pump supplying each steam generator
feedwater line via pipes separate from those of the motor-driven
pumps, capable of supplying the steam generators in blackout
situations.

Three tappings of the main steam lines upstream of the steam
isolation valves are used to supply the turbine of the pump and the
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turbo-alternator (System LLS) designed to take over the primary
water inventory and reactor control functions under blackout
conditions,

• a control valve followed by a diaphragm in each steam generator
feedwater supply line from the motor or turbine-driven pumps,

• a feedwater supply line for each steam generator connected to the
main feedwater supply line.

The part common to all the units on the site can be used to re-supply
the tank of any unit using the reserves of demineralized water (System
SER) or the reserves of water contained in the condensers by using the
extraction pumps.

c) The Main Steam System (Figure 6)

The main steam system consists of three steam lines connected to the
tops of the three steam generators. These lines pass through the
containment into the steam bunkers.

Each line includes:

• a venting line,

• 7 safety valves:

- a first set of three relief valves calibrated at 74 bar,

- a second set of four relief valves calibrated at 76.6 bar.

Their unit capacity is 335 t/h.

• the line supplying the AFW system turbine-driven pump,

• a fast-acting cut-off valve which can be used to isolate the steam
generators if a steam line ruptures.

In the turbine hall, the three lines are connected to the header from
which the following lines lead:

• the six turbine inlet lines,

• the two lines carrying steam to the turbine by-pass valves,

• the turbine high pressure supply driving the turbine-driven feedwater
pumps.

The System VVP safety valves are not qualified for discharging water.

d) Steam Dump System (System GCT) condenser section
(Figure 6)

The System GCT condenser section is designed to provide a steam
path which can replace or co-exist with the steam supply to the turbine.
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Its total capacity must be sufficient to enable house-load operation of
the unit without scramming or opening of the steam generator relief
valves. Its main use is in starting up, turbine unloading, scramming and
reactor cooling.

During cooling, it can be used to maintain or reduce the steam header
pressure in accordance with a pre-established gradient until
implementation of the RHRS.

The total capacity of the System GCT condenser section is 85% of the
nominal steam flowrate.

e) Steam Dump System (System GCT) atmosphere section
(Figure 6)

The System GCT atmosphere section consists of three steam relief
lines connected upstream of the set of steam generator safety valves at
the outlet of each steam generator.

The system has the following roles:

• in the event of unavailability of the System GCT condenser section
due to unavailability of the condenser or the desuperheated system, it
can be used to cool the primary system by reducing the secondary
pressure setpoint by means of the System GCT relief valves,

• in normal operation of the unit, the setpoint of these valves is at
71.7 bar and the System GCT atmosphere section protects the
secondary system against overpressure, thus avoiding opening of the
steam generator safety valves.

Each line includes:

• one motor-operated isolation valve which is normally open,

• one control valve operated by a governor. This valve closes in the
event of loss of the motor utilities (control voltage and compressed
air).

The control voltage of the two regulating valves is taken over by the
System LLS turbo-alternator in the event of a blackout. The
compressed air system of these valves includes rechargeable drums.

These arrangements make it possible to remove residual heat in the
event of a blackout.

The maximum release rate is 195 t/h per valve at a pressure of 71 bar
absolute, corresponding to a capacity of 10% of the nominal steam
flowrate. The valves can discharge steam or water at between 71 and
8 bar.
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f) Pressurizer safety valves

Three lines equipped with two valves in series (a pressure relief valve
and an isolating valve) of which the unit capacity is 171 t/h of saturated
steam under a pressure of 172 bar absolute, protect the primary system
against overpressure in situations of the second and third categories,
as well as in transients without scrams.

In situations involving total loss of the steam generator feedwater
supply, they enable removal of the residual heat in conjunction with the
safety injection system. This possibility, based on their forced opening,
constitutes one of the basic parameters of procedure U1.

g) Residual Heat Removal System (RHRS) RRA (Figure 7)

The RHRS, which is located inside the containment, provides the
following functions:

• cooling of the primary system from 177°C, 30 bar to the cold
shutdown state (60°C, 1 bar) as required for opening the primary
system, at a rate of 28°C per hour,

• maintaining the primary temperature during maintenance operations
(inspection of steam generator tubes) or refuelling.

It operates in normal shutdown situations or after an accident involving
a small break in the primary system.

The RHRS comprises:

• two suction lines connected to the hot leg of primary loop No. 2, each
with two series-connected motor-operated valves, locked closed
when the primary pressure is greater than 32 bar absolute,

• two parallel-connected pumps powered from the emergency supplied
buses, cooled by the component cooling water system (the CCWS),
for which the limit conditions for suction require that in state D, the
water level in the primary pipes is not below that corresponding to
half-filling of the pipes,

• two safety valve tandems connected in parallel and calibrated at
39 and 42 bar absolute to protect the RHRS and RCS against
overpressure under cold conditions,

• two heat exchangers connected in parallel cooled by the component
cooling system,

• a set of adjustment valves making it possible to vary the cooling rate
and maintain a constant flowrate through the pumps.
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The RHRS is connected to the following systems:

• chemical and volume control system for:

- obtaining the required pressure, temperature and boron
concentration in the RHRS before it is put into service,

- purifying the primary system water,

- single-phase monitoring of primary pressure by means of the
valves located in the CVCS outlet (RCV 13 VP),

• reactor cavity and spent fuel pit cooling and treatment system
(System PTR).

Its location in the containment enables it to remain operational after
draining into the containment pits of a quantity of water corresponding
to that of the RWST used in safety injection.

h) Reactor Cavity and Spent Fuel Pit Cooling Treatment
System PTR (Figure 7)

System PTR, which is located outside the containment, can be used,
when the primary system is open, to back-up the RHRS by means of
connections between these two systems, making it possible to startup a
pump and a heat exchanger cooled by the component cooling system
(the CCW system). This system includes a tank containing 1600 m3 of
2000 ppm boron solution. This solution is injected into the primary
system and the containment by safety injection and containment spray
systems in the event of safety injection.

I) Containment Spray System (CSS) EAS (Figure 8)

The containment spray system is an engineered safety feature system
which, in the event of an accident involving rupture or intentional
opening of the primary system or of rupture of a steam line inside the
containment, distributes and uniformly pulverizes inside the
containment borated water containing chemical additives designed to
maintain the temperature and pressure conditions while avoiding
damaging the equipment used or the containment, and to fix any iodine
released. This system is activated manually or automatically if the very
high pressure signal is given.

It consists of two identical spray systems connected in parallel, each
with a pump powered from an emergency supplied bus circulating
water through a heat exchanger cooled by the component cooling
system then pulverizing it at nozzles on a number of annular manifolds.
The pumps first draw borated water from the reactor cavity water tank
and then the containment sumps.

The system does not include a water recirculation line leading to the
containment sumps. If the CSS pumps are to be operated without
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damage, it is necessary to have permanent ventilation by System DVS
of the compartments containing their motors, each compartment being
cooled by an independent sub-system essentially consisting of a supply
fan and an extraction fan.

The role of the CSS is primordial in maintaining the water in the sumps
at a value compatible with operation without damage to the safety
injection pumps (temperature below 130°C).

j) Component Cooling (CCW) System RRI (Figure 9)

The principal functions of the CCW system are:

• cooling the various nuclear auxiliaries required for normal operation
of the unit, in particular the heat barrier, the motor and the bearings of
the primary pumps, and the CVCS heat exchangers,

• cooling a certain number of important systems:

- the containment spray system,

- the residual heat removal system,

- the CVCS pump compartment ventilation system.

The system consists of two trains, each cooled by a separate train of
essential service water (the ESW system).

Each train includes a tank, two pumps connected to the same
emergency supplied bus and two heat exchangers.

Under normal circumstances, only one pump operates.

When moving to and holding at cold shutdown, one train with two
pumps supplies one RHRS heat exchanger and the auxiliary
consumers while the other supplies the second RHRS heat exchanger.

Under accident conditions (steam line break in containment or loss of
coolant accident), the "very high containment pressure" signal is set off,
causing supply of the CSS heat exchangers by the RHRS and isolation
of the auxiliary heat exchangers.

k) Essential Service Water (ESW) System SEC (Figure 9)

The ESW system is a engineered safety feature system. It cools the
CCW system heat exchanger. The system of each unit includes two
independent trains, each supplied by two half heat exchangers via two
pumps (2 x 100%) powered from the same emergency supplied bus.
The water it contains is taken from the river and filtered through trash
rakes and screening drums.
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B.4.4 - Preserving the Core Water Inventory

The primary system water inventory is preserved and its boron content
controlled during normal operation of the reactor by Chemical and
Volume Control System (CVCS) RCV and Reactor Boron and Water
Make-up System REA. The CVCS can be used to compensate for
breaks in the primary system up to an equivalent diameter of 3/8". For
breaks greater than 3/8" and guillotine break of a primary system leg,
safety injection is used.

a) Chemical and Volume Control System (CVCS) RCV
(Figure 10)

The chemical and volume control system performs a number of
functions both in normal operation and accident situations.

The main ones are:

• controlling slow changes in core reactivity in conjunction with Reactor
Boron and Water Make-up System REA, by adjusting the boric acid
concentration of the primary water,

• keeping the primary coolant volume steady by means of a
charging/letdown system,

• cooling the seals of the primary pumps by permanent injection,

• compensating for the outflow of a break in the primary system with a
cross-section less than 3/8" by means of the charging system,

• maintaining pressure and temperature conditions in the RHRS by the
link between the two systems and the CVCS letdown.

Continuous letdown of the primary system is carried out with the cold
leg of primary loop No. 2 for even numbered units and primary loop
No. 3 for odd numbered units. The letdown water is cooled in a
regenerating heat exchanger by the water injected into the primary
system. The water pressure is reduced by chokes then it is once again
cooled by the CCW system.

There is no automatic system for isolating this letdown line in the event
of loss of cooling by the CCW system. Should this situation arise,
operator action is necessary to avoid damaging the filters in the CVCS,
which can give rise to particles which can endanger the integrity of the
primary pump seals, as well as loss of the suction height of the CVCS
pumps causing them to cavitate.

When the pressure in the primary system is controlled by the
pressurizer, the letdown flow is constant and a valve in the charging
circuit can be used to adjust the rate of injection and thus adjust the
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quantity of primary water on the basis of the water level in the
pressurizer.

If necessary, this charging flow can be increased by operator action
using the relay controlling the valve. When there is a single-phase
environment in the primary system, a valve in the letdown line controls
the primary pressure, the charging flow then being constant.

The letdown water is then filtered and fed into a tank with a borated
water make-up system with a capacity of 7000 ppm, via System REA if
necessary.

During dilution, the borated water taken from the primary system is sent
to Boron Recycle System TEP.

The cold water from the tank is returned to the cold leg of loop No. 1 of
the primary system in even numbered units and loop No. 2 in odd
numbered units by emergency supplied pumps. These pumps, of
which there are three, also serve as high-pressure safety injection
pumps, in which case they draw from the RWST and not from the CVCS
tank. One of these pumps is constantly withdrawn, one pump operates
according to the CVCS load, and a second pump is started up in the
event of safety injection.

Part of the output is injected into the primary pumps after passing
through filters. This water is injected between the pump impeller and
the shaft seals, of which there are three on each pump, and avoids the
seals being exposed to the primary fluid temperature. In the event of
loss of injection via the CVCS, cooling of this water is maintained by the
CCW system at the heat shield to preserve the integrity of the seals.

Part of the water injected returns to the CVCS tank after passing
through the primary pump No. 1 seal. In certain situations (loss of
primary pumps or the prime pressurizer bubble) an "auxiliary spray" line
can be opened to control the primary pressure. There is also an inter-
unit connection between CVCS, making it possible to connect a pump
of one unit to the charging line or seal injection system of another unit.

b) Safety Injection (SI) System RIS (Figure 11)

The purpose of the safety injection system is to both maintain the water
inventory in the core while ensuring its integrity and to supply a
sufficient reserve of anti-reactivity in all primary and secondary system
break cases.

This function is provided by:

• injecting cooling water into the reactor core as rapidly as possible,

• recirculating water accumulating in the containment sumps.
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This system, which is installed outside the containment with the
exception of the accumulators, comes into play when the following
basic signals are triggered:

• primary pressure low,

• pressure high in containment (1.4 bar),

• high pressure difference between steam lines.

During the different phases of the reactor shutdown process, the first of
the above signals is inhibited when the primary pressure reaches
threshold P11 (139 bar absolute).

The safety injection system uses the following components:

• the RWST holding 1600 m3 of water containing 2000 ppm of boron,

• two of the three CVCS pumps operating in the high pressure safety
injection mode, the facilities in which these pumps are located are
cooled by ventilation systems DVN (open loop with no back-up) and
DVH (closed loop with back-up cooling by the CCW system),

• a tank of water containing 21,000 ppm of boron which is injected via
the high pressure safety injection pumps from the start of the accident
to make the reactor sub-critical, in addition to the action of the control
rods,

• three accumulators filled with borated water which, during normal
operation of the reactor, are kept under pressure by a blanket of
nitrogen (43 bar absolute), each accumulator being connected to one
primary loop by a line with two non-return valves. On switching to
cold shutdown state, the accumulators are isolated by closing a
motor-operated valve in each line when the primary pressure reaches
70 bar,

• two low-pressure safety injection pumps with electric back-up
systems.

These pumps are cooled in the following manner:

• The motor is cooled by backed-up ventilation System DVS essentially
consisting of an extraction and supply fan. Loss of this system
necessitates shutdown of the pump as its motor is no longer cooled.

• Their packings are cooled by an air cooler located in the CSS heat
exchanger compartment.

The water in these pumps must not exceed a temperature of 130°C
and they must always operate at an output of more than 45 m3/h.
They are therefore equipped with two miniflow lines, one with a return
line to the RWST and one with a return line to the containment sumps,
ensuring that they will not be damaged in operation,
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• The injection lines leading to the primary system:

- The low pressure safety injection pumps first discharge into a
header connected to the primary system cold loops by a line with
two non-return valves and a flow restricter.

They are then switched to injection into the primary system hot legs
to avoid crystallization of boron in the core, as the primary system
break may be located in a cold leg. Injection takes place via a
header from which lead three lines, each equipped with a non-
return valve and a flow restricter.

Under normal reactor conditions, the low-pressure safety injection
system is protected against pressurization by the primary system
which would destroy it by means of three non-return valves located
in the cold leg injection lines, and by means of a closed motor-
operated valve and two non-return valves in the hot leg injection
lines.

- The high pressure safety injection pumps discharge into the
primary system cold legs via a 21,000 ppm boron tank. They can
also discharge into the primary system hot legs via the header
mentioned concerning the low pressure safety injection pumps.
Throughout the phase in which safety injection is continued, they
also provide injection at the primary pump seals to ensure their
integrity, particularly if containment spraying has been demanded
thus interrupting cooling of the primary pump heat shield.

• Boosting of the high pressure safety injection pumps by the low
pressure safety injection pumps makes it possible both to guarantee
operation without damage to the high pressure safety injection pumps
in the event of an overpressure in the primary system up to the
pressurizer protection safety valve opening pressure, and to maintain
recirculation at high pressure if necessary. Indeed, the high pressure
safety injection pumps do not have suction lines leading directly to
the containment sumps. The boost lines are opened as soon as
safety injection begins.

• The test pumps shared by the two units, powered in the event of a
power blackout by turbo-alternator LLS, making it possible to
continue injection at the primary pump seals (Figure 12).

Furthermore, the option is available of backing up the low pressure
safety injection pumps and the CSS pumps with equipment which can
be installed four days after a primary break (connection of hoses) and
made operational on the fifteenth day. This makes it possible to ensure
removal of residual heat to the heat sink and preservation of the core
water inventory by a single actuator with cooling of the water in a CSS
heat exchanger.
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C.1 APPROACH

The general approach used in the study corresponds to conventional
probabilistic assessment methodology, and is shown in schematic form
in Figure C1.

This methodology is not described in detail for well-known methods.
This part gives a brief outline in cases where methods are well-known.
It essentially covers the significant points at each stage, with particular
references to the particularities of this study as compared to similar
studies; these particularities result either from the features of the French
situation or specific investigations.

Furthermore, it must be remembered that these different stages are not
independent, as the approach is essentially of the iterative type.
Throughout the study, we found it necessary to retrace our steps on a
number of occasions and none of the stages was finally completed until
the entire study was finished.
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C.2 INITIATING EVENTS

An initiating event is an event which disturbs the normal operation of
the installation and necessitates the action of at least one safety or
engineered safety feature system. It is initiating events which trigger
accident sequences.

The initiating events allowed for are all events of internal origin, as well
as loss of off-site power supply.

Events of external origin (earthquakes, fires, external flooding, tornados
etc.) are not allowed for. The same applies to internal fires and floods
for which the processing methods are analogous to those of exteranl
events.

C.2.1 - Identification of Initiating Events

In the identification of initiating events, every effort must be made to
ensure completeness. However, there is no method which can be
systematically applied to demonstrate completeness. The best method
of making sure that the investigation is as complete as possible is to
use all the available sources of information.

For EPS 900, the principal sources of information used for identifying
the initiating events were:

• similar probabilistic assessments,

• French and worldwide experience feedback,

• the safety analysis report (design situations),

• ad hoc studies carried out in the field of safety (for example post-
Chernobyl studies).

An important feature of EPS 900 is that the initiating events were sought
not only in the reactor under power configuration (as is generally the
case in studies in other countries), but in all states systematically,
including cold shutdown.

It should also be noted that a special effort has been made to study the
loss of support systems such as compressed air and the electrical
power supplies, in particular the low-voltage buses.
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C.2.2 - Grouping

All the initiating events that could be identified were grouped together in
a limited number of families, a list of which is given in Table C1.

In certain cases, these families have been broken down into sub-
families, depending on the functional consequences of the accident. In
particular, initiating events considered in different reactor states
generally constitute separate sub-families. For each sub-family, there is
a corresponding sub-initiator which generates the event tree.

It should also be noted that the families and sub-families thus defined
are not independent. Indeed, an initiating event may lead to accident
sequences which result in an event considered to be an initiator of
another family. For example, primary system overpressure transients
can cause a pressurizer break, which constitutes a sub-initiator of the
primary break family. All such interaction between families is taken into
account in quantification.

C.2.3 - Frequency of Initiating Events

C.2.3.1 - Quantification Methods

Insofar as possible, priority is given to experience feedback in
quantification.

• For events of observable frequency, the values used are specific
ones derived from operating experience with Electricite de France
power plants (eg loss of feedwater plant, loss of off-site electrical
power supplies, spurious safety injection etc.).

• For less frequent events, the values used are derived from worldwide
feedback experience (steam generator tube rupture and small
primary breaks).

• For extremely rare events, the values have been estimated by expert
judgement, allowance being made in particular for the absence of
observation anywhere in the world and the values used in foreign
studies (eg large primary and secondary system breaks).

• when the initiating event is the loss of a system, quantification is
based on a reliability study (eg electrical power blackout and loss of
the CCW/SEC cooling systems).
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C.2.3.2 - Quantification of Sub-initiating Events

• Division between reactor states

A distinction can be made between sub-initiating events directly
associated with the reactor state and sub-initiating events which can
occur in a number of reactor states. In the second case, the division
is made on the basis of the time spent in each state, in accordance
with the operating profile defined in Part B.

• Other cases of division

The division of the frequency of the sub-initiating events adopted for
functional reasons has been made either on the basis of experience
feedback (for example loss of the feedwater plant), or on the basis of
system reliability studies (eg electrical power blackout), or using
engineering judgement on the basis of studies made in other
countries (eg the division between large and intermediate primary
system breaks and the distribution between secondary system breaks
upstream and downstream of the isolation valves).

C.2.3.3 - Results

The frequencies of the main sub-initiating events of each family are
given in Table C1.

The frequency of all the sub-initiating events is indicated in the sections
corresponding to the families.

55



TABLE C1
Initiating Events

Family

LOCA

SSLB

SGTR and SSLB
+ SGTR

Loss of Systems
RRI/SEC(H1)

Loss of steam
generator feedwater

supply (H2)

Power blackout (H3)

ATWS

Primary system
transients

Secondary transients

Loss of electrical
power supplies

Loss of compressed air

Main
sub-Initiating

events

Large breaks )
Intermediate breaks ) RHRS disconnected
Small breaks )
Breaks with RHRS connected

Large SLB inside containment
Small SLB in any location
Small FWLB

Rupture of one steam generator tube
Rupture of two steam generator tubes

Loss of water intake
Loss of CCW/SEC in two engineered safety
feature trains
Large leak in one CCW train

Loss of the MFW
Loss of the AFW in shutdown on the AFW

RHRS disconnected
RHRS connected

Total loss of the MFW (power > 30% nominal)
without scram
Partial loss of the MFW (power > 30% nominal)
without scram
Total or partial loss of the MFW (power < 30%
nominal) without scram

Spurious safety injection
Spurious heater demand
Progressive spurious dilution (all states)
Dilution by water front (hot shutdown)

Total loss of secondary load
Closure of one main steam valve

Main off-site supply
Off-site supplies
Bus LH(6.6kV)

LC (48 V)
LDA (30 V)

Loss of System SAP (compressed air production)
Loss of System SAR reactor building emergency
supplied section

Frequency
per reactor

year

1 X10"4

3x10-*
2x10-3
5X10-4

1 X10-4
7x10-3

1 x10-3

6x10-3

5x10-*

7.5x10-5
1.5x10-5

1.3 x 10"2

1.92
6.9x10-4

4.1 x 10"4
5.3X10-5

1.8X10-5

3.8 x10'6

6.5 x10"6

0.32
4.1 x 10-2
3.5x10-2
1.1 x10"6

8.7x10-2
0.1

0.3
2.9x10-2
1.9 X 10"3
2.3x10-3
1.1 x10"2

2.8 x 10-3

6.1 x 10"4
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C.3 ACCIDENT SEQUENCES

C.3.1 - Accident Sequence Definition

The accident sequences were determined using the conventional event
tree method. For reference, this is a logical method consisting of taking
an initiating event and systematically envisaging the success or failure
of all the systems and functions liable to play a role during the accident
situation. An example is given in Figure C2. Each branch of the tree
represents an accident sequence which is then analysed to determine
which branches lead to core meltdown and the exact natures of the
missions of the systems involved. The definition of the mission of a
system constitutes the criterion of success (for example the number of
trains necessary), the time of the mission, the time limit for taking human
action etc., that is to say all the information necessary for subsequently
calculating a probability of failure.

A special effort has been made to create scenarios which are as
complete and realistic as possible. Let us consider the salient features
of this approach.

C.3.2 - Criteria Concerning Core Meltdown

The purpose of EPS 900 is to evaluate the probability of core meltdown.

In practice, the accident sequences have not been systematically
analysed to the point of core meltdown, but only as far as a situation
where core integrity can no longer be guaranteed.

For example, this applies to the following conditions:

• prolonged dryout of the core with no means of injection available,

• clad temperature above 1204°C,

• exceeding primary system test pressure.

• stored energy greater than 200 cal/g.

These criteria enabling characterization of core meltdown have been
introduced for the purposes of simplification, which introduces a degree
of conservativeness. The criteria used in each family are indicated in
the corresponding sections.
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C.3.3 - Accident Sequence Duration

Analysis of the sequences has been conducted either to the point of
core meltdown or to a state in which the risk can be considered to be
negligible. The latter condition has resulted in making allowance for
post-accident situations of long durations, particularly for the case of
primary system breaks, for which we have studied a long-term phase
lasting as long as one year (this point will be discussed in further detail
in the section concerning primary section breaks). The study of long-
term scenarios, which are not always considered in probabilistic safety
studies made in other countries, make it possible to bring to light
problems concerning the resistance and utilization strategies of
equipment, particularly to estimate the usefulness of measures taken in
France for this type of situation, such as the H4 and U3 procedures.

C.3.4 - Allowance for Recovery

To make sure that the scenarios are realistic, particularly in long-term
sequences, it was thought necessary to allow for the possibility of
recovery. Recovery may consist of the repair of a system (particularly
when the initiating event is the failure of the system) or human
intervention to apply a procedure or implement a remedial strategy. In
particular, the action planned in the I, A and H incident and accident
procedures, as well as that of emergency procedure U1, have been
systematically made allowance for. In general, the success or failure of
recovery has been introduced into the event trees in the same manner
as the success or failure of the engineered safety feature systems.

C.3.5 - Physical Calculations

In the analysis of the accident sequences, to determine the
consequences of the sequences and the missions of the systems
involved, in many cases insufficient material was available to draw
clear-cut conclusions. The following approach was adopted:

• First of all, in the light of the existing studies, we adopted a
conservative position. For example, if for a given sequence there is
no way of demonstrating by calculation that core meltdown can be
avoided, it is considered that the sequence leads to meltdown. Also,
for example, when it was decided to establish a time limit for a
recovery, and if the only existing study indicates that action within
15 minutes is effective, it is considered that after 15 minutes it is no
longer possible to take action.

• In cases where it can be assumed that this conservatism is excessive,
and that the corresponding sequences are significant, additional
studies were made.
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Thus in making the probabilistic safety assessment, a large number of
thermohydraulic calculations were made, particularly to determine time
limits, as parametric studies were required. This was in particular the
case of the relative study of the effectiveness of cooling in the "feed and
bleed" mode.

The tools used to make these calculations essentially consisted of the
CATHARE code (CEA, EDF and Framatome), and in certain cases the
SALAMANDRE (CEA) and SAF (Framatome) simulators.

C.3.6 - Behaviour of Equipment

One problem frequently encountered in the study of sequences is that
of the resistance of equipment in accident situations. The position
adopted in the probabilistic safety assessment was the following:

• Any item of equipment operating outside its qualification conditions is
considered to be faulty, except if there is sufficient evidence (tests or
studies) to qualify this hypothesis. For example, when the
temperature and pressure conditions in a containment exceed the
qualification limits of the instrumentation, the latter is considered to be
lost. On the other hand, for the primary pump seals, a more realistic
model has been adopted. This model is described in the section
concerning the loss of electrical power supplies.

• Furthermore, all equipment supposed to be qualified is considered to
be so, and its reliability parameters are the same as under normal
conditions. No allowance is made for the effect of incomplete or
inadequate qualification; this point may be given consideration as a
subsequent application of the probabilistic safety assessment.

The different hypotheses made in studying the accident sequences
constitute a major source of uncertainty. A complete evaluation of this
uncertainty has not been made. However, numerous sensitivity studies
have made it possible to assess the weight of the most important
hypotheses.

C.3.7 - Interaction between Systems

Interaction between systems has been taken into consideration by
seeking out the failures which can simultaneously affect a number of
systems involved in the same event tree.

These interactions may result from:

• parts common to a number of systems (eg the injection lines for the
high pressure and low pressure injection systems, the RWST for
SI system and CSS in direct injection),

• common signals, such as the SI system and CSS recirculation signal,
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• common support systems:

- Systems RRI/SEC cooling the CSS and the RHRS heat
exchangers,

- System DVS cooling the CSS and low pressure safety injection
pumps,

- the electrical power supplies: here the failures of the electrical
buses and their units which can affect a number of systems have
been systematically identified using an expert system.

It should nevertheless be mentioned that certain common modes
between systems resulting from external hazards (fires and
earthquakes) are not considered in the study at the present stage.
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Figure C2 — Large primary break event tree

C.4 SYSTEMS ANALYSIS

Systems analysis was carried out using a logic model enabling
calculation of the probability of failure of this system on the basis of the
failure probabilities of its basic components. The systems analysed are
involved either in accident sequences or as initiating events.

61



This analysis was conducted in the most systematic and detailed
manner possible, in order to represent as accurately as possible all the
operating and failure modes and to ensure that the studies were fully
consistent.

C.4.1 - Modelling of Systems

• System missions

Depending on the accident sequence in which it is involved, the
same system may have a number of different missions. The missions
of a system may vary with the criterion of success, operating mode,
the state of the support systems etc. Each mission was the subject of
an individual model. By way of illustration, 29 different missions were
listed for the AFW system.

• Types of models

A number of different types of models were used, particularly to allow
for the operating mode of the system (active or passive redundancy),
mission times, possibilities of recovery etc.

The following modelling methods were used in this study:

• complete fault trees,
• partial fault trees per module,
• state graphs.

The use of these different modelling methods is described in the
"quantification" section.

C.4.2 - Failure of Components

• For each type of component, a list of the failure modes was drawn up
and systematically utilised. The degree of sub-division into failure
modes is limited by the necessity to obtain reliability data for each
mode. An example is given in Figures C3 and C4.

• An FMECA (Failure Modes Effects and Criticality Analysis) was
carried out for each component, including for instance the bleed and
vent valves, to identify the consequences of elementary failures and
the possibilities of recovery.

• Unavailability for maintenance was introduced for certain equipment
(indicated in the part devoted to data) making allowance for the
technical operating specifications (for example the simultaneous
unavailability of two redundant trains for maintenance is impossible).
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C.4.3 - Support Systems

The support systems taken into account are the electrical systems,
compressed air systems, cooling systems and ventilation systems:

• For electrical systems, the failures allowed for are:

- unavailability of electrical buses (and their units) used in actuator
demands. This unavailability contributes to failure on demand of
components such as motor-operated valves, pumps and fans.

- failures in operation of buses and units used during the operation
of actuators.

• Failure of the compressed air system is taken into consideration in
failure of pneumatically-operated valves, depending on their safety
position.

• The CCW-ESW cooling systems are introduced as heat exchanger
cooling support systems.

• The System DVN, DVS and DVH ventilation systems are used to cool
the compartments of the motors of the pumps and play a role in the
failure of the latter.

C.4.4 - Human Factor

Human errors contribute to the failure of systems, as well as to the
possibilities of recovery, and are introduced into the fault trees.

Four types of human error are allowed for:

• incorrect positioning of an actuator prior to demand of the system,

• omission to open or close the valve at the time of demand of the
system,

• omission to make an action or making a spurious action,

• failure to operate a contactor to remedy the unavailability of 48 V
power or one of its trends on the demand of a pump in a given period
of time.

The examination of periodic tests aided identification of human errors
and the possibilities of recovery.
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C.4.5 - Common Mode Failure

The rules applied are the following:

• common cause failures are only considered for components which
are identical in terms of their geometrical or technical properties
(however the AFW pumps represent a special case in which common
cause failure is only allowed for in the pump section),

• for each component for which common cause failures are postulated,
allowance is made for all the failures of this type which can affect the
component and identical components (Figure C5),

• common cause failures of components of different systems are not
envisaged, except for certain sets of check valves such as those of
the SI system and RCS which are identical in the cold legs of the
injection lines, or accumulators,

• allowance is made for common cause failures of the startup function
type for operation/standby components.
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Figure C5 — Common mode failures

C.5 RELIABILITY DATA

C.5.1 - Introduction

The existence in France of standardized reactors is particularly
beneficial as concerns reliability data. There are 34 similar units in the
900 MWe series and it has been possible to profit from this situation to
obtain specific data used in preference to all other sources of
information.

The EPS 900 database was built up from information collected and
processed by Electricite de France. The information was analysed and
supplemented by the Safety Analysis Department, and discussion
between the two organizations enabled a common position to be
adopted.
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C.5.2 - Source of information

The data used in EPS 900 derived essentially from EDF plant
experience feedback up to 31st December 1986 for the greater part of
the equipment.

• Most of this data originates from the reliability data collection systems
(SRDF) that Electricity de France has been progressively
implementing since 1978, first in the Fessenheim and Bugey units
and then in the 900 and 1300 MWe series units.

• As certain items of equipment were not covered in the SRDF
reliability data collection system, the Electricite de France Nuclear
and Fossil Generation Division event file was used in such cases to
obtain estimates of reliability parameters, although it was not
specifically intended to be a reliability file. Similarly, this file supplied
additional information to that contained in the SRDF reliability data
collection system.

• Where neither of the two files could be used to obtain data, ad hoc
on-site investigations were carried out.

• Finally, on an exceptional basis, some component reliability
parameters were estimated using the engineering judgement, with
allowance for any values used in probabilistic safety assessments
carried out in other countries.

C.5.3 - Creation of the Database

C.5.3.1 - Evaluation of Reliability Parameters

The quantified parameters are the following:

_ ., A , . number of observed failures
Y = Failure rate on demand = number of demands

, _ .. 4 . .. number of observed failures
k = Failure rate in operation = summed operating time

. . A number of observed failures
H = Average repa.r rate summed repair time

Where no failures were observed, a 50% confidence estimate was
used:

0.7 . 0.7
Y = - F r or X - —

An error factor was estimated for each data item.
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C.5.3.2 - Problems Encountered

• As the information collected on-site was not necessarily exhaustive,
the event incident file was used to make comparisons and additions.

• Failures indicated in records are not necessarily total failures of
equipment. It is necessary to check each case to distinguish critical
failures (failures causing loss of the function) and non-critical failures
(partial failures and equipment degraded but still capable of
performing its function). Only critical failures were considered in
reliability parameter evaluation.

For certain types of equipment considered important, the safety
analysis department made additional research and analysis of
available experience feedback, followed by joint evaluation with
Electricite de France of the severity of each of the incidents observed.

This particularly concerns:

- the diesel generators,

- the different types of pumps,

- the SEBIM safety valves,

- the check valves.

• In cases where major modifications were made to equipment, the
following position was adopted:

- if the effectiveness of the modification was proven, failures and
summed time prior to the modification were eliminated,

- if experience was limited, all failures and time periods were
retained. However, where there was significant experience
feedback from another site, it was possible to make allowance for it
by using Bayesian methods in evaluating the parameters.

C.5.3.3 - Special Data

• A factor for unavailability due to maintenance was applied when a
corresponding contribution was considered to be significant, as
systematic analysis of experience feedback was not possible. These
unavailability factors were evaluated, either on the basis of
experience feedback where the data was available (System LLS
turbine and the AFW turbine-driven pump), or on the basis of the
preventive maintenance operations provided for in the technical
operating specifications (auxiliary transformer and diesel sets).
Unavailability due to maintenance during cold shutdowns was not
taken into account.

• Special statistical processing was carried out for the low pressure
safety injection and the CSS pumps and the SEBIM safety valves.
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For the low pressure safety injection and the CSS pumps, the raw
data only related to short operating periods (periodic tests). To
extrapolate this data to longer periods (operation under accident
conditions), special modelling of the overall failure rate of these
pumps in operation was then carried out on the basis of observation
of all the pumps monitored in the SRDF reliability data collection
system.

• For the SEBIM safety valves, the reliability concerning refusal to open
and close originated both from somewhat limited operating
experience from the sites with reactors equipped with these valves,
and from test loop results.

The different data were combined using a Bayesian method.

• Certain reliability parameter values, for which no experience
feedback was available, were estimated using engineers'
professional judgement, with due consideration for data used in
probabilistic safety assessments in other countries. These values are
of course the subject of considerable uncertainty. For some, a
sensitivity calculation was carried out to evaluate their true
importance in terms of the overall result. In particular, this class of
values includes:

- the water intake total clogging rate,

- the blockage rate of diaphragms and pipes,

- the containment sump failure on demand rate, ie the probability of
simultaneous blocking of the two sumps when the safety injection
system and the CSS switch to the recirculation mode.

C.5.4 - Reliability Parameter Values

All the reliability parameter values used in the probabilistic safety
assessment are given in Appendix II.

C.6 COMMON MODE FAILURE

C.6.1 - Introduction

"Common mode failures" are failures which can simultaneously affect a
number of redundant components and which result, for instance, from
errors in design, fabrication or installation, or from the effects of the
environment (normal or accident conditions). The common points
identified (for example the common support systems) were explicitly
introduced into the fault trees or event trees, and were therefore not
considered to be common modes.
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C.6.2 - Allowance for Common Mode Failures

• The common modes allowed for are those which can affect identical
components (technology and environment) which are part of the
same system.

• Common mode failures can occur either on demand or in operation.
Furthermore, it was considered in certain cases (pumps and
compressors) that during duty/standby operation, a common mode
could simultaneously cause failure of a component in service and
refusal of the standby component to begin operating.

C.6.3 - Method of Processing

The approach used is based on the p factor method. The (3 factor is
defined as the ratio, for a particular component, of the number of
common mode failures to the total number of failures.

However, to cover cases of redundancy of a factor of more than 2, this

method was made universal by using factors fy, representing the

proportion of common modes affecting k components with redundancy
of a factor of n.

Using the Atwood method parameters, it is possible to calculate the p£

set using the three basic values which are: p2. P3. P*

It can be stated that:

4
H4 =
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Where:

(i = Non-lethal shock rate

P = Probability of component failure, given that a non-lethal
shock has occurred

co = Lethal shock rate

X = Failure rate, for all modes, of the component in
question, the value found in databases.

Using Atwood terminology, a lethal shock causes failure of all
redundant components, a non-lethal shock causes the failure of one
component with a conditional probability P.

The above formulas were used to derive the values of parameters P, \i
and co.

It is then possible to calculate, for each type of component, values of:

•ipK (i_p)n-K
p£ where K £ n, such that: p£ = - — • —

corresponding to the failure of K components in a set of n.

C.6.4 - Quantification

The p{] factors (n = 2 to 4) were estimated using Electricit6 de France

reactor operating experience feedback, on the basis of the data in the
SRDF reliability data collection system and the event file for the
following equipment:

sensors and instrumentation,
check valves,
contactors and circuit breakers,
reactor trip breakers,
pumps,
steam isolation valves,
motor-operated valves,
pneumatically-operated valves.

For equipment for which experience feedback was insufficient, the
values were estimated either by analogy with the preceding
components or using engineering judgement, with allowance for the
values used in probabilistic safety studies in other countries.

The values taken for factor p are given in Appendix III.
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C.7 ALLOWANCE FOR THE HUMAN FACTOR

C.7.1 - Introduction

Experience feedback clearly indicates that the human factor plays a
major role in accident situations. It should be noted that this role can
just as easily be positive (recovery of systems and the implementation
of suitable procedures and remedial strategies) as negative (improper
action such as confusion, omission and unsuitable initiatives).
Allowance for the human factor is thus essential in a probabilistic safety
assessment.

However, this is a particularly difficult subject which is as yet poorly
understood and in constant development. Within the scope of the
probabilistic safety assessment, a major effort was made to find a
consistent and realistic approach, even if much progress remains to be
made. The method used was progressively developed, making
allowance for the problems encountered, observations received and
continuous liaison between Electricite de France and the Safety
Analysis Department.

C.7.2 - General Approach

Human intervention has certain features making systematic logical
processing impossible in the case of equipment. For example, it is to
be noted that:

• the scope of human intervention is virtually unlimited,

• for a given action, success or failure depends to a very large degree
on the context (information, stress etc.),

• human errors are generally recoverable,

• human intervention is to a large extent mutually dependent,

• etc.

To allow for these highly specific aspects, the approach involves a
number of stages:

• identification of potential human intervention,

• estimation of impact and selection of potentially significant
intervention,

• detailed analysis,

• quantification,
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• integration into the probabilistic safety assessment.

Furthermore, back tracking is frequently necessary, depending on the
results and their relative weights.

C.7.3 - Allowance for Experience Feedback

The greatest importance was attached to experience feedback, the only
proper basis for realistic analysis. Experience feedback was essentially
used to:

• identify potential errors,

• quantify their probability by direct statistics when the situation studied
corresponded to observed cases,

• create models making it possible to extrapolate from experience to
other situations.

The main sources of information were actual incidents, ad hoc
interviews and investigations, and observations made by Electricite de
France during simulator tests. Simulator tests constituted a particularly
rich source of information.

C.7.4 - Human Intervention Taken into Account in the Probabilistic
Safety Study

Human intervention explicitly allowed for in the probabilistic safety
assessment can be divided into two main categories:

• pre-accident errors, liable to contribute to the unavailability of
engineered safety feature systems, or give rise to initiating events,

• intervention in accident situations (diagnostics, execution of
procedures and actions outside the scope of procedures) liable to
influence the sequence of events.

It should also be noted that the human factor frequently plays an implicit
role in the quantification of common modes, initiating events and even
certain items of reliability data.

C.7.5 - Pre-accldent Intervention

This category of human intervention corresponds to errors during
maintenance operations, tests and normal operation liable to contribute
either to the unavailability of an engineered feature system or the
occurrence of an initiating event. Examples include:

• incorrect positioning of an actuator or its control,
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• incorrect adjustment of a sensor,

• omissions or mistakes in the application of a normal operating
procedure.

They are identified during studies of system reliability or actual
incidents.

There are frequently important correlations between errors of this type
(adjustment of a number of sensors, testing of a number of valves etc.),
and it is for this reason that they are generally considered to be
common modes.

Pre-accident error probability is quantified using the following formula:

P = Pb x PNR

Where:

Pb = a basic value estimated at 3x10"2 on the basis of
Electricite de France experience feedback.

PNR = the probability of non-recovery.

The latter was estimated by dividing the situations into
four categories on the basis of the elements conducive
to recovery (see Table C2). This table was prepared by
engineering judgement using information obtained
from other operators.

In certain cases, it is also possible to introduce the possibility of
recovery of pre-accident errors during the accident. Such recovery has
only been introduced in exceptional cases, where justified by the
context and the weight of the event. Here quantification is carried out
using the principles described in the preceding section.

C.7.6 - Human Intervention in Accident Situations

This category includes both intervention of the diagnostic and decision-
making type, and the taking of action.

In addition, we have drawn a distinction between, and processed in a
different manner, the role of the operating team, the role of the safety
engineer and the action of the emergency teams, in order to represent
the manner in which operation in an accident situation is organized,
particularly the human redundancy provided by the safety engineer.

Human intervention in accident situations was identified during
preparation of the event trees by analyzing the operating procedures
and making allowance for actual incidents and observations made on
simulators.
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C.7.6.1 - Operating Team Role

The activity of the operating team has been divided into two phases:
diagnostic and operation.

• The diagnostic phase includes detection of the incident, making the
diagnostic and taking a decision (selection of a procedure or policy).
All these operations have been quantified using curves giving the
probability of failure as a function of the time available to the
operators to take action (see Figure C6).

These curves, which respectively correspond to an easy, an average
and a difficult situation, were prepared on the basis of simulator tests,
supplemented by engineering judgement, making special use of the
work of Swain. The easy curve corresponds, for instance, to cases
where the symptoms are clear and unambiguous and there is a
suitable procedure. The difficult curve corresponds to cases where
the symbols are unclear, do not correspond and there is no suitable
procedure (combination of accidents for example).

• Operation in accident situations can be represented by a list of key
actions, whose success or failure modifies the accident sequence. In
the event of failure of the diagnostic, it is generally considered that
key actions are not performed. In the event of success of the
diagnostic, the corresponding actions may fail (omissions, mistakes
or unsuitable action). For each important action, the probability
failure is evaluated as follows:

P = Pb x Kj x PNR

Where:

Pb = the basic probability estimated at 6x10'2 (test on
simulator).

Kj = context factor equal to 1/3, 1 or 3 depending on
whether circumstances are favourable, average or
unfavourable.

PNR = probability of non-recovery, estimated using elements
favourable to recovery (see Table C3).

It should be noted that these models are only used where there are no
direct statistical values referring specifically to the situation analysed.

C.7.6.2 - Safety Engineer Role

Safety engineer intervention was considered to represent recovery of
degraded situations by application of procedures SPI and 1)1. It was
assumed that the safety engineer would not play a role in the diagnostic
and the actions taken by the operating team.
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The probability of failure of the safety engineer is the sum of two terms:

- probability of absence of the safety engineer from the control room,

- probability of failure in application of procedures SPI and U1.

• The probability of absence of the safety engineer has been estimated
by Electricite de France using the following probabilities:

- paging of safety engineer (simulator tests),

- reliability of means of paging and the time taken to reach the
control room (on-site investigation).

• For the probability of failure of the procedure SPI and U1 actions, the
following values were adopted:

- SPI action: 5x10-2/d,
- U1 action: available time > 30 min = 10"1,
- U1 action: available time < 30 min = 3x10-1.

C.7.6.3 - Emergency Team

It was postulated that the local emergency team would be operational
four hours after the start of the accident (first symptoms of a severe
accident situation). Allowance for policy errors beyond this deadline
were not allowed for. However, allowance was made for non-
recoverable execution errors.

C.7.7 - Conclusion

Despite the effort in this field, allowance for the human factor in the
probabilistic safety assessment still remains somewhat subjective. We
have attempted to reduce this subjectivity by making maximum use of
experience feedback, and also by making a number of relative
assessments by comparing different situations. However, the human
factor, of which the weight is predominant in the results, remains one of
the major causes of uncertainty.

77



TABLE C2

Probability of non-recovery of errors prior to accident

Class

1

2

3

4

Elements favouring recovery

Category 1 alarm in alarm window

Large change in the value of a parameter recorded
during each shift.

Requalification enabling the anomaly in question to be
effectively detected.

Administrative lock-out.

Periodic test of a frequency of one month or less.

Anomaly detectable by verifications planned during
standard state changes (depending on instructions GP,
GS, E etc.).

Indication of position in control room.

Alarm of category other than 1 (on the screen).

None of the above factors.

PNRA

10-3

10-2

10-1

1
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TABLE C3

Probability of non-recovery of errors in accident situations

1 - Irreversible errors non-detectable from the control room PNR = 1

2 - Errors recoverable from the control room.

Recovery factor

No recovery factor

Explicit redundancy

Signal

Signal and explicit redundancy

P N R

Time < 30 min

6x10"1

3x10-1

3x10"1

10-1

Time > 30 min

6x10"1

10-1

3x10-2

3x10-2

3 - Errors recoverable locally

If total time (detection + execution) available < 30 min PNR = 1 •

If total time > 30 min, PNR minimum 3x10"2 upgraded on a case-by-case
basis.
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Figure C6 — Probability of diagnostic failure

Time available to make diagnostic (minutes)

Curves 1 and 1' relate to the easiest diagnostics, respectively
corresponding to situations without and with safety injection,

Curve 2 corresponds to average situations,

Curve 3 corresponds to the most difficult diagnostics.
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C.8 METHODS OF QUANTIFICATION

C.8.1 - Goals

The quantitative evaluation of the probability of core meltdown was
made with consideration for two goals:

• Making the fullest possible allowance for the extremely high degree
of detail of modelling and the complex operating modes of the
systems.

• Creating a "living" probabilistic safety assessment, ie a study easily
adapted to make sensitivity studies and updates as data and
knowledge evolve.

It is for this reason that the LESSEPS computer system developed by
Electricity de France for similar reasons was considered to be the most
suitable tool for quantification.

C.8.2 - Approach — Choice of Models

Evaluation of the probability of the accident sequences leading to core
meltdown was carried out in successive stages:

• Calculation of initiator event frequency and occurrence probability.

• Calculation of sequence probability.

C.8.2.1 - Initiating Events and Occurrences

For simple occurrences corresponding to a single data item, calculation
was straightforward.

In cases where the occurrence was a failure of a complex system, the
calculation was carried out using a model depending on the system
operating mode.

• Fault trees are used in all cases of "conventional" operation such as
active redundancy, single success criterion and configuration.

• In more complex operating cases (duty/standby, successive operating
modes or configurations, instances of recovery etc.), Markov graph
type modelling is used, or more generally the state-related graph
approach. A system state is characterized by the state of each of its
components (operating, failed or standing by). The graph shows the
transitions between states (failure and repair). The graph is of the
Markov type when the transitions are not time-related.
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To limit the number of states in the graphs, it is frequently necessary
to group elementary components and calculate equivalent reliability
parameters using partial fault trees.

C.8.2.2 - Accident sequences

The probability of a sequence is calculated by combining the
probabilities of the events constituting the sequences. However, the
calculation rarely involved simple multiplication as the occurrences
were not independent. Dependence may be functional (common
sections or common support systems) or temporal (a system is only
activated in the event of failure of another, its operating time depends
on the repair time of a failed system etc.).

There is no method of calculation that can be used to cover absolutely
all the forms of dependence in a given sequence. The principles used
in the LESSEPS software are the following:

• functional dependence is only taken into consideration in a given
sequence. This means that for quantification, the event trees must be
made sufficiently detailed to ensure that each sequence only consists
of independent functional occurrences;

• on the other hand, instances of temporal dependence, which in some
cases have a considerable effect on the result, are treated in depth.

This method involves, for example, treating common parts of a number
of systems or common support systems as individual generic
occurrences.

This can result in extremely detailed event trees whose size can detract
from the clarity of the model. It is for this reason that in most cases, two
event trees were made, a basic tree of which the occurrences globally
represent the systems involved in the sequences, and a detailed tree in
which the systems are broken down into independent elements,
constituting an intermediate stage in the quantification process.

C.8.3 - Practical Means Used for Quantification

The LESSEPS computer system developed by Electricity de France
was used for quantification of the greater part of the probabilistic safety
assessment material.

The LESSEPS software is of two categories:

• codes used for evaluation of a purely probabilistic type,

• software designed to address the overall problem of the management
of operating sequences.
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The calculation sequence is managed by a special supervision
program. This program initiates in the correct order all reliability codes
run with CALCUL and FORMULE, of which a list is preserved in a
network, as necessary for obtaining a specific result.
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- PART D -

LOSS OF PRIMARY SYSTEM

COOLANT (LOCA)
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D.1 INTRODUCTION

The loss of primary coolant accidents (LOCAs) allowed for are due to
breaks in the primary system or those connected to it (CVCS, SI system
and RHRS) which are not isolated from the RCS.

The breaks may result from the rupturing or leaking of pipes, or failure
of individual components such as the primary pump seals or valves.
Different breaks may either be the initiating events of accidents or the
consequences of other initiating events.

The cases considered in this part are all breaks caused by loss of
coolant in the containment. Rupturing of steam generator tubes and
LOCAs outside the containment are the subject of specific parts.

This part details for all the breaks which can be compensated for by the
SI system:

• the initiating events,

• the approach used in the studies,

• the accident sequences. For similarity, the sequences are grouped
into three sub-sets:

- large and intermediate breaks with RHRS disconnected,

- small breaks with RHRS disconnected,

- breaks with RHRS connected.

Breaks which cannot be compensated for by the SI system are covered
separately (see §D.7).

The conclusion gives an overview of the results.

In the LOCA studies, core meltdown is taken to mean the prolonged
dry-out of the fuel assemblies with no possibility of recovery or the
reaching of a cladding temperature greater than 1204°C during a
thermohydraulic transient.
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D.2 INITIATING EVENTS

LOCAs which can be compensated for by the SI system are divided into
a number of sub-families depending on:

• the state of the reactor,
• the size of the break.

LOCAs which cannot be compensated for by the SI system are covered
in §D.7.

D.2.1 - Cases Selected

1 - State A

Reactor under power, or in hot or intermediate shutdown, with the
pressure above threshold P11 (239 bar). (In this state, all the automatic
safety injection signals are operational.)

The breaks are located in the RCS or non-isolable parts of other
systems connected to it.

Three sizes were chosen for functional reasons:

• Large breaks 0 > 6"

• Intermediate breaks 2" £ 0 £ 6"

• Small breaks 3/8" £ 0 < 2"

In addition, consideration was given to the following special breaks:

• Pressurizer breaks (failure of pressurizer safety valves)

• Breaks at primary system pump seals (resulting from loss of
CCW/ESW)

• Very small breaks 0 < 3/8"

2 - State B

Intermediate shutdown between P11 and RHRS conditions.

Grouping is the same as in state A.
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3 - State C

RHRS connected, primary system closed.

The possibility of breaks of all sizes in this state was considered.
However, in view of the temperature and pressure conditions, the
breaks allowed for are those in the RHRS.

The system of grouping by size adopted is the following:

• Large breaks 0 £ 4.5"

• Intermediate breaks 2"<,Q <, 4.5"

• Small breaks 0 < 2"

Special case: pressurizer breaks (failure of pressurizer safety valves).

4 - State D

RHRS connected, primary system open and water level at half height in
loops.

The only breaks considered were RHRS breaks with a diameter <, 2".

5 - State E

RHRS connected and pool full.

Same case as in state D.

D.2.2 - Frequency of Initiating Events

The values adopted as initiating events are given in Table D1.

• For RCS breaks, the initiating event frequency was estimated on the
basis of worldwide experience feedback:

- 0 observation for all large and intermediate breaks,

- 2 incidents for small breaks.

• For the large RHRS break case, the same hourly rate was taken as for
RCS breaks.

• The very small leaks were estimated on the basis of Electricite de
France experience feedback.

• Pressurizer breaks were evaluated on the basis of the probabilities of
demand and non-reclosure or spurious opening of valves.
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TABLE D1

LOCAs

Frequency of initiating events

Reactor
state

A

B

C

D

E

Initiating
event

Large breaks 0 > 6"
Intermediate breaks 2 < 0 < 6"
Small breaks 0 < 2"
Break at pressurizer safety valves
Very small breaks

Large breaks
Intermediate breaks
Small breaks
Break at pressurizer safety valves

Large RHRS break
Intermediate RHRS break
Small RHRS break
Break at RHRS safety valves
Break at pressurizer safety valves

Small RHRS break

Small RHRS break

Frequency per
reactor-year

10-4

3x10-4

2x10-3

5x10-5

0.3

5x10-7

1.5x10-6

10-5
2.4x10-4

3.5x10-6
1.1x10-5
7.1x10-5
6.7x10-6
2.3x10-4

1.22X10'4

5.8x10-5
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D.3 APPROACH ADOPTED — ALLOWANCE FOR LONG-TERM
EFFECTS

• One particularity of probabilistic studies concerning LOCAs is the
allowance for long-term post-accident situations. Indeed, it was
considered that the residual risk would only be negligible when a
state was reached in which either the core could be unloaded or the
break repaired. The long-term effect was estimated on the basis of
the size and position of the break and the containment conditions
(contamination).

The following values were adopted:

Initiating
event

Duration of long term

Large and
Intermediate

breaks

1 year

Small
breaks

3 months

Pressurlzer
breaks

1 month

The studies were carried out in two successive phases:

- A short and medium-term phase (0 to 15 days after the accident)
treated by the event tree method. The sequences ended either in
core meltdown or long-term conditions.

- A long-term phase for which probability of core meltdown is
calculated globally with allowance for the possibilities of repair and
major correlations between the systems involved, particularly by
taking into account the H4 and U3 procedures, of which we briefly
quote the principles below:

In the event of total failure of low pressure safety injection and/or
the CSS, mobile resources can be used to:

back-up low pressure safety injection with a
CSS pump
back-up CSS with a mobile pump,
back-up low pressure safety injection and
CSS by a mobile pump

(H4)

(U3)

The possibilities of repairing the equipment are explained for each
sub-family.
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D.4 ACCIDENT SEQUENCES RELATING TO THE LARGE AND
INTERMEDIATE BREAKS WITH RHRS DISCONNECTED

D.4.1 - Large Breaks in State A

Large breaks are breaks of 0 > 6".

The 6" limit is the size below which it is considered that high pressure
safety injection and scram are not indispensable.

The frequency of the initiating event is 10"4/reactor-year.

D.4.1.1 - Accident Situation and Operation

The break causes sudden depressurization of the primary system which
first trips a scram due to low pressurizer pressure then automatic startup
of safety injection due to low pressure in the pressurizer.

The water and the steam released into the containment cause the
pressure inside it to rise. When the containment high pressure
threshold is reached, containment spraying is automatically initiated.

In view of the large size of the break, the transient is extremely rapid.

Short and medium-term operation is conducted in accordance with
procedures AO (post-safety injection operation) then A1.2 (large primary
system break).

The only immediate action recommended in procedure A1.2 is the
shutdown of the three primary system pumps.

Subsequent operations required under procedure A1.2 essentially
consist of:

• cooling using the secondary system (for large breaks this is not
effective),

• shutting down one CSS train after having checked that the one
remaining in service operates properly, once a containment
temperature is reached which is lower than the temperature at which
containment spraying is manually put into service,

• requesting the bringing in and setting up of the mobile resources
implemented under procedures H4 and U3,

• establishing simultaneous hot leg and cold leg injection after
18 hours.
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In the long term, procedures H4 and U3 are implemented in the event of
total failure of low pressure safety injection and/or total failure of the
CSS.

D.4.1.2 - Functions to be Provided and Hypotheses

• A scram is not indispensable in view of the void fraction and quantity
of boron injected by the SI system.

• The following functions need to be provided:

- maintaining the primary system water inventory,

- removal of residual heat from the containment.

• Failure to maintain the water inventory leads directly to dry-out and
meltdown of the core. This function is provided in the short and
medium term by discharging the accumulators and by the low
pressure safety injection system in the direct phase from the RWST,
then by recirculation from the containment sumps (automatic action).

• The SI system tasks depend on the position of the break (hot or cold
leg). Indeed, it is considered that for a cold leg break, a cold leg
injection line and accumulator are ineffective as they output directly
into the break. Two event trees have therefore been quantified, the
initiating event being divided on the basis of the pipe length:

Hot legs: 4x10"5 per reactor-year
Cold legs: 6x10*5 per reactor-year

Switching to simultaneous hot leg/cold leg injection is only
indispensable in the event of a cold leg break, to avoid the risk of
crystallization of the boron on escaping from the core.

Removal of the residual heat from the containment is carried out by
the CSS. Failure of this system results in a temperature and pressure
rise in the containment. In particular, the water temperature in the
sumps rises to above 130°, the temperature at which operation of the
low pressure safety injection pumps is no longer guaranteed. This is
followed by failure of low pressure safety injection and consequently
core meltdown.

In the event of total loss of the CSS, the failure of low pressure safety
injection is not immediate. Conservatively, the time involved
(5 hours from the beginning of the accident) was not taken into
account.

We considered that the accident causes 10% cladding rupture.
Consequently, no SI and CSS pump repair is possible before a
period of 15 days. It was considered that the pumps would be
subsequently repairable, but with a repair time of 8 days to allow for
the difficulty of carrying out the work.
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The risk of blockage of the containment sumps was taken into
account for the switch to recirculation.

For the long term (beyond 15 days), the possibilities of low pressure
safety injection and CSS back-up by procedures H4 and U3 was
taken into account.

The duration of the long term was estimated at one year.

Human error in the setting up of the mobile resources (H4 and U3)
were taken into account where the errors were not recoverable.

D.4.2 - Intermediate Breaks in State A

Intermediate breaks are breaks of diameters between 2 and 6".

The 2" limit is that below which the AFW system is necessary.

The frequency of the initiating event is 3x10"4 per reactor year.

Compared to the large breaks in state A, the situation essentially differs
concerning the following points:

• A scram is necessary to compensate for the insertion of reactivity due
to the cooling of the primary fluid. Its failure results in an initiating
event of the ATWS type.

• In view of the high pressure in the primary system, high pressure
safety injection is required both in direct phase and in recirculation in
the short and medium term (15 days).

All the other hypotheses were the same as for large breaks.

D.4.3 - Large and Intermediate Breaks — State B

These breaks correspond to the following sizes:

• Large breaks: a > 6" Frequency: 5x10"7 per reactor-year

• Intermediate breaks: 2 < z < 6" Frequency: 1.5x10*6 per reactor-year

The situation differs from that of the breaks in state A as concerns the
following two points:

• As the primary pressure is initially lower than threshold P11, the
signal corresponding to initiation of safety injection for very low
primary system pressure is inhibited. Thermohydraulic calculations
have shown that safety injection would nevertheless be initiated by
the high containment pressure signal (1.4 bar) for all large breaks
and for intermediate breaks when the initial temperature is above
250°C.
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For intermediate breaks with an initial temperature below 250°C,
safety injection is initiated manually.

• When the primary pressure is initially below 70 bar (case of part of
state B), the accumulators are isolated. However, in this case, their
discharge is not considered to be indispensable.

The other hypotheses are the same as for state A.

D.4.4 - Results of Studies of Large and Intermediate Breaks with
RHRS Disconnected (States A & B)

D.4.4.1 - Total Probability of Core Meltdown

The total probability of core meltdown is:

• 1.25x10'6 per reactor-year for large breaks,

• 4.10x10"6 per reactor-year for intermediate breaks.

That is to say:

5.35x10'6 per reactor-year
for large and intermediate

breaks together

The division between sub-initiating events is given in Table D2 below.
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TABLE D2

Probability of core meltdown for large and intermediate breaks
with RHRS disconnected

State

A

B

Initiating
event

Large break
Hot leg

Large break
Cold leg

Intermediate break
Hot leg

Intermediate break
Cold leg

Large break
Pressure > 70 bar

Large break
Pressure < 70 bar

Intermediate break
Temp. > 250°C

Intermediate break
Temp. < 250°C and
Pressure > 70 bar

Intermediate break
Temp. < 250°C and
Pressure < 70 bar

TOTAL

Frequency
of initiating

event

4x10*5

6x10-5

1.2x10"4

1.8X10*4

2x10*7

3x10'7

2x1O'7

4x10"7

9x10"7

4.02X10" 4

Probability
of core

meltdown
0-15 days

2.5x10"7

3.9x10-7

8.6x10"7

1.4x10"6

1.6x10'9

2.5x10'9

1.8X10-9

3.3x10"9

8.4x10"9

2.92X10" 6

Probability
of core

meltdown
long term

2.4x10'7

3.6x10'7

7.2x10"7

1.1X10"6

1.2X10"9

1.8X10*9

1.2X10'9

2.5x10"9

5.4x10'9

2 . 4 3 X 1 0 ' 6

Total
probability

of core
meltdown

4.9x10'7

7.5x10"7

1.58X10'7

2.5x10"6

2.9x10"9

4.3x10"9

3x10-9

5.8x10"9

1.4x10'9

5.35X10" 6
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D.4.4.2 - Dominant Sequences in Short and Medium Term
(0-15 days)

• Large breaks — States A & B

The principal sequences are:

- Total failure of low pressure safety injection (common
cause failure of low pressure safety injection pumps,
combined pumps and fan failures): 3 1 %

(2x10"7)
- Total failure of CSS (common cause failure

of CSS pumps, non-emission of CSS signal): 3 1 %
(2x10-7)

- Common cause failure of System DVS fans (cooling
of low pressure safety injection and CSS
pump compartments): 28%

(1.8x10-7)

- Failure of switch to recirculation (incorrect setting
of RWST level sensors): 9%

(6x10-8)
ro

• Intermediate breaks — States A & B (temperature > 250°C)

The principal sequences are:

- Total loss of low pressure safety injection (common
cause failure of low pressure safety injection pumps,
combined pump and fan failures): 23%

5.2x10-7)

- Total loss of CSS (common cause failure of
CSS pumps, non-emission of signal): 27%

(6.1x10-7)

- Total loss of high pressure safety injection and failure
of accelerated cooling as per U1: 11 %

(2.5x10-7)

- Common cause failure of System DVS fans: 24%
(5.4x10-7)

- Failure of switch to recirculation: 9%
(2x10-7)

• In state B (temperature < 250°C), the dominant sequence is failure of
manual startup of low pressure safety injection (1.7x10'8).
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D.4.4.3 - Dominant Sequences in the Long Term

The long term represents 48% of the probability of core meltdown
(2.4x10-6).

The main contributions of the probability of core meltdown at between
15 days and 1 year are:

1) Human error during installation of mobile resources and common
cause failure of CSS pumps (34%).

2) Rupture of injection manifold (10%).

3) Human error during installation of mobile resources and common
cause failure of ventilation of SI pumps (16%).

4) Human error during installation of mobile resources and common
cause failure of ventilation of CSS and SI pumps (7%).

To assess the benefit of procedures H4 and U3, a sensitivity study was
conducted without taking these procedures into account.

If these procedures are not taken into account, the probability of core
meltdown in the long term becomes 1.9x10"5 and the total probability of
core meltdown becomes:

2.25x10-5 per reactor-year

The resulting benefit is a factor of 4 with regard to the total core
meltdown probability and a factor of 8 with regard to the long-term core
meltdown probability.

D.5 ACCIDENT SEQUENCES RELATING TO SMALL BREAKS —
RHRS DISCONNECTED

D.5.1 - Small Breaks in State A

Small breaks correspond to the following size range:

3/8" <; 0 < 2"

The 2" limit is the size below which the AFW system is necessary.

The 3/8" limit is the size above which the SI system is required.

For small breaks in RCS lines, the frequency of the initiating event is
2.10*3 per reactor-year.
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D.5.1.1 - Accident Situation and Operation

A small break results in slow depressurization of the primary system,
causing the scram signal then safety injection.

Operation is based on procedure AO (operation after safety injection),
then A11 (small primary system break).

The goal of procedure A11 is to cool the primary system with the AFW
system to conditions enabling implementation of the RHRS.

D.5.1.2 - Functions to be Provided and Hypotheses for the Short
and Medium Term

The following functions are to be provided:

- control of reactivity,

- maintaining the water inventory,

- cooling and removal of residual heat.

• Reactivity control is provided by scramming. Its failure is an ATWS-
initiating event.

• The water inventory is maintained by the high pressure and low
pressure safety injection systems in the direct and recirculation
modes. Startup and switching to recirculation are automatic.
However, for breaks of diameter < 15 mm, before switching to
recirculation, it is necessary to manually open the miniflow return line
to the low pressure safety injection pump sumps to avoid their failure.

• The high pressure safety injection system is required in the direct and
recirculation phases until switchover to the RHRS. In the event of
failure of high pressure safety injection, accelerated cooling by the
steam generators under procedure U1 makes it possible to attain low
pressure safety injection operation conditions. The time available for
this operation is estimated at one hour.

• Low pressure safety injection is necessary in the direct and
recirculation phases; its failure results in the failure of high pressure
safety injection and thus core meltdown. It should however be noted
that low pressure safety injection is not truly indispensable until
emptying of the RWST (approximately 5 hours). This period was not
taken into account in the basic study but was the subject of a
sensitivity study.

• Allowance has been made for the risk of spurious shutdown of safety
injection by the operators due to a diagnostic error.
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• Cooling is carried out using AFW and System GCT then the RHRS. In
the event of failure of the AFW system, cooling can be carried out in
the "feed and bleed" mode as per procedure U1. If the RHRS is
unavailable or ineffective, cooling may be continued with the steam
generators. In the recirculation phase, the CSS is necessary to cool

- the water in the sumps and thus allow the low pressure safety
injection pumps to operate.

D.5.1.3 - Functions to be Provided and Hypotheses for the Long
Term

• The long-term duration is estimated at 3 months.

• The water inventory function is provided by low pressure safety
injection and removal of heat is performed by the RHRS.

• Low pressure safety injection can be backed up either by a CSS
pump (procedure H4) or by a mobile pump (procedure U3).

• In the event of failure of the RHRS, the resources required depend on
the size of the break:

- for breaks larger than 1.5", the situation is equivalent to that of the
large break case (low pressure safety injection and the CSS with
H4 and U3 mutual back-up),

- for breaks smaller than 1.5", an additional resource is required to
remove the heat (the AFW system or high pressure safety injection
with opening of a pressurizer safety valve) as well as one CSS
train to cool the water in the sumps,

- we have made allowance, as in the case of large breaks, for the
risk of human error in the setting up of the mobile resources.

D.5.1.4 - General Hypotheses

As drying out of the core in the transient is only slight, the degree of
contamination is considered to be "normal". Consequently, no delay
before repair has been provided for. The average duration for work on
the low pressure safety injection system or CSS pumps corresponds to
repair of the equipment.

The CSS heat exchangers were not considered to be repairable.

D.5.2 - Small Breaks in State B

The initiating event is a break with a diameter < 2", whose frequency is
10"5 per reactor-year.

Compared to small breaks in state A, this situation is characterized by
the fact that the pressurizer low pressure safety injection signal is
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inhibited. Furthermore, it was considered that the water released in the
containment would not cause automatic startup of safety injection due
to high containment pressure. Safety injection must therefore be
started manually, with the operator applying procedures IRCP4 then
A11.

All the other hypotheses concerning small breaks in state A relating to
the short, medium and long term were re-applied.

D.5.3 - Breaks in Pressurizer

Opening of a pressurizer relief valve followed by its failure and that of its
isolation valve to reclose results in a pressurizer break with an
equivalent diameter of 1.8". This size corresponds to a small break, but
its consequences are slightly different.

The frequency of the initiating event was estimated:

State A: 5x10"5 per reactor-year

State B: 2.4x10"4 per reactor-year

(as in state B, the isolation valve is forced to open).

As in the small break case, startup of safety injection is automatic in
state A and manual in state B.

The pressurizer break case differs from the small break cases in:

• the symptoms and diagnostic,

• the duration of the long term.

The difficulties of the diagnostic (particularly the rise in level in the
pressurizer) were taken into account in the risk of spurious shutdown of
safety injection. In view of the position of the break, the duration of the
long term was limited to one month.

D.5.4 - Breaks at Primary Pump Seals Resulting from Loss of
CCW/ESW

Study of the loss of CCW/ESW is described in Part H. One of the
possible consequences of this accident is the appearance of a leak at
the primary pump seals, whose output would correspond to that of a
small break, or to that of a very small break which can be compensated
for by the CVCS.

The particularity of the situation is that depending on the initiating event
for the loss of CCW/ESW, a number of engineered safety feature
systems may be partially or totally unavailable.
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In the cases corresponding to small breaks, the evaluation of the
probability of core meltdown was made for each sub-initiating event of
loss of CCW/ESW with allowance made for unavailability of systems.
Apart from this, the hypotheses were the same as in the general small
break case.

The results are described in the CCW/ESW system study. The
dominant contributions are the same as in the general small break
case.

D.5.5 - Very Small Breaks

This category corresponds to breaks for which the leak rate can be
compensated for by the CVCS without causing automatic startup of the
SI system.

The equivalent diameter of these very small breaks is < 3.8". The
frequency of the initiating event is 0.3 per reactor-year.

In this situation, the operator has ample time to make a diagnostic and
implement a suitable procedure.

The operating approach consists in depressurizing and cooling using
the steam generators and then the RHRS to attain conditions under
which the break can be repaired, while the water inventory is
maintained by the CVCS.

This initiating event only results in core meltdown in the case of failure
of a number of systems. The dominant sequence is loss of the CVCS
pumps combined with loss of the steam generator feedwater supply. In
this case, cooling in the "feed and bleed" mode is impossible as high
pressure safety injection is unavailable.

The total probability of core meltdown was estimated at:

9x10'8 per reactor-year

D.5.6 - Results of Small Break Studies — RHRS Disconnected

The total probability of core meltdown associated with a small break
under conditions where the RHRS is disconnected is:

9.4x1 Q/6 per reactor-year
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The breakdown is given in the following table:

TABLE D3

Initiating
event

Break

in

state A

Break

in

state B

Pres-
surizer
break

Pres-
surizer
break

3/8" <a < 15 mm

15 mm<0 < 1.5"

1.5" < 0 < 2"

3/8"<0< 15 mm

15mm<0< 1.5"

1.5" < 0 < 2"

STATE A

STATE B

Very small breaks

TOTALS

Frequency
of

Initiating
event

3x10*4

1.1X10"3

6x10'4

1.52x10"6

5.53x10*6

3.0x1CT6

5x10'5

2.4x10"4

0 3

Probability of
core meltdown

0-15 days

1.92X10-6

5.68x10"6

1.07x10-8

3.48x10'8

1.58X10*7

2x10"7

9x10'8

8.1X10"6

Long term

8.86X10-7

3.74X10-7

4.5X10"9

1.9X10"9

6.84x10"9

3.4x10'8

1.3X10 ' 6

Total

2.11X10"6

4x37x10'6

2.37x10'6

1.17x10"8

2.6x10"8

1.42X10"8

1.65x10-7

2.34x10-7

9x10-8

9.4x1(T6
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D.5.6.1 - Dominant Sequences in the Short and Medium Term

• Small breaks — State A

- Low pressure safety injection failure
(failure of pumps, failure of System DVS
or non-opening of miniflow line before switch to recirculation):
6.4x10"6 including 9x10"7 for the miniflow line 84%

- Common failures of SI system and CSS
(particularly for recirculation signals): 6x10"7 8%

- Failure of high pressure safety injection and
non-application of U1: 4x10/7 5%

• Small breaks — State B

- No manual startup of low pressure safety injection:
2.5x10-8 54%

- Failure of low pressure safety injection: 1.6x10"8 35%

• Pressurizer breaks — State A

- High pressure safety injection failure: 1.4x10"7 87%

• Pressurizer breaks — State B

- No manual startup of safety injection: 2x10*7 100%

• Very small breaks

- Failure ofCVCS and AFW: 6x10-8 70%

D.5.6.2 - Main Contributions to the Long Term
(15 days - 3 months)

• Injection manifold rupture: 3.5x10'7 27%

• Human error in setting up of mobile resources and
common cause failure of ventilation of the SI system
pumps: 6.5x10"7 50%

With allowance for procedures H4 and U3, the long term makes a
1.3x10'6 contribution, ie 14% of the total result.

If these procedures are not taken into account, the probability of core
meltdown becomes 1.3x10"5 in the long term and 2.1x10"5 in total.

The benefit of H4 and U3 is of 10 in long-term sequences and 2.2 for
the total probability of core meltdown.
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D.5.6.3 • Sensitivity Study

In view of the considerable weight of failure of low pressure safety
injection in the short term, and due to the fact that low pressure safety
.injection is only truly indispensable after the RWST is empty, it is
possible to envisage remedial action (cooling or re-supply of the
RWST) enabling repair of low pressure safety injection before the
system is required. Taking a probability of 0.1 for failure of this remedial
action, the total probability of core meltdown becomes:

3.16X10"6 per reactor-year

D.6 ACCIDENT SEQUENCES RELATING TO BREAKS IN
SITUATIONS WITH RHRS CONNECTED

D.6.1 - Breaks in State C

The loss of coolant allowed for in this state results from:

• breaks of all sizes in the RHRS,

• sticking of an RHRS safety valve in the open position,

• spurious opening of a pressurizer safety valve with two phases in the
primary system.

The initiating events adopted and the associated frequencies are given
in the following table:

TABLE D4

Initiating event

Breaks

in

RHRS

Large breaks, 0 > 4.5"

Intermediate breaks, 2" < 0 < 4.5"

Small breaks, 0 < 2"

Sticking of RHRS safety valve in open position

Spurious opening of pressurizer safety valve

Frequency

3.5x10-6

1.1x10-5

7.1x10-5

6.7x10-6

2.3x104
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D.6.1.1 - Accident Situation and Operation

The principal consequences of the accident are:

• loss of the primary system water inventory,

• degradation or loss of cooling by RHRS.

The principal actions recommended under procedure A10 are:

• startup of safety injection to restore the primary system water
inventory,

• opening of the System GCT atmosphere section relief valves of all the
available steam generators to re-establish cooling of the primary
system,

• manual start of CSS if necessary,

• localization and isolation of the break,

• stabilization of the reactor. The approach adopted consists of
maintaining the reactor in the intermediate shutdown state under
RHRS conditions.

D.6.2.2 - Functions to be Provided and Hypotheses

The following functions are required in the short-medium term:

• maintaining the water inventory by manual startup of low pressure
safety injection,

• the time available to the operator for carrying out this action is:

- large breaks: 14 minutes

- intermediate breaks: 17 minutes

- small breaks: 41 minutes

- pressurizer breaks: 60 minutes

• cooling by the steam generators for small and intermediate breaks,
and in the case where the break is isolated.

In the long term, if it has not been possible to isolate the break, the
resources required are the same for breaks under power (low pressure
safety injection system and the CSS with back-up under procedures H4
and U3).

The long-term hypotheses (duration of long term and repair time) are
the same as for breaks under power. However, no allowance is made
for delay before work on the low pressure safety injection and the CSS
pumps, which are immediately repairable with a repair time of 8 days.
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D.6.2 - Breaks in States D & E

The breaks taken into account are breaks in the RHRS of a 0 < 2". The
frequency is as follows:

• State D: 1.22x10"4

• State E: 5.8x10-5.

D.6.2.1 - Accident Situation and Operation

The break causes loss of the primary system water inventory and
unpriming of the RHRS pumps. The total loss of cooling results in a
primary system temperature rise then evaporation of the water in the
reactor vessel. In the absence of operator intervention, dry-out followed
by core meltdown is inevitable.

No operating procedure specifically covers a break occurring in cold
shutdown for maintenance or refuelling. However, after loss of the
water inventory and unpriming of the RHRS pumps, the alarms set off
prompt the operator to adopt procedure IRRA.2. This procedure
recommends replenishment by CVCS charging.

In time, recirculation by low pressure safety injection is necessary as
well as operation of the CSS to cool the water in the sumps.

D.6.2.2 - Hypotheses

If the primary system is open for maintenance, the time available for
replenishment is 50 minutes.

In the shutdown for refuelling configuration, in view of the pool drain
time, the amount of time is far longer (more than 9 hours).

In these situations, we made allowance for the fact that the SI system
pumps are withdrawn, making remedial action more difficult.

In time, recirculation by low pressure safety injection is necessary, as
well as operation of the CSS to cool the water in the sumps.

The long term is similar to the small break under power case.

D.6.3 - Results Concerning all Breaks — RHRS Connected

The total probability of core meltdown due to loss of primary coolant in
the configuration where the RHRS is connected to the primary system
is:

9.84x10'6 per reactor-year
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The breakdown is as follows:

TABLE D5

State

Primary
system
closed

(State C)

Primary
system open

for
maintenance

(State D)

Primary
system open
for refuelling

(State E)

Initiating event

Large break: 3.5x10"6

Intermediate break: 1.1x10"5

Small break: (15mm<o<2"):
6.8x10'5

Small break: (3.8"<o<15mm):
9x10"6

Steam break: 2.3x10'4

1.22x10"*

5.8X10'5

TOTAL

Probability
of core

meltdown in
0-15 days per
reactor-year

1.13X10"6

1.10X10"6

4.4x10"7

5.8X10"8

1.25X10'6

5.64X10-6

1.4x10'11

9.62X10"6

Probability
of core

meltdown in the
long term per
reactor-year

1.4x10-12

4.4x10"12

2.9X10'12

3.8X10'13

5.5x10"12

2.2x10"7

2.5x10'12

2.2x10"7

Total probability
of core

meltdown per
reactor-year

1.13x10-6
1.10x10-6
4.4x10"7

5.8x10"8

1.25x10-6

5.86X10-6

1.7x10"11

9.84X10'6

D.6.3.1 - Principal Contributions In State C

• Large break

- non startup of safety injection before core meltdown:

• Intermediate break

- non startup of safety injection before dry-out of core:

• Small break

- non startup of safety injection before dry-out of core:

84%
(9.5x10"7)

100%
(1.1x10-6)

93%
(4.6x10-7)
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ro

• Spurious opening of pressurizer safety valve

- non startup of safety injection before dry-out of core: 92%
(1.15x10-6)

- common cause failure affecting SI system & CSS: 6%
(7.5x10-8)

D.6.3.2 - Principal Contributions in State D

• non startup of the CVCS or non-re-engagement of
the CVCS pumps before meltdown of core: 87%

(4.9x10-6)

• failure of CSS: 4%
(2.4x10-7)

• failure of low pressure safety injection: 3.5%
(1.9x10-7)

• failure of System DVS: 4%
(2.2x10-7)

D.6.3.3 - Remarks

• The primary system open for refuelling case (State E) has a
negligible contribution.

• For all the RHRS connected breaks, the long-term contribution is only
2%.

D.7 BREAKS WHICH CANNOT BE COMPENSATED FOR BY
SI S Y S T E M

In the category of breaks which cannot be compensated for by the SI
system, it is essentially two types of breaks which will require
consideration:

• very large breaks (reactor vessel rupture),

• reactor vessel bottom breaks (System RIC instrumentation tube
rupture) which cannot be compensated for by the high pressure
safety injection system.

D.7.1 - Reactor Vessel Rupture

Here we consider a break of a size larger than a double-guillotine
break of a primary pipe, the size beyond which the SI system cannot
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compensate for loss of the primary coolant. Since no remedies are
possible, the accident leads directly to core meltdown.

To estimate the probability of reactor vessel rupture, two types of
documents were used:

• probabilistic assessments of reactor vessel rupture, based on
mechanical calculations, particularly the study conducted by
CEA/Framatome/ Euratom,

• probabilistic risk analyses made in other countries.

The CEA/Framatome/Euratom probabilistic study takes as the failure
mode the propagation of flaws in the reactor vessel welds. This study
indicates a probability of reactor vessel rupture of 3x10/8 per year for a
reactor at the end of its lifetime.

The values used in probabilistic risk analyses made in other countries
are of the order of 10'7 to 10'6 per year.

In view of the above, the value adopted in the probabilistic safety
assessment was:

10"7 per reactor-year

D.7.2 • Reactor Vessel Bottom Breaks

When the break is located in the bottom of the reactor vessel, the loss of
coolant is always in the form of water. Calculations have been made to
determine the size beyond which the loss of coolant could not be
compensated for by high pressure safety injection.

Using conservative hypotheses (no cooling), calculation has shown that
the maximum size corresponds to the rupturing of at least 8 System RIC
instrumentation tubes.

Furthermore, mechanical studies indicate that the rupturing of one
System RIC tube cannot cause the other tubes to rupture.

Consequently, we assumed that:

• the rupturing of less than 8 System RIC tubes is covered by the
general break case,

• the rupturing of more than 8 tubes is of negligible probability.
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D.8 SYNOPSIS OF LOCA STUDIES

D.8.1 - Probability of Core Meltdown

The probability of core meltdown as the result of a LOCA is:

2.47x10'5 per reactor-year

The contributions of the different initiating events are given in Table D6
below:

TABLE D6

State

A

B

C

D

E

Initiating events

Large breaks
Intermediate breaks
Small breaks
Pressurizer breaks
Very small breaks
Reactor vessel rupture

Total for State A

Large breaks
Intermediate breaks
Small breaks
Pressurizer breaks

Total for State B

Large breaks
Intermediate breaks
Small breaks
Pressunzer breaks

Total for State C

Small break

Small break

TOTAL

Frequency of
Initiating
event per

reactor-year

1x10"4

3x10"4

2x10"3

5x10"5

0.3
1x10-7

5x10-7
1.5X10"6

1x10"5

2.4x10-4

3.5x10"6

1.1x10"5

7.8x10"5

2.3x10"4

1.22x10"4

5.8x10"5

Probability of
meltdown In
0-15 day per
reactor-year

6.4x10-7
2.3x10-6

7.3x10"6

1.6x10-7

9x10"8

1x10*7

1.09X10-5

4.1X10'9

1.35x10"8

4.6x10-8

2x10*7

2.6x10*7

1.1x10"6

1.1x10"6

6.0x10-7

1.2x10"6

4.0x10"6

5.6x10"6

e

2.07x10"5

Probability of
meltdown In the
long term per
reactor-year

6.0x10-7
1.8x10*6

1.3x10"6

6.8x10"9

3.7x10"6

3.0x10-9

9.1X10*9

6.4x10'9

3.4x10-8

5.2x10*8

e
e
e
e

e

2.2x10-7

e

4.0x10"6

Total
probability of
meltdown per
reactor-year

1.24x10"6

4.1x10'6

8.9x10"6

1.7x10-7

9x10-8
1x10-7

1.46X10'5

7.1X10"9

2.3x10-8
5.2x10-8
2.3x10-7

3.1x10"7

1.1x10'6

1.1x10'6

6.0x10*7
1.2x10"6

4.0X10"6

5.8x10"6

e

2.47X10'5
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D.8.2 - Distribution of Result

Depending on reactor state:

State

Contribution

Percentage

A

1.46x10-5

59%

B

3.1x10"7

1 %

C

4.0x10-6

16%

D

5.8x10-6

24%

E

e

The considerable weight of state D will be noticed (primary system
open, loops half full) whereas the frequency of the initiating event
only represents 4% of the total.

Depending on the break:

Size

Contribution

Percentage

Large
break

2.3x10-6

10%

Intermediate
break

5.2x10-6

2 1 %

Small
break

1.7x10-5

69%

The contribution of small breaks is dominant in view of the higher
frequency of the initiating event and due to the fact that only small
breaks were taken into account in state D.

Long-term weight:

The long term, ie the post-accident phase from 15 days after the
accident, contributes 4.0x10"6, ie 16% of the total risk.

This value is calculated with allowance made for procedures H4 and
U3.

If these procedures are not taken into account, the probability of core
meltdown becomes 5.55x10"5. The long-term contribution then
becomes 3.5x10"5, ie 63% of the overall result.
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The resulting benefit is thus a factor of 9 in the long term and a factor
of 2.3 for the total probability of core meltdown associated with
LOCAs.

D.8.3 - Dominant Sequences

D.8.3.1 - Short Term (0-15 days)

• In the cases where safety injection is automatic, ie all breaks in
state A, large breaks in state B, and intermediate breaks in part of
state B (T > 250°C), the dominant sequence is loss of low pressure
safety injection (failure of pumps or ventilation). The loss of low
pressure safety injection represents 35% of the total probability of
core meltdown.

• When the CSS is required (large breaks, intermediate breaks and
small breaks if the RHRS is inoperable), this system makes an overall
contribution of 5% to the result. Its failure results essentially from the
pumps and their ventilation.

• In the case where startup of safety injection is manual, ie for
intermediate breaks in part of state B (T < 250°C), small breaks in
state B and all breaks in states C, D and E, the dominant sequence is
no manual startup of safety injection. This sequence represents 40%
of the overall result.

D.8.3.2 - Long Term

• For all LOCAs, the dominant sequence in the long term is a common
mode failure of the System DVS fans (resulting in loss of low
pressure safety injection or of the CSS) combined with human error
in the setting up of H4 and U3 mobile resources, rendering them
ineffective.

• The weight of the sequence is 12%.

D.8.3.3 - Salient Points

It should be noted that System DVS makes a 30% contribution to the
dominant sequences, either alone (in the short term) or combined with
human error (in the long term).

It will also be noticed that the contribution of human error to the
probability of core meltdown is 55%, either directly (no manual startup
of low pressure safety injection) or combined with other failures (failure
of H4 and U3 in the long term).
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— PART E -

LOSS OF PRIMARY COOLANT
ACCIDENTS OUTSIDE
THE CONTAINMENT
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E.1 INTRODUCTION

Loss of coolant accidents (LOCAs) outside the containment, which may
result from a break in a circuit connected to the primary system and not
isolated from it, have two essential properties:

• as the primary coolant is lost outside the containment, recirculation by
the SI system is not possible, and if the break cannot be isolated
before emptying of the RWST, core meltdown becomes inevitable,

• in the event of core meltdown, the fission products are released
directly to the exterior, the containment being by-passed.

In view of the potentially severe consequences of such situations,
LOCAs outside the containment were considered to constitute a
separate family.

E.2 APPROACH

The primary system can communicate directly with the environment in
the event of rupture or major leakage of isolation devices in a certain
number of systems interfacing with it which pass through the
containment.

These systems:

• either communicate with the primary system and lead directly outside
the containment: CVCS and System REN,

• or are isolated from the primary system and may or may not (possibly
under accident conditions) lead directly outside the containment:
System RPE, the RHRS and the SI system.

Certain parts of these systems outside the containment are not
designed for primary coolant temperature and pressure conditions.
Rupture can occur therefore with loss of primary coolant outside the
containment and the possibility of core meltdown.

The following approach was adopted:

• all the paths connecting the primary system to part of a system
connected to the primary system outside the containment were
systematically listed,

• an estimate of the probability of the LOCA outside the containment
and core meltdown was made for each of these parts.
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Quantitative and qualitative study has shown that in the majority of
cases, the probability of core meltdown can be considered to be
negligible for one or more of the following reasons:

• there are many isolation devices of which the simultaneous failure
has a very low probability, the probability of a break thus being
negligible (the case of the CVCS),

• the pipework involved is of small diameter; in the event of a break the
time available before emptying of the RWST is considerable,
enabling action to be taken to place the reactor in a reduced power
state and isolate the break (the case of Systems RPE and REN),

• there is a section of the system involved inside the containment which
is not designed for the primary pressure. In the event of
overpressure, rupture would probably occur inside the containment
(case of the System RPE drum, the SI system accumulators and the
RHRS).

The two paths for which the risk appears to be more significant are the
connections between the RCS and the low pressure safety injection
system and the link between the RCS, the RHRS and System PTR.

E.3 CONNECTION BETWEEN RCS AND LOW PRESSURE
SAFETY INJECTION SYSTEM

The low pressure part of the SI system, which is not designed for
primary system temperature and pressure conditions, is connected to
the primary system via a number of paths including the hot and cold leg
injection lines. On each of these paths, there are at least three isolation
devices. If these devices are diversified, the probability of isolation
failure becomes negligible (the case for the hot legs).

For the cold legs, there are six paths, each of which includes three
check valves. Simultaneous failure of these three check valves can
result, if the leak rate is high, in the rupture of a low pressure safety
injection line outside the containment. In this case there is a LOCA
combined with loss of the SI system function, which inevitably leads to
core meltdown. The check valve failure modes may be:

• a large leak or rupture undetected between tests,

• sticking in the open position after demand.

If allowance is made for the probability of common mode failure for the
check valves in the containment, the probability of a LOCA and core
meltdown is:

1.9x10'9 per reactor-year
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E.5 DISCUSSION

The quantitative evaluation of the risk associated with a LOCA outside
the containment is vitiated by extreme uncertainty. The principal source
of uncertainty is the conditional probability of rupture of a pipe
subjected to an overpressure. Other factors of uncertainty are
associated with the probability of a major leak of an isolation device,
and the possibility of common modes between such devices. A number
of sensitivity studies have shown that the results may vary by a factor of
100 depending on the hypotheses. The value adopted appears to be
the most reasonable in the light of present knowledge.

Probability of core meltdown
in the event of a LOCA
outside containment:

1.1x10-7 per reactor-year
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- PART F -

SECONDARY SYSTEM
LINE BREAKS

(FEEDWATER LINE BREAKS
AND STEAM LINE BREAKS)
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F.1 INTRODUCTION

The secondary system line break family covers breaks (of all sizes) in
steam and feedwater lines and failure of the secondary system valves
to close.

These initiating events are grouped into different sub-families
depending on:

• whether they are on the feedwater or steam side,

• their leak rate,

• whether they are inside or outside the containment and upstream or
downstream of the isolation valves.

In the secondary system line break family, it was considered that core
meltdown could be caused by:

• absence of cooling resulting in prolonged dry-out of the core,

• local damage of fuel caused by exceeding the cladding integrity
criteria as a result of blockage of the control rods outside the core,

• exceeding inside the containment in temperature or pressure the
qualification conditions of the equipment in the containment
indispensable for switching to cold shutdown.

F.2 INITIATING EVENTS

F.2.1 - Feedwater Line Breaks (FWLBs)

The breaks taken into consideration are those occurring in sections of
feedwater lines inside the containment between the last check valves
and the steam generators, which can cause draining of a steam
generator at the break in addition to reducing the feedwater flowrate.
Breaks located upstream of these valves only cause loss of feedwater
(if the check valve does not fail).

These include:

• large breaks causing a drop in the steam generator level and a scram
at the very low level,

• small breaks for which MFW system action is capable of
compensating for the loss in the flowrate, for which a scram is only
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tripped by high-containment pressure or low level in the System ADG
tank.

Very small breaks for which the leak rate can be compensated for by
replenishment from the System ADG tank were not taken into
consideration.

F.2.2 - Steam Line Breaks (SLBs)

The breaks taken into consideration are classified as large or small
breaks:

• large breaks cover the range from breaks of about 100 cm 2

(corresponding to the equivalent cross-section of a secondary relief
valve) to a guillotine break with an equivalent cross-section varying
between 3900 cm2 before closing of the steam isolation valves and
1300 cm2 afterwards,

• small breaks cover the range from the 100 cm2 break with a leak rate
of 60 t/h (corresponding to System ADG tank replenishment) for
which a scram is no longer demanded.

The smallest breaks are equated with excessive charging demand
initiating events (turbine generator transient family).

Depending on their position, they are divided into:

• breaks inside the containment,

• breaks outside the containment, including:

- breaks upstream,

- and breaks down of the steam isolation valves.

F.2.3 - Reactor States

The reactor states analysed were those in which the secondary lines
are used, ie:

• state A, under power and in hot shutdown,

• state B, in intermediate shutdown below P11 and P12 with RHRS
disconnected.

Except for small SLBs, which were analysed for states A & B, with
probabilities of occurrence proportional to the duration of these states,
the other SLBs and FWLBs were studied for states A & B combined.
The probability of the initiating events allows for both these states, and
the consequences are bracketed by those of state A.
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F.2.4 - Frequency of Initiating Events

The following table summarizes the different initiating events analysed
and indicates their annual frequencies.

TABLE F1

Sub-family

FWLB

SLB

Size

Small

Small

Large

Small

Small

Small

Large

Large

Large

Reactor
state

A

B

A + B

A-t-B

A + B

A + B

A-t-B

A-t-B

A + B

Position

Inside containment

Outside containment, upstream of
main steam isolation valve

Outside containment, downstream
of main steam isolation valve

Inside containment

Outside containment, upstream of
main steam isolation valve

Outside containment, downstream
of main steam isolation valve

Frequency
per year

10-3

5x1O'6

10-*

10-3

10-3

5x10-3

10-*

10-5

10-3
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F.3 ACCIDENT SEQUENCES

F.3.1 - Accident Situation and Operation

F.3.1.1 - Feedwater Line Break

A large FWLB reduces the cooling capacity of the secondary system for
three reasons:

• the feedwater supply rate to the steam generator is reduced,

• the fluid which escapes from the break is of low enthalpy, at least as
long as the level in the steam generator affected remains above the
feed ring, in which case liquid alone escapes,

• the emergency feedwater supply rate and the reserve in the AFW tank
are also reduced.

Under these conditions, the reduced secondary system cooling
capacity causes an increase in temperature and pressure in the primary
system. After the reactor has tripped, this increase continues due to
decay heat. The pressurizer may fill, but the relief valves will limit the
overpressure in the primary system.

Bulk boiling at the core outlet may occur, resulting in substantial loss of
primary fluid via the pressurizer pressure relief devices, depending
when the operator takes action to isolate the emergency feedwater
supply to the failed steam generator.

With a small break, control of the MFW system flowrate can compensate
for the leak, and there is no change in the operating conditions of the
primary and secondary systems.

However, such a break will cause an increase in the pressure in the
containment and a drop in the level in the System ADG tank. Both
cause a scram, tripping of the turbine-driven feedwater pumps and
startup of the AFW system.

Safety injection will be started relatively early. Closure of the steam
isolation valve only occurs when the containment high pressure signal
is set off.

In state B, a small FWLB causes slow depressurization. The loss from
the AFW system through the break can be compensated for by opening
the control valve wider and replenishment from the System ADG tank.
Thus, the nuclear steam supply system can remain in this state without
protection signals being activated.
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With a large break, the operator, in accordance with procedure AO, will
apply procedure A.2.2. (secondary break in containment) which
requires isolation of the affected steam generator on the steam and
water sides, stabilizing the nuclear steam supply system and switching
to cold shutdown in accordance with procedure G5. After a small break,
depending on the nature of the first scram signal, the operator applies
procedure 1.3.1 (excessive safety injection), or 1.1 (post-scram
procedure). When this is completed, A.2.2. is specified.

The functions to be provided are shutdown of the reactor (provided by
the scram) and removal of the residual heat,.provided by the AFW
system and control action with it. In addition, steam isolation is required
to avoid draining more than one steam generator in the containment,
which is considered to result in failure of the equipment located in the
containment and core meltdown.

F.3.1.2 - Steam Line Break

The main result of a steam line break is a sudden increase in the
secondary system steam flowrate. This results in removing more
energy from the primary system whose average temperature and
pressure begin to drop.

With a negative moderation temperature coefficient, the effect of cooling
is to reduce the available reserve of negative reactivity for a scram. If it
is assumed that the most effective control rod cluster is blocked outside
the core, a return to criticality is possible.

With a large SLB, the steam flowrate is extremely high resulting in the
demand within a few seconds of safety injection, steam isolation,
isolation of the MFW system and startup of the AFW system. With a
blocked control rod cluster, despite the boron injected by high-pressure
safety injection, the reactor becomes critical again, power stabilizing at
a level corresponding to the AFW system cooling capacity. After
operator action to isolate the AFW system at the damaged steam
generator, the reactor rapidly becomes sub-critical.

For a small break, the flow from the break is insignificant relative to the
steam flow in the lines and the pressure in the three steam generators
remains essentially balanced. However, the excessive cooling results
in contraction of the primary fluid and loss of pressure. Scram, safety
injection and MFW system isolation are demanded. The reactor does
not become critical.

In the case of a feedwater line break, the operator is led by procedure
AO to procedure A.2.1. if the break is outside the containment or
procedure A.2.2. if the break is inside the containment.
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These procedures require:

• isolation of the affected steam generator,

• stabilization of the nuclear steam supply system by switching the high
pressure safety injection pumps to the charging function, shutting
down the low pressure safety injection pumps and adjusting the
levels in the undamaged steam generators,

• entering cold shutdown (in accordance with G5).

Similarly, in the event of a small steam line break, the operator, as in
the small feedwater line break case, is directed to procedure 1.3.1.
(procedure to be applied in the event of excessive safety injection) or 1.1
(post-scram procedure). If this procedure does not enable stabilization
of the nuclear steam supply system (as in the case of steam line breaks
upstream of the main steam isolation valves), the operator is directed to
procedure A.2.2. or A.2.1.

Furthermore, the safety engineer can, by applying procedures SPI and
U1, request additional action in the event of degradation of the situation
or errors being made by the operating team.

The functions to be provided are the same as in the feedwater line
break case. Steam isolation is also required to limit the cooling
gradient and isolate the steam generators from each other. The
number of isolation valves necessarily depends on the size and the
position of the break. In addition, in the case of a large steam line break
inside the containment, it is considered that the CSS is indispensable
to avoid failure of the equipment located inside the containment and
core meltdown.

F.3.2 - Results and Dominant Sequences

The probability of core meltdown induced by the secondary system
break initiating event family is equal to 9.2x10/7 per year.

The contribution of feedwater line breaks is 37% (3.4x10"7 per year)
and the contribution of steam line breaks is 63% (5.8x10/7 per year).

The overall risk of core meltdown is made up as follows:

• 88% for the risk of prolonged dry-out of the fuel,

• 12% for exceeding the qualification criteria of the equipment in the
containment.

The causes are distributed as follows:

• 85% for small breaks,

• 15% for large breaks.
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Table F2 gives the contributions to the overall risk of the different
initiating events analysed.

TABLE F2

Initiating
events

Small FWLB, state A
Small FWLB, state B
Large FWLB, state A + B
Small SLB in containment, state A + B
Small SLB upstream of isolation valve,
state A + B
Small SLB downstream of isolation valve,
state A + B
Large SLB in containment, state A + B
Large SLB upstream of isolation valve,
state A + B
Large SLB downstream of isolation valve,
state A + B

TOTAL

Frequency
of Initiating

event
per year

10-3
5x10'6

10-4

10-3

10-3

5x10*3
10"4

10-5

10-3

Probability
of core

meltdown
per year

3x1O'7

5x10-9

3x10*8

1.7X10"7

2.5x10-7

4.7x10*8

10-7

1.8X10"9

10"8

9.2X10"7

Contribution
to the

overall risk

(%)

33
0.5
3.5

18.5

27.2

5
11

0.2

1

1 0 0

The dominant sequences all relate to loss of removal of residual heat
by the secondary system due to failure of the AFW system line and
failure of application U1 to switch to "feed and bleed":

• small FWLB sequence 2.8x10"7 (30%)

• small SLB sequence inside containment 1.7x10-7 (18%)

• small SLB sequence upstream of isolation valve 1.6x10-7 (17%)

The sequence corresponding to a large SLB in the containment with
failure of CSS contributes 8.5x10'8 per year (9%) to the risk (due to
exceeding of containment conditions).
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— PART G -

STEAM GENERATOR TUBE
RUPTURE (SGTR) ALONE

AND COMBINED WITH
SECONDARY SYSTEM LINE

BREAK (SSLB + SGTR)
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G.1 INTRODUCTION

This family covers steam generator tube rupture or leak initiating events
occurring alone or combined with a secondary system line break
(feedwater or steam).

The sequences resulting in prolonged dry-out of the core were
considered to cause core meltdown.

G.2 INITIATING EVENTS

G.2.1 - Rupture of One or Two Steam Generator Tubes

This initiating event covers the rupture of one or two steam generator
tubes. The rupturing of more than two tubes is considered to be of
negligible probability. As concerns the functional consequences, this
initiating event was equated with sudden guillotine break of one or two
steam generator tubes.

G.2.2 - Small Steam Generator Tube Rupture

This initiating event covers primary-secondary leakage at a rate so low
that the protection and engineered safety systems are not automatically
activated when the reactor is under power. For analysis of the
consequences, this initiating event was equated with a 70 l/h leak.

G.2.3 - Large Secondary System Line Break and Steam Generator
Tube Rupture Combined

This initiating event covers the case of a combined large secondary
system line break (feedwater line break or steam line break) with the
rupturing of one, two or ten steam generator tubes caused by the
secondary system line break.

G.2.4 • Small Secondary System Line Break and Steam Generator
Tube Rupture Combined

This initiating event covers the case of a combined small secondary
system line break or failure of the secondary system letdown devices
with the rupturing of one, two or ten steam generator tubes caused by
the small secondary system line break.
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G.2.5 - Reactor States

The steam generator tube rupture initiating events were analysed for
the following states:

• A, under power,

• B, in intermediate shutdown (RHRS disconnected),

• C, RHRS connected and primary system full and vented,

corresponding to the states where the steam generators are used or
kept available (ie undrained) to remove residual heat.

G.2.6 - Frequency of Initiating Events

The estimate of the steam generator tube rupture initiating event
frequencies was based on:

• operating experience feedback from PWR plants throughout the world
with steam generators of identical design to those used in the French
900 MWe plants,

• engineering judgement.

The frequencies of the cases adopted are given in Table G1.

TABLE G1

Initiating events

SGTR, 2 tubes
SGTR, 1 tube
Small SGTR
SGTR, 2 tubes
SGTR, 1 tube
SGTR, 2 tubes
SGTR, 1 tube
Large SSLB + SGTR, 1 tube
Large SSLB + SGTR, 2 tubes
Large SSLB + SGTR, 10 tubes
Small SSLB + SGTR, 1 tube
Small SSLB + SGTR, 2 tubes
Small SSLB + SGTR, 10 tubes

Reactor state

A
A
A
B
B
C
C
A
A
A
A
A
A

Frequency of
occurrence

per year

5x10"4

6x10-3
4.8x10-2

2.5x10-6

3x10-5
1.8x10-5
2.1x10-4

3.4x10-7

1.4x10-7

10-8
3.4x10-5
1.4x10-5

10-6
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The case of combined SSLB and SGTR in state B is of negligible
probability. In state C, the difference between the primary and
secondary pressure is considered to be too low for such a combined
event to occur.

In state A, only SSLBs outside the containment were adopted. Indeed,
in the case of an SSLB inside the containment combined with one or
more SGTRs, the primary system drains into the containment via the
steam generators, and such cases are equivalent to primary system
breaks.

G.3 ACCIDENT SEQUENCES

G.3.1 - Accident Situation and Operation

In the SGTR cases considered, the primary pressure at the time of the
accident is greater than the secondary pressure. Leakage from the
primary system to the secondary system through the ruptured or leaky
tube thus occurs. This leak causes a drop in the primary system
pressure (resulting in a scram) and partial closing of the MFW valve to
compensate for the primary system leak. This causes high activity
alarms to be set off at the steam generator bleeds and the condenser
ejector.

After the scram, a very low primary pressure signal triggers safety
injection, isolation of the MFW system and startup of the AFW system.

The operator action required is specified in procedures AO and A3 or
I.RCP.8 (the leak case). This involves:

• identifying and isolating the affected steam generator to avoid it being
replenished with water and thus activating steam generator
secondary valves,

• stopping safety injection to make it possible to depressurize the
primary system and stop the leak into the steam generator,

• cooling the primary system using the AFW system and linking the
required conditions for start-up of the RHRS to enter the shutdown
state for repair work.

The safety engineer may intervene under procedure SPI-U1 to confirm
certain A0/A3 actions or request additional action in the event of failure
of systems.

In the case of combined SSLB and SGTR, the situation is different. The
time at which the SGTR appears after the secondary system line break
depends on the size of the break.
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• After a large secondary system line break, pressure in the steam
generator affected decreases, causing closure of the steam isolation
valve which further reduces the pressure in the steam generator
affected and causes the SGTR or SGTRs. On the primary side, the
pressure drops and safety injection is activated to maintain the
primary system water inventory. Removal of residual heat takes place
via the primary-secondary break and via the steam generator
secondary system. As the secondary system line break is outside the
containment, the RWST is rapidly emptied outside the containment.
The operating goal is then to stop the leak through the break before
emptying of the RWST and dry-out of the fuel.

• After a small secondary system line break, the pressure in the steam
generator affected decreases more slowly and the SGTR or SGTRs
only occur at a later stage.

The operators' diagnostic depends on the size of the secondary system
line break. After a large SSLB in the absence of activity in the steam
generators or after a small SSLB, the operators, in accordance with
procedure AO, adopt procedure A.2.1. (SSLB outside containment) in
which they are requested to isolate the affected steam generator and to
stabilize the nuclear steam supply system by adjusting the AFW system
flowrates, which is difficult in the presence of an SGTR, but no rapid
cooling. It is only when the SGTR is detected (under instruction A3) or
in the event of safety engineer intervention, that there is a chance of
such cooling taking place.

G.3.2 - Study Bases and Hypotheses

• If the operator and the safety engineer act late to isolate the AFW
system from the steam generator affected by the SGTR or to
shutdown high pressure safety injection, it is impossible to avoid
replenishment of the steam generator and exposing the secondary
valves to water.

As the safety valves are not qualified to release water, there is an
estimated probability of 0.5 of at least one safety valve opening at a
lower pressure than the System GCT atmosphere section opening
pressure, when activated with water and the probability of its failure to
close is 0.1 (non-reclose in water).

• The evaluation of the probability of human error is based on the
results of tests on simulators carried out by Electricite de France (non
shutdown of high pressure safety injection, inadvertent isolation of
System GCT atmosphere section etc.).

G.3.3 - Results and Dominant Sequences

After a SGTR family initiating event, the probability of core meltdown is
equal to 2.3x10"6 per year.
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The division of this probability per type of initiating event is shown in
Table G2, as well as the dominant sequence and its contribution.

TABLE G2

Initiating
event

SGTR, 2 tubes
SGTR, 1 tube
Small SGTR
SGTR, 2 tubes
SGTR, 1 tube
SGTR, 2 tubes
SGTR, 1 tube
Large SSLB + SGTR, 1 tube
Large SSLB + SGTR, 2 tubes
Large SSLB + SGTR, 10 tubes
Small SSLB + SGTR, 1 tube
Small SSLB + SGTR, 2 tubes
Small SSLB + SGTR. 10 tubes

TOTAL

State
of

reactor

A
A
A
B
B
C
C
A
A
A
A
A
A

Probability
of core

meltdown
per year

1.7x10-7
9.2x10-7
1.7x10*7

8.5x10-10

4.6x10-9
1.3x10-9
1.5x10-8

4.7x10-9
1.9X10'9

10-9
5x10-7

2.5x10*7
2.6x10-7

2.3x10~6/year

Dominant sequence
and contribution for

Initiating event

No isolation SG+RHRS 100%
No isolation SG+RHRS 96%
Loading reduction failure 88%

CVCS or HPSI restart failure 66%
CVCS or HPSI restart failure 72%
CVCS or HPSI restart failure 68%

The sequences with the largest contributions to the core meltdown risk
are, in decreasing order:

A) The steam generator tube rupture sequence in state A with failure
of isolation due to the operator of the steam generator affected
resulting in exposure to water and non-closing of the secondary
system safety valves, followed by failure of the RHRS (8.8x10'7 per
year, ie 38%).

B) The sequence consisting of a small secondary system line break
combined with rupture of a steam generator tube in which the
operator shuts down the high pressure safety injection pumps as
per procedure A.2.1 and does not restart safety injection or
charging after the occurrence of the SGTR to maintain the primary
system water balance (3.3x10"7 per year, ie 14%).
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C) The sequences consisting of a small SSLB + SGTR of 2 or 10 tubes
with failure of the operator to restart safety injection or charging
which each contributes 7% (1.7x10"7 per year) like the 2-tube
SGTR sequence with failure of isolation of the affected steam
generator and the RHRS, and the sequence corresponding to a
small SSLB combined with SGTR of one tube with failure of the
RHRS (7% each).

In the cases where the residual heat cannot be removed using the
RHRS and where the affected steam generator is not isolated, the
operators can attempt to:

• either use the System GCT condenser section to obtain cooling to a
temperature below 100°C,

• or maintain the water inventory in the primary system using all
available means until recovery of the RHRS.

If this probability of restoration is considered with a failure probability of
0.1/d, then the probability of core meltdown is divided by approximately
2.6 (8.7x10"7 per year). In this case, the dominant sequences are the
sequences of combined SSLB and SGTR without restarting of safety
injection or charging.
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H.1 INTRODUCTION

In this study, the term "heat sink" refers to the ultimate destination (river
etc.) and the systems which transfer heat to it (the ESW and CCW
systems).

The loss of heat sink family thus covers initiating events which cause the
total loss of cooling, whether sudden or gradual, of the equipment and
systems cooled by the CCW system.

The sequences leading to prolonged dry-out of the core are considered
to cause core meltdown.

H.2 INITIATING EVENTS

H.2.1 - Nature of Initiating Events Considered

Heat sink loss initiating events may be initiating events of:

• loss of the ultimate heat sink,

• loss of flow in the CCW and ESW systems due to failure of the pump
sets, failure of the electrical power supply, leakage or fouling of the
lines or failure of switching between trains.

Depending on the cause of the initiating event, the impact of loss of the
heat sink on the systems activated to mitigate the consequences varies.

Table H1 indicates the impact on the systems for each type of initiating
event.
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TABLE H1

Unavailability of Systems

Initialing event

No

1

l\

12

2.3

2.4

2.5

2.6

2.7

2.8

2.9

3.1

3.2

4

5

Identifier

Loss of heat sink

CCW total

ESW total

LHA/B-CCW

LHA/B - ESW

LHA/B -
Switchover

CCW - ESW

ccw-
Switchover

ESW-
Switchover

VF-LHA/B

Large leak
(parti)

Large leak
(part II)

Slow fouling of
heat exchanger

Inadvertent
closing of valve
between train -
Switchover

Probability of
occurrence

a: state a
b: state b

a: 7.5x10"5

b: 3.8x107

a; 3.8x1O-7

b:1.9x10"9

a:1.9x10-7

b: 9.8x10"10

a: 5.9x10-*
b: 3x1<r10

a: 4.7x10"*
b: 2.4x10"10

^1.85x10-*
b: 9.4x10"*

a:1.2x10-*
b:6.1x10"11

a: 5.3x10"*
b: 2.7x10-*

a: £5x10*
b:1.3x1(r*

a: 1^2x10"6

b: 6.2X10"9

a: 7.41X10"3

b: 3.76x1<r5

a: 5.54X10-3

b: 2.81x10-*

a: 1 35x10-5

b: 6.8x10"*

a. 4.5x103

b: 2.3x105

Recovery
time "

(h)

100

7.5

6.3

7.4

6.8

Train
unavailable

6.8

Train
unavailable

Train
unavailable

14.8

E

e

9

—

Procedure

applicable

HI

HI

HI

I4A
Alarm sheet

I4A
Alarm sheet

I4A
Alarm sheet

HI

HI

HI

I4A

H1 or IRRI4

H1 or IRRI4

H1

IRRI6

CCW-ESW

CCW

X

X

CCW

X

X

X

X

X

X

E M

X

X

tan

X

X

X

X

X

X

AFW

X

X

X

X

X

X

X

X

X

X

w

X

X

X

X

X

X

X

X

X

X

X

X

X

X

TP

X

X

X

X

X

X

X

X

X

X

X

X

X

X

LPSI

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

eves

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

CSS

X

X

X

X

X

X

X

X

RHRS

X

X

X

X

X

X

X

X
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H1 initiating events are divided into five sub-families:

1 - Loss of ultimate heat sink

2 - Failure of CCW/ESW pump sets. This initiating event covers the
following nine sub-initiating events:

2.1 - Failure of the CCW system pump sets

2.2 - Failure of ESW system pump sets

2.3 - Failure of the CCW system pump sets with loss of one
electrical bus (Systems LHA/B and the CCW system)

2.4 - Failure of ESW system pump sets with loss of one electrical
bus (Systems LHA/B and the ESW system)

2.5 - Failure of one electrical bus and failure to switch between
trains (System LHA/B and switchover)

2.6 - Failure of one CCW system pump train and failure of one
ESW system pump train (the CCW and ESW systems)

2.7 - Failure of one CCW system pump train and failure to switch
between trains (CCW system and switchover)

2.8 - Failure of one ESW system pump train and failure to switch
between trains (ESW system and switchover)

2.9 - Loss of one electrical bus with valve 640 VD closed (V8 and
System LHA/B)

3 - Large leak in CCW system

Two sub-initiating events were recognized:

3.1 - Major leak in engineered safety feature part

3.2 - Major leak in common part

4 - Loss of cooling due to fouling of heat exchangers

5 - Unintentional closing of valves between trains

These initiating events identified on the basis of their causes were then
combined on the basis of their functional consequences.

H.2.2 - Reactor States

The study of the loss of heat sink cases covered:

• states A and B with the reactor not being cooled by the RHRS.
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H.2.3 - Frequency of Initiating Events

The frequencies of the different initiating events were evaluated:

• either on the basis of the engineering judgement (initiating event 1),

• or on the basis of the reliability studies and experience feedback.

The following table indicates for the initiating events grouped according
to their functional consequences, their frequency of occurrence in state
A and state B as well as their average recovery times.

TABLE H2

Frequency of Grouped Initiating Events

Initiating
event

reference
numbers

1 alone

2.5 alone

2.8, 2.7 and 3P1

2.3 and 2.4

2.1, 2.2 and 2.6

5 and 3P2

2.9 alone

4 alone

TOTAL

Grouped
Initiating

event
number

1

2

3

4

5

6

7

8

Frequency of appearance of
Initiating events per year

Unit under
power

7.5x10-5

1.85x10-5

7.42x10*3

1.07x10"7

5.85X10'7

1x10-2

1.22X10"6

1.35X10'5

1.75X10.'2

Unit
shutdown

3.8x10"7

9.4x10*8

3.76x10'5

5.41x10*10

3.15x10"9

5.11X10-5

6.19X10'9

6.84x10"8

8.93X10'5

Average
recovery

time

100 h

Oh

Oh

7.1 h

7.05 h

Oh

14.8 h

9 h
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H.3 ACCIDENT SEQUENCES

H.3.1 - Accident Situation and Operation

A loss of heat sink event causes:

• Degradation of the CVCS operating conditions. This is because as
the non-regenerative heat exchanger is no longer cooled, the water is
discharged by the CVCS at in increasingly high temperature. The
filters upstream and downstream of the CVCS pumps are not
designed to withstand high temperatures and are thus liable to be
damaged and possibly form debris which, when injected into the
primary pump seals, are liable to damage the latter.

If the intake temperature reaches or exceeds around 130°C, the
CVCS pumps cavitate. Injection at the seals is then interrupted and
thermal barriers themselves are no longer cooled by the CCW system;
damage of the primary pump seals can result in a primary system
break.

• Automatic shutdown of the primary pumps when the radial and thrust
bearing lubricating oil temperature upper threshold of the primary
pumps is reached (as the pumps are no longer cooled) or when the
No. 1 seal return high flowrate threshold is exceeded.

• Loss of cooling of the ventilation systems (Systems DVN, DEG and
hence System DVH etc.) which, under certain conditions, may lead to
loss of the equipment in the corresponding compartments (the CVCS
and high pressure safety injection pumps).

• Loss of cooling of the CSS system heat exchangers which, if the CSS
system is operating in the recirculation mode, may cause significant
heating of the heat exchanger compartments and deterioration of the
mechanical packings of the low pressure safety injection pumps
(cooled by fan coil units in the compartments), resulting in failure of
the latter.

The principal risk associated with loss of the heat sink under power or in
hot shutdown is thus loss of primary pump seal integrity which can result
in a primary system break in a situation where engineered safety feature
the SI system and the CSS are highly degraded if not failed.

The approach to be followed in the event of loss of the heat sink is
stipulated in:

• the CCW/ESW system alarm sheets,
• procedures H1.1 and I.RRI,
• the safety engineer's procedures SPI and U1.
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This approach is intended to bring the unit to a state where injection into
the primary pump seals can be ceased without risking loss of integrity, ie
the intermediate shutdown state under RHRS conditions.

The approach then essentially consists of:

• protecting the equipment liable to be affected by loss of the heat sink
by:

- shutting down the primary pumps, if this has not already been done,

- reducing the load by shutting down the reactor if it has not been
scrammed,

- isolating the CVCS letdown line then the charging line to protect the
equipment downstream of the non-regenerative heat exchanger,

- depressurizing and cooling the primary system by convection via
the steam generator secondary systems, while maintaining the
primary system water inventory.

H.3.2 - Study Hypotheses

• In the absence of cooling of the thermal shield and injection at the
seals, the primary pump seals become damaged and begin to leak.

The leak rate per pump is assumed to be equal to (refer to §J.3.1.2):

• 60 t/h with a probability of 0.2

- 30 t/h with a probability of 0.3

- 5 t/h with a probability of 0.5

when the pumps are shut down and when the primary system
temperature is above 180°C.

If the primary pumps are not shut down, the leak rate is assumed to be
equal to 100 t/h.

• In the absence of cooling by the CCW system of the normal and
standby ventilation systems (Systems DVN and DVH) of the CVCS
pump compartments, on the basis of study of temperature variation in
these compartments, it was assumed that loss of the heat sink:

- would not cause loss of the CVCS pumps if Systems DVN and DVH
continue to operate without cooling,

- causes loss of the pumps when System DVH alone operates
without cooling (the case in simultaneous loss of the heat sink and
the off-site electrical power supplies).

• Under procedure H1 the operator is required to perform three
"conservation" actions to ensure proper operation of the CVCS pump
(increasing the injection rate at the seals to ensure minimum pump
flow, isolating the seal return minimum flow line which is no longer
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cooled, and starting the test pump to back-up the CVCS pump before
the pressurizer is full).

It has been assumed that failure to perform any one of these actions
will result in failure of the pump and thus loss of injection of the seals.

• It has been assumed that in the event of leakage of the pump seals,
the CSS system carries the hot liquid (ie on switching to the
recirculating mode), and increase in temperature in the compartment
and hence the low pressure safety injection pump packing fan coil
units is such that the pumps fail. Recovery of the CSS system heat
exchanger cooling is therefore indispensable within 9.5 to 69 hours,
depending on the flowrate of the seals.

If the heat sink is not recovered by then, core meltdown will occur.
When possible, a primary break is used as the basis for evaluating the
conditional probability of core meltdown in each accident sequence.

• It was assumed that in the absence of cooling of the electrical
compartment ventilation system, the time available before reaching
conditions prejudicial to proper operation of the electrical systems was
sufficient to enable recovery of the heat sink or implementation of
mobile cooling resources.

H.3.3 - Results and Dominant Sequences

The probability of core meltdown, for all heat sink loss initiating events
combined, is:

P » 9.4x10'6 per year

when the unit is equipped with CVCS filters of the Eurofiltec type (whose
temperature resistance is good).

59% of this probability results from sequences leading directly to core
meltdown (5.5x10/6 per year) and 4 1 % from sequences leading to a
primary break then core meltdown.

Tables H3 and H4 give the contributions of the different initiating events
and the different states to the overall risk of direct core meltdown and the
occurrence of a primary system break.
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TABLE H3

State A

Initiating

event

group

number

1

2

3

4

5

6

7

8

Initiating event

No.

1

2.5

2.7

2.8

3P1

2.3

2.4

2.1

2.2

2.6

5

3P2

2.9

4

Identifier

Loss of heat sink

Loss of 1 LHA/B train and failure

to switch between trains

Loss of 1 CCW train and failure to

switch between trains

Loss of 1 ESW train and failure to

switch between trains

Large leak in 1 CCW train in

engineered safety feature section

Loss of 1 CCW train and loss of

1 LHA/B train

Loss of 1 ESW train and loss of

1 LHA/B train

Loss of both CCW trains

Loss of both ESW trains

Loss of 1 CCW train and

1 ESW train

Inadvertent closing of valves

between trains

Large leak in 1 CCW train

(common)

CCW system valve 640 VD closed

and loss of 1 LHA/B train

Slow fouling of heat exchangers

TOTAL

Initiating

event

frequency

per year

7.5x10-5

1.85x10-5

5.3x10"6

2.5x10"6

7.41X10"3

5.9x10"8

4.7x10'8

3.8x10-7

1.9X10"7

1.2X10"8

4.5x10"3

5.54x10"3

1.22X10"6

1.35x10*5

—

Probability

of direct core

meltdown

per year

4.98x10'6

0

1.49X10*7

1.97X10"9

1.75x«r9

2x10"7

1.08X10'7

6 42x10"8

5.5x10'6

Probability

of primary

system break

per year

1.06X10"6

9.23x10"6

3.89X10"4

5.51 X10"8

2.93X10"8

5.27X10"4

5x10"7

6 54X10'7

9.28x10"*
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TABLE H4

State B

Initiating
event
group

number

1

2

3

4

5

6

7

8

Initiating event

Ma

1

2.5

2.7

2.8

3P1

2.3

2.4

2.1

2.2

2.6

5

3P2

2.9

4

Identifier

Loss of heat sink

Loss of 1 LHA/B tram and failure
to switch between trains

Loss of 1 CCW train and failure to
switch between trains

Loss of 1 ESW train and failure to
switch between trains

Large leak in 1 CCW train in
engineered safety feature section

Loss of 1 CCW train and loss of
1 LHA/B train

Loss of 1 ESW train and loss of
1 LHA/B train

Loss of both CCW trains

Loss of both ESW trains

Loss of 1 CCW train and
1 ESW train

Inadvertent closing of valves
between trains

Large leak in 1 CCW train
(common)

System CCW valve 640 VD closed
and loss ol 1 LHA/B tram

Slow fouling of heat exchangers

TOTAL

Initiating
event

frequency
per year

3.8x10"7

9.4x10"8

2.7x10"8

1.3X10"8

3.76x10'5

3x10"10

2.4X10"10

1.9X10-9

9.8X10-10

6.1X10"11

2.3x10"5

2-B1X10*5

6.2x10"9

6.8x10-8

—

Probability
of direct core

meltdown
per year

2.5X10-8

0

4.66X10-10

10-"

e

6.33X10"10

5.48X10"10

3.23x10"10

2.7X10-8

Probability
of primary

system break
per year

5.35X10"9

4.68x10'8

1.98X10"6

2.6X10-10

1.47X10"10

2.67x10"6

2.54x10"9

3 28x10"9

4.7X10'6
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Table H5 indicates the contributions per type of consequence:

TABLE H5

State

A

B

Consequence
of loss of
heat sink

Very small primary break

Small primary break

Direct meltdown

Very small primary break

Small primary break

Direct meltdown

Probability
per year

9.3x10-*

9.3x10-*

4.7x10'6

4.7x10"6

Conditional
probability of
meltdown per

year

e

4.17x10-3

e

e

TOTAL

Probability
of meltdown

per year

E

3.88X10"6

5.5x10-6

9.38x10'6

e

e

2.7x10'8

2.7x10'8

9.4X10'6
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Sensitivity studies have been carried out:

• On the one hand, to allow for the impact of the type of CVCS filter
used.

At the present time, two types of filters are used in French 900 MWe
power plants: Eurofiltec filters and Cuno filters. The heat resistance of
the latter type is not as good, resulting in different accident sequences.
All filters will eventually be of the Eurofiltec type.

• On the other hand, to allow for consideration being given to remedial
action by the emergency team intended to reduce emptying of System
PTR by using the CVCS of the neighbouring unit or rapid cooling to
reduce the leakage in the event of a break. It has been estimated in
this sensitivity study that the probability of failure of such remedial
action to be carried out more than 5 hours after the accident would be
equal to 0.1 /d.

Table H6 shows how the results vary as a function of these hypotheses.

With Eurofiltec filters, allowance for remedial action by the emergency
team reduces the risk by a factor of 2.4.

With Cuno filters, the risk is approximately twice as great as with
Eurofiltec filters, whether remedial action is taken into account or not.
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TABLE H6

Sensitivity Study

Sensitivity
study

EUROFILTEC
filters with

remedial action

CUNO filter

without

remedial action

CUNO filter

with remedial

action

State
C)

A

A

A

Consequence
of loss

of heat sink

Primary leak
Small primary break
Meltdown

Primary leak

Small primary break

Meltdown

Primary leak

Small primary break

Meltdown

Probability
per year

9.3x1 0"4

9.3x10"4

5.88x10"4

2.32X10"3

5.88x10'4

2.32x10-3

Conditional
probability

of meltdown
per year

E

1.73X10-3

£

4.06X10-3

e
1.61x10-3

Probability
of meltdown

per year

e
1.61x10'6

2.45x10"6

4.1x10'6

e
9.42x10'6

9.36x10"6

1.88X10"5

e
3.75x10'6

3.65x10"6

7.4X10'6

O The contribution of state B is negligible
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1.1 INTRODUCTION

This family of initiating events covers those relating to:

• loss of the steam generator main feedwater supply,

• total loss of the steam generator feedwater supply (main and auxiliary
systems).

The sequences leading to prolonged dry-out of the core were
considered to cause core meltdown.

1.2 INITIATING EVENTS

1.2.1 - Initiating Events Taken into Consideration

The initiating events of total loss of the steam generator feedwater
supply are of three types:

• Loss of feedwater flow control (MFW) system ABE followed by loss of
auxiliary feedwater (AFW) system ASG.

• Loss of the auxiliary feedwater supply when the AFW system is
operating and the MFW system is isolated or unavailable.

• Loss of compressed air or electrical power supplies making the MFW
system unavailable and degrading the AFW system, followed by loss
of the AFW system.

These can be divided into 12 sub-initiating events (see Table 1.1):

1) Loss of feedwater plant with scram. This initiating event covers:

• failures directly affecting the feedwater plant (for example tripping
of the turbine-driven feedwater pumps, loss of condenser
vacuum, extraction pump failure etc.) resulting in a scram and
startup of the AFW system which fails on demand or during
operation,

• triggering of protection signals which cause isolation of the MFW
system (which nevertheless remains available) and startup of the
AFW system which fails.
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2) Unavailability of the feedwater plant without scram. This initiating
event covers occurrences affecting the feedwater plant leading to
normal shutdown of the reactor (without scramming), startup of the
AFW system and shutdown of the MFW system for repair.

3) Operating failures of the AFW system. This initiating event covers
the case of operation with the AFW system (startup or shutdown
operations, maintenance during hot shutdown etc.) when the MFW
system is shutdown or the AFW system fails in operation.

4) Loss of bus LHA: loss of this bus results in loss of the MFW system
within one hour, unavailability of the train A AFW system motor-
driven pump and train A of the engineered safety feature systems
combined with the impossibility of forcing open the two SEBIM
valve tandems.

5) Loss of bus LCA: loss of this bus results in isolation of the MFW
system and prevents startup of the train A AFW system motor-
driven pump from the control room and forcing opening of two
SEBIM valve tandems.

6) Loss of bus LCB: loss of this bus causes closure of the MFW
system valves and prevents starting the train B AFW system
standby motor-driven pump from the control room and forcing
opening of one SEBIM valve tandem.

7) Loss of bus LBA: loss of this bus makes the MFW system and the
train A AFW system motor-driven pump unavailable.

8) Loss of bus LDA: loss of this bus makes the MFW system
unavailable. The AFW auxiliary turbine-driven pump is available
but its speed can only be controlled locally. The control valves are
locked in the fully open position until standby action on the
manually-operated relays with the "URA" unit has been taken by
the operator.

9) Initiating event I4A: after loss of off-site power supplies and failure
of diesel generator A, the MFW system is lost and the train A AFW
system standby motor-driven pump and one train of the
engineered safety systems are unavailable.

10) Initiating event I4B: this initiating event is the same as I4A but it is
train B which is unavailable.

11) Loss of bus LCC: loss of this bus generates an ATWS signal which
cannot be cancelled. This signal starts the AFW system. In
addition, loss of bus LCC causes a scram which switches the MFW
system to the low flow mode. Procedure 19 requires keeping the
MFW system in the low flow mode and shutting down the AFW
system locally to stop the motor and turbine-driven pumps. If there
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is then an MFW system low flowrate mode failure, the AFW system
can only be restarted locally.

12) Loss of System SAR: loss of the instrumentation compressed air
causes, after depletion of the reserves of air, closure of the MFW
system valves and full opening of the AFW system valves.
Operating procedure I.SAR.I requires the operator to shutdown the
two AFW system standby motor-driven pumps and to adjust the
standby turbine-driven pump by varying its speed.

1.2.2 - Reactor States

The analysis covers the states in which cooling of the reactor is carried
out by means of the steam generators, ie:

• state A: under power or in hot shutdown,

• state B: in intermediate or cold shutdown with the RHRS
disconnected.

1.2.3 - Frequency of Initiating Events

Table 11 gives the initiating events of loss of the steam generator
feedwater supply, their frequencies and average recovery times, the
probability of failure of the second cooling system to perform its mission
and its average recovery time and, finally, the probability of total loss of
the steam generator feedwater supply (corresponding to the probability
of entering procedure H2 conditions).
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TABLE 11

Frequency of Initiating Events

Initiating event

Loss of feedwater

plant with scram

Unavailability of
feedwater plant
without scram

Failure ol AFW
in operation

Loss of bus LHA

Loss of bus LCA

Loss of bus LC6

Loss of bus LBA

Loss of bus LDA

Initiating event I.4.A

Initiating event I.4.B

Loss of SAR

Initiating event H2 due

to loss of LCC

TOTAL

No.

1

2

3.1

3

3.2

4

5

6

7

8

9

10

11

12

Annual frequency
of Initiating event

0.87/year

1.05/year

3.9x10"*

2.93x10"*

2.32x10"3/y ear

2.32x10"3/year

2.34x10*3/year

9.71x10-*/year

1.085x10'2/year

6.85X10"4

6.85x10"*

3.97x10-3

—

1.955/year

Average
recovery time of
Initiating event

5.6 h

57 h

5.7 h

5.7 h

18h

14.7 h

14.6 h

14.3 h

7.44 h

8.82 h

8.82 h

6.7 h

—

—

Probability of
failure of second

sy&tGiii owiandw
permission

AFW system
5.11x10"5

AFW system
1.68x10"*

MFWorCEx
MFWfime«2h

No MFW recovery

AFW system
2.17x10"*

AFW system
2.90X10"4

AFW system
2.90x10"*

AFW system
3.79x10"*

AFW system
6.52X10"5

2.11x10"*

2.11x10"*

5.97x10"5

—

—

Mbsiontlmeof
aarnnHcuBtam

aemanaea

5.6 h

20 h

Oh

6h

8h

6h

10h

7.44 h

6h

6h

6.7 h

AFW time
5.7 h

—

Annual frequency of
total loss of steam

generator feedwater
supply without recovery
of MFW or AFW systems

4.5x10'5

1.77x10"*

3.9x10"*

2.93x10-*

4.1X10"7

1.32x10-5

6.79x10-7

3.68x10'7

1.3x10"*

1.03x10*5

2.22X10"6

2.37x10"7

1.35x10-5

—
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1.3 ACCIDENT SEQUENCES

1.3.1 - Accident Situation and Operation

A loss of steam generator feedwater supply accident results in reducing
the capacity of the secondary system to remove the heat produced in
the core, causing an increase in temperature and pressure in the
primary system.

If draining of the steam generators is not stopped by startup of a
auxiliary feedwater supply system, the steam generator tubes dry out
and the exchange of heat between the primary and secondary systems
is greatly reduced. This results in boiling in the primary system causing
activation of the SEBIM valve tandems with steam, then, after a rise in
the pressurizer level, with water. Dry-out of the core at high pressure
cannot be avoided.

The time taken for dry-out to occur varies with the state of the unit at the
time of loss of the water.

In the event of loss of the MFW system, the operator follows procedure
11 (post-scram procedure) which requires surveillance of the MFW
system low flowrate control.

In the event of total loss of the steam generator feedwater supply, the
operator is guided by alarms to procedure H2 (applicable in the case of
total loss of steam generator feedwater supply), particularly by the
alarm specific to the situation, activated by a very low steam generator
level.

Procedure H2 requires:

• Rapidly implementing high pressure safety injection. The resulting in-
flow is then removed via the pressurizer safety valves which operate
in the "feed and relief mode. Primary pressure is then maintained at
the calibration pressure of these valves.

• Forcing opening of the three safety valve tandems when the core
outlet pressure exceeds 330°C, to operate in the "feed and bleed"
mode. Under these conditions the primary pressure drops, and high
pressure safety injection flow can increase and re-establish the
primary system water inventory.

The earlier the operator starts high pressure safety injection, the
longer it takes to reach 330°C.

• To attempt, at the same time as the preceding operations, to restore a
means of supplying feedwater to the steam generators. If such
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means are found or when the RHRS utilization conditions are
reached, the operator can reclose the SEBIM valve tandems and shut
down high pressure safety injection.

In addition, the safety engineer applying instructions SPI and 1)1 may
intervene to request such actions.

1.3.2 - Hypotheses and Bases of Study

• A common mode failure of opening of the three pressurizer safety
valves tandems on demand was considered. Failure of these valve
tandems to open or their opening at a pressure too high to allow high
pressure safety injection at a sufficient rate was assumed to result
directly in core meltdown.

The probability of this common mode occurring was estimated at
3x10"3 per demand.

• On the basis of thermohydraulic calculations, it was estimated that if
total loss of the feedwater supply occurred less than one hour after
shutdown of the reactor:

- The operator would have approximately 75 minutes to begin high
pressure safety injection when two pumps are available and
60 minutes when only one pump is available. High pressure
safety injection in the "feed and relief" mode would enable removal
of the residual heat by frequent demand of the SEBIM valve
tandems.

- The operator has one hour to force opening of the SEBIM valve
tandems and avoid the safety valves being stuck open position,
and two hours to avoid the isolation valves themselves being stuck
in the open position. These periods of time were estimated on the
assumption that after 100 cycles, a SEBIM safety valves becomes
stuck open (condensate tank design).

If a valve tandem remains stuck in the open position, the H2
sequence degenerates into a small primary system break.

If total loss of the feedwater supply occurs more than one hour after
shutdown of the reactor, the time available to the operator to start
high pressure safety injection and force opening of the SEBIM
valve tandems of the pressurizer is estimated at more than four
hours.

1.3.3 - Results and Dominant Sequences

The overall probability of core meltdown after a loss of steam generator
feedwater supply accident is equal to:

2.5x10^6 per year
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The contribution of different initiating events to this probability is as
follows:

• 56% for initiating event No. 3 (loss of AFW system in operation),

• 18% for initiating event No. 8 (loss of System LDA),

• 13% for initiating event No. 2 (unavailability of feedwater plant without
scram),

• 6% for initiating event No. 5 (loss of System LCA),

• 7% for initiating events 1, 4, 6, 7, 9, 10, 11 and 12 collectively.

Loss of the feedwater supply in state A contributes 33% (5.8x10'7 per
year) to the probability of meltdown and loss in state B contributes 77%
(1.92x10'6 per year).

Table 12 gives the probability of meltdown in states A and B per
initiating event.
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TABLE 12

NO.

1

2

3

4

5

6

7

8

9

10

11

12

Initiating event

Loss of feedwater plant
with scram

Unavailability of feedwater
plant without scram

Failure of AFW system in
operation

Loss of bus LHA

Loss of bus LCA

Loss of bus LCB

Loss of bus LBA

Loss of bus LDA

Initiating event I4A

Initiating event I4B

Initiating event H2 due to
loss of System LCC

Loss of System SAR

TOTAL

Frequency
of total loss
of feedwater

per year*

4.5x10'5

1.77x10'4

6.83x10"4

4.1X10'7

1.32X10'5

6.79x10"7

3.68X10-7

1.3X10"4

1.03X10*5

2.22x10"6

1.35x10*5

2.37x10'7

—

Probability
of meltdown
In phase A

per year

4.64x10"8

7x10-8

0

0

e

1x10"9

4.6x10"10

4.41 x10'7

3x10"10

2.73x10"10

7.5x10"9

2.21X10"10

5.8X10-7

Probability
of meltdown
In phase B

per year

1.65x10"8

2.54x10-7

1.4x10"6

8.88X10'10

1.4x10"7

1.98x10'9

1.13X10-9

3.6x10-10

8.4x10'8

4.5x10"10

2.23x10"8

1.08x10-10

1.92X10"6

Total
probability

of meltdown
per year

6.29X10"8

3.24X10-7

1.4x10"6

8.88x10"10

1.4X10"7

2.98x10"9

1.59X10"9

4.42x10-7

8.43x10'8

7.21X10"10

3.2x10"8

3.28x10"10

2.5X10"6

'Without allowing for the possibility of restoration.
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Sequences which contribute the most to core meltdown are:

A) The sequences involving total loss of the steam generator
feedwater supply with a SEBIM valve common mode opening
failure due to human error (which contributes 64% of the risk to all
initiating events considered):

• The sequence corresponding to failure of the AFW system in
operation (No. 3) which contributes 10'6 per year (ie 40% of the
risk).

• The sequence corresponding to loss of System LDA (No. 8)
which contributes 2.6x10*7 per year (10%).

• The sequence corresponding to unavailability of the feedwater
plant without scram (No. 2) which contributes 1.9x10-7 per year
(8%).

B) The sequences involving total loss of the steam generator
feedwater supply in state B with unavailability or failure of high
pressure safety injection before recovery of a means of cooling
(MFW system, AFW system or switching to RHRS) which
contributes, for all initiating events considered, 24% of the risk:

• The sequence corresponding to failure of the AFW system in
operation alone contributes 3.6x10'7 (14%).

• The sequence corresponding to loss of System LCA contributes
7

Human errors, for which the contribution to the probability of meltdown
in state B is negligible, due to the considerable amount of time
available to the operator, make significant but not dominant
contributions in state A. The time available to the operator to implement
procedure H2 before extensive dry-out of the core is of the order of two
hours.

The gain represented by the safety engineer is extremely significant,
proportionally reducing the weight of the sequences.

A sensitivity study has been carried out: if the probability of common
cause failures of human origin is disregarded for opening of the SEBIM
valves, the probability of meltdown changes from 2.5x10-6 per year to
9x10"7 per year, being divided by a factor of 2.8.
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J.1 INTRODUCTION

The initiating event considered in this family is total loss of voltage at
the System LHA and LHB 6.6 kV electrical buses.

In this study, core meltdown is taken to mean prolonged dry-out of the
fuel assemblies with no possibility of recovery.

J.2 INITIATING EVENTS

J.2.1 - Sub-initiating Events

Three sub-initiating events were adopted, due to their substantially
different consequences for the installation:

a) Loss of buses LHA and LHB due to a short circuit,

b) Loss of off-site then on-site power supplies,

c) Loss of bus LHA due to a short circuit and of System LHQ train B
diesel generator.

This last initiating event results from the following special scenario:

Loss of bus LHA due to a short circuit first results in power reduction
then, on the appearance of the first "train A d-c bus fault" alarm about
one hour after the start of the incident, manual de-energization of the
System LGI buses. In compliance with the alarm sheet, this manual
interruption of the link between the System LHB bus and the auxiliary
network which, in principle, remains available, is carried out to avoid
disordered tripping of auxiliaries.

In the event of unavailability of the System LHQ train B diesel generator
on startup or operation, the unit is momentarily in a total power blackout
situation.

J.2.2 - Reactor States

The sub-initiating events were taken into account in all the reactor
states, on the basis of the time spent in each state.

Furthermore, we made allowance for the fact that when certain items of
equipment are lost under power, for example the System LHA/B buses,
the unit is switched to reduced power as per the technical operating
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specifications. In such cases, if the power blackout is due to successive
failures separated by a number of hours, the loss then occurs in the
reduced power state.

J.2.3 - Frequency of Initiating Events

The frequency of different sub-initiating events was calculated by
means of a system reliability study, modelled using the GSI code rules
(described in the part concerning "quantification").

The principal components or systems whose failure is postulated for
estimating probability of occurrence of the initiating event are the
following:

• 400 kV and 225 kV lines,

• main, auxiliary and unit transformers,

• the 6.6 kV buses,

• the System LHP and LHQ diesel generators,

• the house load operation system,

• the 6.6 kV bus incoming and outgoing feeder circuit breakers,

• the System LCA, LCB, LCC, LBA, LBB and LBJ control and
instrumentation power supplies.

As concerns the gas turbine, it was considered that its startup would
require three hours. Allowance was therefore made for it in the
accident sequences but not in calculation of the initiating events.

The results are given in Table J1.
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TABLE J1

Probability of Power Blackout

Type of
Initiating

event

Short circuit of bus LHA

and

failure of diesel

set LHQ

Loss of off-site

then on-site

electrical power

supplies

Short circuit

of buses

LHA and LHB

Reactor state

Unit under power

Unit on AFW under RHRS conditions

Unit under normal cold shutdown
conditions

Unit in cold shutdown condition for
maintenance

Unit in cold shutdown condition for
refuelling

Total

Unit under power

Unit on AFW under RHRS conditions

Unit under normal cold shutdown
conditions

Unit in cold shutdown condition for
maintenance

Unit in cold shutdown condition for
refuelling

Total

Unit under power

Unit on AFW under RHRS conditions

Unit under normal cold shutdown
conditions

Unit in cold shutdown condition for
maintenance

Unit in cold shutdown condition for
refuelling

Total

Probability of
Initiating event
per reactor-year

8.47x10"5

1.98X1CT4

9.62X10'6

1.66X10"5

7.87x10*6

3.17X10'4

1.81x10*5

1.08x10-*

5.18x10"6

8.94x10'6

4.24x10"6

1 .44X10 ' 4

3.99x10"9

1.41X10"8

6.34x10-10

1.10X10"9

5.19X10'10

2.03X10'8

Global annual probability = 4.61x10'4/reactor-year
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J.3 ACCIDENT SEQUENCES

The accident sequence study is divided into two parts:

1 - Situations with the RHRS disconnected in which operating
procedure H3.1 applies.

2 - Situations with the RHRS connected in which operating procedure

H3.2 applies.

J.3.1 - Situations with RHRS Disconnected

J.3.1.1 - Accident Situation and Operation
After loss of the electrical power supplies, with the unit under power, the
two main functions to be provided are:
• guaranteeing the integrity of the primary pump seals to preserve the

primary system water inventory (as no means of injection is
available),

• ensuring removal of the residual heat.

The goal of operating rule H3.1 is to ensure these two functions are
provided, under the following conditions:

• circulation of primary system water by convection,

• if the cold leg temperature is above 190°C, System LLS starts up
automatically on loss of System LHA/B voltage. Test pump RIS 11 PO
draws water from the RWST and feeds it to the primary pump seal
injection lines at a rate close to 6 m3/hour (automatic alignment),

• the steam generators are supplied by the AFW turbine-driven pump
drawing from the AFW tank,

• removal of the residual heat and cooling of the primary system is
affected by opening System GCT atmosphere section,

• data and commands indispensable for operation are backed up by
System LLS ("URA" unit and process instrumentation systems 2
and 4),

• the control actions available in the control room are adjustment of the
AFW flowrate by varying the speed of the auxiliary turbine-driven
feedwater pump, and adjustment of the System GCT atmosphere
valves,
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• adjustment of the output and discharge pressure of the test pump is
carried out locally, as is switching between the seal injection function
and the charging function.

The goal of the approach is to reach a reduced power state with the
AFW system in which injection at the No. 1 seals is no longer necessary
and the steam pressure in the steam generators allows operation of the
auxiliary turbine-driven feedwater pump and System LLS.

It should nevertheless be noted that when the reactor is initially under
power, the approach does not enable such a state to be attained and
the risk of eventual leakage at the pump seals remains.

Nevertheless, in this case, a considerable amount of time is available to
restore an electrical power supply.

When loss of the electrical power supplies occurs in an intermediate
shutdown on the AFW system under RHRS conditions, the situation
differs in the following respects:

• injection at seals is no longer necessary to guarantee the integrity of
the primary system,

• if the primary temperature is between 170°C and 190°C, the
temperature is allowed to rise to 190°C, System LLS is started
manually and the primary system is replenished using the test pump
in the charging mode.

Residual heat is removed by the same means as in the under power
case.

J.3.1.2 - Important Hypotheses

• Probabilistic model of resistance of the primary pump seals.

The leak rate in the absence of injection of the primary pump seals
was modelled on the following cases:

- the maximum leak rate was evaluated in a calculation made by
Electricite de France assuming no damage of the pump labyrinth
seals. This maximum rate is 60 t/h,

- during tests carried out at Montereau, the observed leak rate was
5 t/h.
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After consulting experts, a probabilistic profile was adopted:

Leak rate per pump

60 t/h
30t/h

5t/h

Probability

0.2
0.3
0.5

In each case, it was considered that the leak rate was the same for each
pump.

J.3.1.3 - Other Hypotheses

• The time necessary for starting up the gas turbine is 3 hours.

• After failure of the AFW system, the time available to re-obtain an
electrical power supply before core meltdown is:

- 1 hour if the failure occurs between 0 and 3 hours after shutdown of
the reactor,

- 5 hours if the failure occurs between 3 and 12 hours,

- 10 hours if the failure occurs after 12 hours.

• The time available before core meltdown after the on-set of leakage
at the primary pump seals was estimated as a function of the leak rate
for all three pumps at:

1. With cooling by System GCT atmosphere section:

180 t/h 7 hours

90t/h 12 hours

15 t/h 48 hours

2. Without cooling (case of failure of System GCT atmosphere
section and removal of heat via the steam generator safety
valves):

180 t/h 1 hour

90 t/h 2 hours

15 t/h 10 hours

These values were estimated using thermohydraulic calculations. To
simplify the study, and in view of the low weight of the corresponding
sequences, these periods were considered to be independent of the
length of time before which injection of water at the seals ceases.
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J.3.1.4 - Results and Dominant Sequences

The calculations were made for three sub-initiating events and two
reactor states, ie six event trees.

For all the situations with the RHRS disconnected, the probability of
core meltdown is:

5.03x10"7 per reactor-year

This value is divided between the sub-initiating events as follows:

State

Initiating event

Loss of on-site and off-site power
supplies

Loss of Systems LHA and LHB

Loss of Systems LHA and LHQ

TOTAL

Under
power

1.80x10-7

1.41X10"10

1.35x10'7

3.15X10'7

Shutdown on
AFW under RHRS

conditions

1.88x10"7

2.12X10"10

2.34x10"10

1.88X10'7

The dominant sequence for all these cases is loss of the AFW turbine-
driven pump (on startup or during operation) followed by non-recovery
of an electrical power supply (hence a means of cooling) before core
meltdown. This sequence contributed 94% of the result.

The other contributions are globally all the sequences resulting in loss
of primary pump seal integrity with non-recovery of an electrical power
supply (hence a means of injection) before core meltdown. These
sequences have a relatively low weight as the amounts of time
available are greater than in the case of loss of cooling. In particular,
periods of time longer than three hours enable startup of the gas turbine
set.

J.3.2 - Situation with RHRS Connected

Three cases were considered:

• normal cold shutdown (primary system closed, state C),

• cold shutdown for maintenance (primary loops half-full, state D),

• cold shutdown for refuelling (pool full, state E).
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J.3.2.1 - Accident Situation and Operation

One of the consequences of loss of the electrical power supplies is loss
oftheRHRS.

• In normal cold shutdown, the goal is to allow the temperature to rise
to 190°C. This temperature makes it possible to start the AFW
turbine-driven pump to supply the steam generators and System LLS
to preserve the primary water inventory. Residual heat is removed by
the System GCT atmosphere section. Injection of the primary pump
seals is not necessary.

• In cold shutdown for maintenance, the primary temperature rapidly
rises and the water begins to boil in the absence of replenishment.
The operating rules require gravity replenishment from the RWSTs or,
initially, from the BK pool. The delayed measure consists of
replenishment via the CVCS of the neighbouring unit.

• In cold shutdown for refuelling, the reactor cavity is full and the time
taken to dry-out the core amounts to a number of days. If the
electrical supply is not re-established, replenishment from the CVCS
of the neighbouring unit is possible.

J.3.2.2 - Important Hypotheses

• The time available for starting the gas turbine set is 3 hours.

• In the normal cold shutdown case:

- the time available before core meltdown in the case of loss of the
AFW standby turbine-driven pump is 2 hours,

- the time available before core meltdown in the case of the sticking
open of one RHRS safety valve is 1 hour.

• In the case of shutdown for maintenance:

- the maximum amount of time available for initiating replenishment
is 1 hour.

• In the case of shutdown for refuelling:

- the time available for replenishment is taken to be 100 hours.

J.3.2.3 - Results of the Study with RHRS Connected

The calculations were made for three sub-initiating events and three
initial states, ie 9 event trees.

The total probability of core meltdown with RHRS connected is:

2.63x10'7 per reactor-year
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This is made up as follows:

State
Initiating event

Loss of on-site and off-site
power supplies

Loss of Systems LHA
andLHB

Loss of Systems LHA
and LHQ

TOTAL

Normal cold
shutdown

1.21X10-7

e

4.10X10-9

1.25X10-7

Shutdown for
maintenance

1.08x10'7

e

3x10"8

1.38X10-7

Shutdown for
refuelling

£

e

e

E

The dominant sequences are:

• In normal cold shutdown, loss of the AFW standby turbine-driven
pump without re-establishment of the electrical power supply before
core meltdown:

- 100%

• In cold shutdown for maintenance, the failure to replenish the primary
system (due to human error):

- 100%

No other sequence has the significant weight, in view of the amount of
time available. In the case of shutdown with the cavity full, the risk is
negligible.
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J.4 SYNOPSIS OF POWER BLACKOUT STUDY

The principal results of the study are given in Table J2:

Type of
Initiating

event

Short circuit of

busLHA and

failure of diesel

generator LHQ

Loss of off-site

then on-site

electrical power

supplies

Short circuit

of buses

LHA and LHB

Reactor state

Unit under power

Unit on AFW under RHRS
conditions

Unit under normal cold
shutdown conditions

Unit in cold shutdown
condition for maintenance

Unit in cold shutdown
condition for refuelling

Total

Unit under power

Unit on AFW under RHRS
conditions

Unit under normal cold
shutdown conditions

Unit in cold shutdown
condition for maintenance

Unit in cold shutdown
condition for refuelling

Total

Unit under power, tree 2

Unit on AFW under RHRS
conditions

Unit under normal cold
shutdown conditions

Unit in cold shutdown
condition for maintenance

Unit in cold shutdown
condition for refuelling

Total

Frequency of
Initiating event
per reactor-year

8.47X10-5

1.98x10*4

9.62x10-6

1.66X10"5

7.87x10'6

3.17X10"4

1.81X10-5

1.08x10'4

5.18x10-6

8.94x10"6

4.24x10'6

1.44X10'4

3.99x10"9

1.41X10'8

6.34x10*10

1.10x10"9

5.19x10"10

2 . 0 3 X 1 0 ' 8

Probability of
meltdown

per reactor-year

1.35X10'7

2.34X10"10

4.10X10"9

3x10'8

e

1.69X10'7

1.80X10"7

1.88x10-7

1.21x10-7

1.08X10"7

1.33X10'12

5.97X10"7

1.41X10-10

2.12X10"10

2.36x10'11

1.35X10"11

e

3.90X10'10
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The breakdown by reactor state is as follows:

- Unit under power 3.15x10"7

- Unit on AFW under RHRS conditions 1.88x10"7

- Unit in normal cold shutdown 1.25x1 Q/7

- Unit in cold shutdown for maintenance 1.38x10"7

- Unit in cold shutdown for refuelling e

The main contributions are:

- In power situations with shutdown on the AFW system and normal
cold shutdown: loss of the AFW standby turbine-driven pump
without re-establishing an electrical power supply before core
meltdown. This sequence contributes 75% of the total result.

- In shutdown for maintenance: failure of operators to carry out
replenishment before core dry-out: 17% of the total result.

- All the other contributions relate to sequences leading to leakage
at primary pump seals without re-establishment of a power supply
before core meltdown. Their weight is relatively low due to the
amount of time available, which in particular enables startup of the
gas turbine set.

The total probability of core meltdown
for the entire family Is:

7.7x10*7 per reactor-year
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K.1 INTRODUCTION

The ATWS family covers all the accident sequences derived from other
families caused by a transient or accident followed by scram failure.

Failure to comply with the required fuel or primary system pressure
conditions is considered, in the ATWS family, to result in major core
damage and meltdown.

• Non-compliance with conditions relating to fuel

Exceeding either of the following two conditions:

- maximum cladding temperature 1200°C,

- maximum cladding oxidation 17%,

is considered to result in major degradation of the fuel, liable to result
in meltdown.

In general, detailed study of compliance with these conditions is
replaced by examination of the "departure from nucleate boiling ratio"
(DNBR) threshold which constitutes a trip variable. A DNBR value
above 1.30 guarantees compliance with these criteria.

• Non-compliance with conditions relating to primary
pressure

The maximum allowable pressure in the primary system is taken to be
225 bar.

Accident sequences resulting in a primary pressure greater than this
value are considered to lead to core meltdown by primary system
damage.
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K.2 INITIATING EVENTS

K.2.1 - ATWS Events Considered

The transients or accidents followed by failure of the scram they trigger
to occur are the following:

1 - Loss of steam generator feedwater,

2 - Loss of off-site electrical power supplies,

3 - Primary system pressure incidents,

4 - Primary system flow incidents,

5 - Control rod-related reactivity incidents,

6 - Loss of secondary load,

7 - Excessive steam draw-off,

8 - Spurious safety injection,

9 - CVCS failure,

10 - Loss of compressed air,

11 - Primary system breaks,

12 - Steam generator tube rupture,

13 - Steam line break,

14 - Feedwater line break.

The different electrical power supply loss cases are incorporated in the
family to which each case relates, depending on the disturbance it
causes (see Table K1).
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TABLE K1

Loss of Electrical Power

BUS

LCA

LCB

LCC

LBA

LBB

LOA

LNA

LNB

LNC

LND

LNE

LHA

LHB

LGA

LGD

PRINCIPAL FUNCTIONS LOST

Feedwater supply

total

yes

yes

yes

yes

yes

partial

yes

yes

Primary

pump

yes3

yes 2+1

yesi

3 main steam

isolation

valves closed

yes

yes

IN LOSS OF BUS

Control

rod

yes

yes

yes

System

RAM

yes

1AFW

pump

yes (A)

yes (B)

yes (B)

yes (A)

yes (B)

yes (A)

yes (B)

SPURIOUS

ATWS

SIGNAL

yes

yes
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K.2.2 - Reactor States

The study mainly covers nuclear steam supply system state A, ie from
hot shutdown to 100% power. A distinction is drawn between states at
more and less than 30% nominal power.

In the other states, the boron concentration is at the cold shutdown level
and the anti-reactivity margins are greater, leading us to consider the
risk to be negligible. Analyses have been conducted to a stable
nuclear steam supply system state (which can be dealt with by normal
procedures, incident procedures or post-accident procedures), where
the core is sub-critical: these thus cover a period of up to a number of
hours after the initiating event.

K.2.3 - Definition of Scram Failure

Scram failure cases are of three types:

1) Failure of automatic protection

This includes:

• theRPS,

• sensors and analog components upstream of the RPS,

• reactor trip breakers downstream.

Its failure prevents generation of the scram signal(s).

The probability of a failure of this type depends on the number and
nature of the signals activated. It thus varies between 2.2x10~5/d
when a number of signals are activated and 6.5x10'4/d when a
single signal is generated.

2) Mechanical blockage of three control rod clusters

It was considered that as a general rule the failure of the scram
would necessitate the blocking of at least three control rod clusters.
The probability of such a blockage is estimated at 4.7x10~6/d.

Note: In the case of steam line breaks (SLBs), it is the mechanical
blockage of two control rod clusters which is considered to
result in scram failure. The probability of such a blockage is
estimated at 2.8x10"5/d.
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3) Mechanical blockage of a sufficient number of control rod
clusters to lead to exceeding of primary system pressure
conditions

The probability of such a blockage is negligible.

K.2.4 - Frequencies of Initiating Events

The frequencies of the different ATWS initiating events considered are
given in Table K2.

K.3 ACCIDENT SEQUENCES

K.3.1 - Accident Situation and Operation

The greater part of the ATWS sequences result in loss of the feedwater
supply, causing a drop in the capacity of the secondary system to
remove the heat produced by the core.

The steam generator water inventory rapidly decreases. The steam
generator tubes dry out, resulting in a substantial increase in the
primary system temperature and pressure.

The primary system pressure peak corresponds to emptying of the
steam generators.

The remedial ATWS signal may then be activated. This causes tripping
of the turbine, start of the AFW system and locking of half the by-pass.
The pressurizer fills and the safety valves, which are already activated
by steam, begin to discharge water. Secondary system valves are
activated.

Subsequently, the increase in the primary temperature causes a
reduction in the reactivity and the neutron flux. The primary system
pressure and level then decrease. If control rod regulation is operable,
primary system temperature regulation involves insertion of group R.
Under the effect of power regulation, groups N and G are inserted after
the ATWS signal, resulting in loss of power.

In the absence of control rod regulation, the reactor stabilizes the power
necessary to heat the AFW and convert it into steam.

In the medium term, the core has to be returned to the sub-critical state
by the insertion of control rods or boration of the primary system.
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There is no directly applicable procedure, but in the main ATWS case,
the operators are directed towards procedures which require them to
check whether the control rods have effectively fallen and, if they have
not, to trigger a scram manually or open the System RAM circuit
breakers. Otherwise, the safety engineer, in applying procedure SPI,
can make a diagnostic of the failure and attempt to remedy it.

K.3.2 - Study Hypotheses

K.3.2.1 - Moderation Coefficient

The development of the ATWS sequence depends directly on the
moderator density coefficient. This depends on the boron concentration
and varies with the burn-up of the fuel. It is less negative at the
beginning of the life cycle.

In the worst ATWS case, in terms of the primary pressure conditions
(total loss of steam generator normal feedwater supply), the moderator
coefficient was assumed to be sufficiently negative in 93% of cases for
the pressure conditions to be complied with, even without control rod
regulation and without the ATWS signal. On the other hand, in 7% of
the cases where the moderated coefficient is less negative, the
condition is not complied with unless regulation and the remedial signal
are operative.

K.3.2.2 - Removal of Power by Steam Generators

It was assumed that in the ATWS sequences where the steam
generator main feedwater supply was lost or isolated that startup and
operation of the AFW system turbine-driven pump and the two motor-
driven pumps would be necessary to comply with the primary pressure
condition in the short term.

K.3.3 - Results and Dominant Sequences

The global risk of core meltdown due to ATWS sequences is:

4.3x10/6 per year.

77% of this risk results from exceeding the primary system pressure
limit, of which:

• 62% is due to total or partial unavailability of the AFW system,

• 9% is due to the absence of regulation by control rods or a sufficiently
negative moderation coefficient,

• 6% is due to common cause pressuriser safety valve opening due to
human error.
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Table K2 summarizes for each transient or accident analysed, not
followed by a scram:

• the annual frequency of the transient or accident,

• the probability of meltdown resulting from the transient or accident,

• the dominant sequence and its contribution to the risk created by the
initiating event.
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TABLE K2

Frequency of Initiating Events

Initiating
event

LOSS of MFW, P > 30%
LOSS Of bus LCA
Loss of bus LCB
Loss of bus LDA
Loss of bus LGD
Reduction MFW, 3 SG, P > 30%
Loss of MFW in 1 SG
Loss of MFW, 3 SG, P < 30%
Loss of bus LCC
Loss of bus LNC

Loss of electrical power supply
Loss of bus LBA

Inadvertent activation of heaters
SEBIM valve stuck open
Spurious spraying

Loss of one primary pump
Loss of 3 primary pumps

Fall of two or three control rod clusters
Withdrawal of one control rod group
Withdrawal of group outside tech. spec.
Ejection of control rod cluster

Loss of secondary load
Closure of one main steam isolation valve

Excessive steam draw off

Spurious safety injection

CVCS letdown break
CVCS charging break

Loss of SAP and SAR(m)
Loss of SAR with reactor building on
emergency supply

LOCA, small break
LOCA, intermediate break

SGTR, 1 tube
SGTR, 2 tubes

SLB, large break
SLB, small break

FWLB

TOTAL

Probability of
Initiating event

per year

0.7
2.32x10-3

2.34x10-3
1.1x10-2
7.8x10-3

0.14
0.76
0.24

2.25x10-3

1.85x10-3

0.3
9.71X10-4

4.13x10-2
2.7x10-6

3.6x10-3

8.03x10-2
4.63x10-2

3.5x10-3
3.5x10-3
3.5x10-5

10-5

8.7x10-2
0.1

0.15

0.32

1.3x10-2
5x10"*

1.18x10-2

6.06x10"4

2x10-3
3x10"4

6x10-3
5x10"4

1.1x10"4

7x10-3

1.1x10-3

Frequency of
Initiating event

per year

1.09X10-6

6.3x10"8

6.34x10"8

3.16x10"8

1.22X10"8

4.03x10"7

1.08x10"6

3.4x10'7

6.01X10"9

5.34x10'9

9.1 x10"8

4.56X10'9

5.99x10"10

e
3.36x10-9

7.88x10"8

6.97x10"8

4.78x10"8

e
4.31X10"10

5x10*10

1.23X10"7

1.06X10'7

2.12x10"7

3.41X10"7

e
7.2x10"9

1.84X10'8

e

4.9x10"10

e

5.8X10-9

4.83X10"10

5.5x10-9

1.86X10"8

5.5x10-8

4.29X10'6

Dominant
sequence

AFW 60%
AFW 99%
AFW 99%
Coef. m 54%
AFW 59%
Coef. m 54%
AFW 66%
AFW 66%
MFW/AFW 100%
Coef. m 53%

AFW 52%
AFW 100%

Seb. 68%

AFW 100%

AFW 95%
AFW 63%

Oper. 100%

Oper. 100%

AFW 66%
AFW 88%

AFW 66%

AFW 80%

AFW 73%

AFW 62%

Scram 9 1 %

AFW 83%
AFW 75%

Scram 100%
AFW 66%
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The dominant sequences are, in order of decreasing importance:

A) Partial loss of steam generator main feedwater supply (System
ARE) followed by scram failure and unavailability of the AFW
system (7.1x10*7/year, ie 16% of the risk).

B) Total loss of steam generator main feedwater supply (System ARE)
followed by scram failure and unavailability of the AFW system
(6.5x10"7/year, ie 15% of the risk).

C) Loss of the steam generator main feedwater supply (System ARE)
followed by scram failure and no way of making the core sub-critical
before emptying of the AFW tank (2.8x10-7/year, ie 7% of the risk).

In view of the AFW system hypothesis (§K.3.2.2), the ATWS sequences
relative to "frequent" transients combined with failure of the AFW system
all make a significant contribution to the risk.

A sensitivity study was carried out: if it is accepted that the number of
AFW system pumps in service has little effect on the pressure peak
value, and that the operation of the two motor-driven pumps or the
turbine-driven pump is sufficient, then the probability of AFW system
failure is reduced by a factor of approximately 30 and the core
meltdown risk is reduced by a factor of 2.2 (ie 1.7x10"6/year).
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— PART L -

PRIMARY AND SECONDARY
SYSTEM TRANSIENTS
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L.1 INTRODUCTION

The transients analysed are incidents which occur:

• either in primary system equipment and circuits connected to it, which
are referred to as primary system transients,

• or in the secondary steam/water circuits, referred to as secondary
system transients.

In the study of this family, core meltdown is taken to mean exceeding of
any of the following conditions:

• maximum cladding temperature 1480°C,

• maximum cladding oxidation 17%,

• energy stored in fuel 200 cal/g.

L.2 INITIATING EVENTS

L.2.1 - Primary System Transients

Primary system transients are divided into 7 sub-families:

• 1.1. CVCS failure

• 1.2. Spurious dilution incidents

• 1.3. Spurious safety injection

• 1.4. Primary system pressure incidents

• 1.5. Primary system flow incidents

• 1.6. Spurious insertion or dropping of control rod clusters

• 1.7. Uncontrolled withdrawal of control rod clusters.

The initiating events covered by each sub-family are listed in Table L1,
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L.2.2 - Secondary System Transients

Secondary system transients are divided into 4 sub-families:

• 2.1. Excessive steam demand incidents

• 2.2. Overcooling by steam generator feedwater

• 2.3. Incidents involving reduction of heat removal by the secondary
side steam

• 2.4. Incidents involving reduction of heat removal by the secondary
side feedwater.

The secondary system incidents studied are those exceeding at least
one protection threshold (see Table 12).

L.2.3 - Reactor States

All states are covered by the primary system transient analysis.

On the other hand, the analysis of secondary system transients only
covers states in which the secondary system is used, ie states A and B
(under power and in hot or intermediate shutdown).

However, on the basis of the functional analysis, certain states which
are inapplicable or have no consequences were eliminated.

The following tables summarize the states analysed per sub-family and
initiating event.

L.2.4 - Frequencies of Initiating Events

The frequencies of the initiating events analysed in the primary system
transient family and the secondary system transient family are given in
Tables L3 and L4.
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L.3 ACCIDENT SEQUENCES

L.3.1 - Accident Situation and Operation

The accident situations associated with primary and secondary
transients are extremely varied.

However, in the great majority of cases, these transients do not have
significant consequences for the core, it is only with dilution incidents
that there is a significant probability of core meltdown occurring.

On the other hand, these transients may degenerate into other types of
initiating events such as:

• loss of primary coolant accidents (LOCAs),

• steam line breaks (SLBs),

• loss of steam generator feedwater supply (H2),

• anticipated transients without scram (ATWS).

L.3.2 - Results and Dominant Sequences

The probability of core meltdown being caused by the transients is
4.5x10-6/year, including 97% for uncontrolled primary system dilution
accidents (4.4x10-6/year).

The other sub-families of transients do not result in a significant
probability of serious consequences, but can degenerate into other
types of initiating events.

Tables L3 and L4 summarize, for each initiating event, the contributions
to other families of initiating events or the risk of core meltdown.

The sequences which contribute the most to the risk of core meltdown
are the following dilution sequences:

A) The sequence consisting of gradual dilution in shutdown for
maintenance with failure of the operator to cease dilution or perform
replenishment contributes 7 1 % (3.2x10-6/year) to the risk. The
dilution considered in this sequence is an inadvertent dilution
occurring when the reactor is shut down for maintenance with the
loops half-full (ie with a primary system volume of 87 m3) and a
flowrate assumed to be in the region of 30 m3/h, which constitutes a
bracketing value for flowrates on the basis of experience feedback.
Considering the primary system mass to be constant, the operator
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only has 20 to 25 minutes to stop dilution before the return of
criticality. Otherwise boiling occurs, the RHRS pumps cavitate and
core dry-out, without replenishment with borated water, starts some
50 minutes later. The operator, if he has been unable to prevent
the return of criticality, is directed after loss of the RHRS to
procedure I.RRA.2, then H1.2 which requires him to restart a
charging pump to maintain the water inventory.

B) The sequence involving dilution by the arrival of a water front in the
core, occurring in hot shutdown after loss of the main off-site
electrical power supply and failure of the automatic dilution
shutdown signal, contributes 26% (1.2x10-6/year) to the risk. This
sequence corresponds to restarting a primary pump in a loop with a
water slug. During the dilution carried out at the end of the hot
shutdown before the reactor becomes critical again, loss of the
main off-site electrical power supply causes shutdown of the
primary pumps.

The dilution in progress continues to a rate of 30 m3/h as the
primary pump low flowrate dilution shutdown signal is assumed to
be faulty. The operator then has 10 to 15 minutes to stop dilution
before a large water slug accumulates in the loop.

However, in the event of loss of the main off-site electrical power
supply, the operator uses 1.2.1. which requires him to carry out a
number of operations before activating the automatic replenishment
which stops the dilution, then to start the primary pump which can
be powered from the auxiliary transformer. As the time necessary
for the operator to make the diagnostic and carry out the operations
required is about 10 to 15 minutes, the probability of him starting a
primary system pump with a diluted loop is thus close to 1.

If it is assumed that the water slug is intact on reaching the core, the
resulting reactivity variation causes the temperature and stored
energy criteria to be exceeded.
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TABLE L3

Primary
system

transient
family

1 1

12

13

14

1 5

16

1 7

Initiating event

Nature

Letdown isolation
or rupture

Letdown isolation

Letdown isolation

Charging line
rupture

Seal injection
rupture
Spunous dilution

Spunous dilution

Spunous dilution

Spunous dilution

Spunous dilution

Dilution by diluted
RHRS demand

Dilution by pnmary
pump startup

Spunous safety
iniection

Needless or
Spurious safety
injection
Needless or
Spunous safety
iniection
Heater demand

Heater demand

Spunous spraying

Loss of spraying
and house load
failure

Pressunzer safety
valve opening

Pressurizer safety
valve opening

Overpressure when
cold

Loss of pnmary
pump
Startup on one loop

Drop of 2 or 3
control rod clusters

Withdrawal of
control rod clusters

Initial state

Between interme-
diate shutdown P11
and 100% NP

Shutdown on RHRS

Ditto, single phase

Between interme-
diate shutdown P11
and 100% NP

Ditto

Under power,
automatic regulation

Under power,
manual control

In hot shutdown

Shutdown on RHRS

In shutdown for
maintenance

Intermediate
shutdown

Hot shutdown

Under power, hot
shutdown

Intermediate
shutdown RHRS +
P11.P12

Shutdown on RHRS

Between shutdown
on RHRS and 100%
nominal power

Shutdown on RHRS

Under power

Under power

Intermediate
shutdown

Shutdown on RHRS

Under power,
P>10%nom power
On RHRS, single
phase
Under power

Under power

TOTALS

C o n s e q u e n c e * (probabi l i ty per reactor-year)

Frequency
react year

1.19X10'2

1.5x10"6

3 81x10"4

5x10"*

3x1 CT2

1.65X1075"

1 83x10-°

ixia3"
6.78X10"4

1 5x10-2

7.3x10"4

1 17x10"3

3.1X1CT1

1.56X10"3

1.1X1C2

4 34x10-2

1.5x10"3

3.74X10-3

2.3x1<T1

1.6X10"5

8x10"*

1 8x10 1

1 35X10"1

3 7x1O"3

3 5X10'3

3 5x10^

Pressunzer
LOCA

1 2x10"9

2.1X109

1.1x10"8

6 4x10"9

5.5x10-*

2.8x10'9

7 4x10"9

6.7X10"8

4.1X10-6

2.9x10-*

8 1x1(T7

1.34*1(T5

RHRS
LOCA

E

6 86x10"9

1.34X10"8

2x107

e

3 2X10"6

6 7x10"*

3 .5x1 (T 8

H2

1.2X10"5

1.3x107

1.2x10" 5

ATWS

3 2x1CT7

1.3x10"8

8.2x10-*

2 8x10-5

1(T7

6.1x10-"

E

3 6x10'6

1 26x10"6

9 33x10 a

4 . 7 X 1 0 ' 5

Core melt

5x10'9

2 7x10"8

1 5x10'8

3 2X10"6

1 34x10"6

1 17x10'6

5.7x1 IX7

S x U T 6
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- PART M -

LOSS OF ELECTRICAL POWER
AND COMPRESSED AIR

SUPPLIES
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M.1 INTRODUCTION

The loss of electrical power and compressed air supplies family covers
failures of:

• off-site power supplies,

• the standby diesel generators,

• the main electrical buses whose failure affects behaviour or safety of
the unit,

• the compressed air supply systems.

M.2 INITIATING EVENTS

M.2.1 - Initiating Events Considered

The loss of electrical power and compressed air supplies family covers
the following initiating events:

1) Loss of the main off-site electrical power supply (1.2.1.).

2) Off-site power blackout (I.2.2.), ie the main and auxiliary power
supplies.

3) Loss of off-site power supplies and failure of train A standby diesel
generator (I.4.A).

4) Loss of off-site power supplies and failure of train B standby diesel
generator (1.4.B).

5) Loss of one of the emergency supply 6.6 kV buses (LHA or LHB).

6) Loss of one 220 V a-c protection bus (LNA, LNB, LNC or LND).

7) Loss of the 220 V permanent a-c bus (LNE).

8) Loss of one 125 V d-c bus (LBA or LBB).

9) Loss of one 48 V d-c bus (LCA or LCB).

10) Loss of one 48 V d-c isolation bus (LCC).

11) Loss of one 30 V d-c control bus (LDA).

12) Total loss of compressed air production (System SAP).
13) Loss of compressed air distribution in the turbine hall (System SAR

turbine hall section).

14) Loss of standby compressed air distribution in the reactor building
(System SAR reactor building section).
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Combined losses of electrical power and compressed air supplies are:

• in some cases covered by other families,

• in some cases not given consideration in the study at the present
stage where this involves the analysis of internal hazards such as
fires or floods.

M.2.2 - Reactor States

All reactor states are covered by the study. In most cases, the
probability of occurrence of the initiating event in a given state has been
considered to be proportional to the time spent in this state.

M.2.3 • Frequencies of Initiating Events

The frequency of initiating events was evaluated:

• either on the basis of Electricity de France experience feedback,

• or on the basis of reliability studies on electrical power and
compressed air supply and distribution systems.

These frequencies are indicated in Table M2.

M.3 ACCIDENT SEQUENCES

M.3.1 - Accident Situation and Operation

The loss of an electrical power or compressed air supply can result in
the loss or degration of certain functions.

Table M1 summarizes the principal effects of loss of supply cases
studied on availability of the systems performing important functions.

If these degraded supply loss situations are combined with failure of
equipment or operator errors, the result may be initiating events of other
types.

Thus if losses of supplies are combined with:

• either electrical failures, the sequences degenerate into H3 power
blackout sequences,

• failures in residual heat removal systems which are frequently
degraded by losses of supplies, the sequences degenerate into H2
loss of steam generator feedwater supply sequences,
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• scram failures, the sequences degenerate into ATWS sequences.

For each supply loss case studied, there is an operating procedure to
guide the operator. However, in certain cases, local control, made
necessary by control and instrumentation unavailability, may become
somewhat difficult.

M.3.2 - Results and Dominant Sequences

The supply loss initiating events do not lead directly to core meltdown
but can degenerate into other types of initiating events. Table M2
indicates, for each initiating event, its contribution to ATWS, H1 (loss of
heat sink), H2 (loss of steam generator feedwater supply) and H3
(power blackout).

These results show the predominance of electrical bus train A risks as
compared to those of train B.

In the cold shutdown state, the risks are smaller but their contributions
to initiating events of H1 (loss of heat sink) and H3 (power blackout) are
not negligible.

These contributions are taken into account in the respective families.
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N1 - RESULTS OF THE EPS 900 STUDY

The total probability of core meltdown obtained with this study is:

4.95x10"5 per reactor-year

The breakdown of the results by family and reactor state is given in
Table N1 and Figures N1 and N2.

The principal accident sequences resulting in core meltdown are
indicated in Table N2.

TABLE N1

Results of the EPS 900 Study

FAMILY

Large breaks

Intermediate breaks

Small breaks + steam line breaks

LOCA outside containment

SLB + FWLB

SGTR + combination

H1

H2

H3

ATWS

Primary and secondary system transients

TOTALS

A

1.2XKT6

4.1x10-6

9.2x1 Q/6

1x10"*

9.1x10"7

2.3x10"6

9.4x10-6

5.8x10'7

3.1 x10"7

4.3x10'6

1.3X10"6

3.4X10"5

68%

B

7.1X10"9

2.3X10"8

2.8x10-7

5x10"9

5.4x10'9

2.6x10-8

1.9X10"6

1.9X10"7

—

e

2.4x10'6

5%

C

1.1X10-6

1.1X10"6

1.8X10"6

1x10"7

—

2.1x10-*

—

—

1.3x10"7

—

e

4.2x10'6

9%

D

—

—

5.8X10-6

—

—

—

—

1.4X10'7

—

3.2X10"6

91X10-6

18%

E

—

—

e

—

—

—

—

e

—

E

TOTAL
PER

FAMILY

2.3X10-6

5.2x10-6

1.7x10-5

1.1X10"7

9.2X10'7

2.3x10-6

9.4x10-6

2.5X10*6

7.7x10"7

4.3x10"6

4.5x10-6

4 95x10"5
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PROBABILITY OF CORE MELTDOWN

Contribution of States

o%

• Stale A
B Stale B
B State C
0 State D
• State E

18%

9%

5%

68%

STATE

A

B

C

D

E

F

DESCRIPTION

Operating point (pressure and temperature) above (P11/P12) (139 bar, 284°C),
corresponding to standard reactor states:
• reactor under power with generator on-line or not,
• reactor in not shutdown,
• upper part of intermediate shutdown range.

Operating point (temperature and pressure) between (P11/P12) and RHRS conditions (30 bar,
177°C).

Shutdown on RHRS, primary system full, closed and vented.

Primary system partially drained or open.
To ensure conservativeness, all state 0 conditions are equated with the half-full condition for
which the primary coolant mass is minimal.

Reactor cavity full with at least one fuel element in the reactor vessel.

Any primary system state in which the fuel is completely unloaded. This state only relates to the
probabilistic safety assessment due to the fact it is not taken into consideration; it corresponds
to hydraulic tests and containment tests, operations with loops empty and all other work
necessitating complete defuelling (reactor vessel inspection, work on lower internals etc.).

FIGURE N1
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PROBABILITY OF CORE MELTDOWN

Contribution of families

02%

0•

9.1% 4.7%

8.7%
5%

Large breaks
Medium breaks
Small and steam breaks

SLBandFWLB

SGTR + comb
H1

H2

H3

ATWS
Primary and secondary system transients
LOCA outside containment

19.1% 34.4%

4.7% 1.9%

FIGURE N2
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N2 - GENERAL COMMENTS AND REVIEW OF RESULTS

1 - The total probability of core meltdown is estimated at 4.95x10-5 per
reactor-year. Although it is very difficult to make comparisons
between different probabilistic safety assessment results, it should
be mentioned that this figure is within the general range of results
obtained in other countries. A comparison would necessitate a
detailed analysis of all the hypotheses and data. In particular,
EPS 900 takes into consideration all non-power reactor states, as
well as long-term post-accident situations, which is not the case in
other similar studies. If non-power state accident sequences are
excluded, and if the sequence duration limit is set at 24 hours, the
probability of core meltdown becomes 2x10*5 per reactor-year. It
should nevertheless be borne in mind that EPS 900 does not, at the
present stage, allow for on-site fires or floods or off-site hazards,
which frequently make significant contributions.

2 - 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 units.

3 - One interesting finding is the considerable weight of situations in
the shutdown state, which contribute 32% of the total figure. This
high value may result from the fact that there are generally no
automatic systems to counter accident situations and that human
intervention is necessary. It should nevertheless be noted that the
associated uncertainty is considerable as concerns both probability
of human error and the frequencies of the initiating events.

4 - The human factor plays a very important role. The sequences
containing at least one human error contribute nearly 70% of the
result. Furthermore, the human factor plays a role both in the
probability of failure of the systems and in the frequency of the
initiating events. However, it should be noted that in most cases,
human intervention has been introduced as a possibility of
restoration or recovery of a degraded situation, and the sequence
leading to core meltdown thus includes failure of the operator to
provide the restoration. If the human factor is not taken into
account, the probability of core meltdown will be higher, and it
cannot be simply concluded that 70% of the risk is due to human
error.

It should be noted that the human factor has a particularly large
weight in the sequences for which action is required within a short
length of time, as in the case of breaks in the shutdown for
maintenance configuration (State D) or in the case of total loss of
the heat sink (Situation H1).
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5 - Common mode failures make a dominant contribution to the
probability of failure of the systems, which was foreseeable.
Certain non-redundant items, such as the water intake, also have a
large weight.

6 - Although at the present time the study does not cover the problem
of resistance of the containment and releases of fission products, a
distinction should nevertheless be drawn between core meltdown
sequences corresponding to three different types of situations with
consequences potentially extremely different:

• core meltdown at low pressure in the primary system contributes
3.8x10-5, ie 76% of the result,

• meltdown at high pressure contributes 9.5x1 O*6, ie 18% of the
total; the contributions essentially result from families H2 (loss of
steam generator feedwater supply), H3 (loss of electrical power
supplies) and ATWS (anticipated transients without scram); it
must however be stated that this estimate includes no allowance
for action involving depressurization of the primary system as
specified in the accident management procedures for cases
where core meltdown is inevitable, it is thus a bracketing
estimate,

• core meltdown with by-pass of the containment (loss of primary
coolant outside the containment or steam generator tube rupture
combined with a steam line break) have a probability of 2.4x10'6,
ie 5% of the total. In the latter case, uncertainty is particularly
great.

7 - Allowance for the restoration actions defined in accident
procedures H and U makes it possible to significantly reduce the
probability of core meltdown relative to level reached with use of
procedures I and A alone:

• the sequences involving breaks with failure of systems in the long
term have a contribution which, although not negligible, is not
dominant. On the other hand, if allowance is not made for the
residual heat emergency removal procedures H4 and U3, the
long term risk is multiplied by a factor of approximately 10 and the
total probability of core meltdown by a factor of 1.6,

• the additional resources implemented under procedure H3 for
power blackout (System LLS and gas turbine) make the
sequences leading to leakage at the primary pump seals
negligible,

• allowance for the "feed and bleed" cooling procedure (procedure
H2) reduces the probability of core meltdown relative to loss of
steam generator feedwater supply loss by a factor of 10,
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• the intervention of the safety engineer has been introduced in all
cases where procedures SPI and U1 enable a degraded
situation to be recovered. The introduction of procedures SPI
and U1 results in reducing by a factor of 3 to 10 the probability of
a large number of sequences, for example the small primary
system break sequence, the SGTR with high pressure safety
injection failure sequence, and all the sequences involving
failure of the AFW system.

8 - The results of the probabilistic safety assessment are vitiated by
inevitable uncertainty which it is necessary to indicate to establish a
basis for the credibility of the study and its future utilization. The
principal sources of uncertainty fall into three categories:

• Uncertainty associated with data: component reliability data,
frequency of initiating events, common mode failure and human
reliability. The error factor associated with each of these data,
indicating the limits of a 90% confidence range, can be estimated
at between 3 and 10 depending on the data. The most uncertain
values are the frequencies of very rare initiating events, such as
large primary system breaks, breaks in cold shutdown, combined
SGTR and SLB and the loss of the water intake, as well as data
concerning the human factor, particularly in situations which do
not correspond to actual observations (diagnostic of complex
situations).

• Uncertainty resulting from modelling, of which the impact on the
results may be considerable are, in addition, very difficult to
estimate quantitatively. Several sensitivity studies have made it
possible to identify certain modelling hypotheses as being at the
origin of significant uncertainty.

This primarily concerns the hypotheses relating to the resistance
of materials in accident situations, for example the behaviour of
steam generator safety valves activated with water, the resistance
of the primary pump seals in the event of failure of injection and
cooling, the operation of equipment beyond its specified limits or
qualification conditions, particularly the low pressure safety
injection pumps in the event of failure of the CSS. Uncertainty
also results from lack of knowledge concerning certain physical
phenomena, such as the conditions of mixing during inadvertent
dilution. It is also necessary to mention the hypotheses
concerning the criteria of success of the systems used under
conditions not covered by the design calculations. The
hypotheses adopted in the probabilistic safety assessments to
address these problems are generally conservative.

• Uncertainty resulting from lack of completeness. It is clear that it
is not actually possible to demonstrate the completeness of such
a study even if, as in the case of EPS 900, the work has been
conducted with constant care to allow for the greatest possible
number of situations, particularly by covering non-power reactor
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states and initiating events of types such as transients and loss of
electrical power and compressed air supplies.

Furthermore, it should also be noted that the uncertainty is not
inherent in the probabilistic safety assessment, but essentially
stems from limited knowledge. This being the case, one of the
important features of the probabilistic safety assessment is that it
indicates the fields in which obtaining further knowledge would be
particularly useful.
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N3 - CONCLUSION

EPS 900 was conducted with constant attention to ensuring realism
and completeness. While remaining fully aware of its limitations and
areas of uncertainty, this study, particularly due to its having been
computerized, constitutes a basic tool for evaluating the safety of
900 MWe units.

Furthermore, this tool has been designed not to remain unchanged but
to evolve as new knowledge is obtained. Allowance for future
developments, new studies and ever more extensive experience
feedback will make it possible to reduce certain areas of uncertainty.
EPS 900 will be all the more useful as it remains a "living" study.
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- APPENDIX 1 -

LIST OF PROBABILISTIC
SAFETY ASSESSMENT

REPORTS

225



LIST OF REPORTS

EPS 900

REPORTS BY FAMILY

EPS-F. 1 - Large primary break family:

1.1 Primary system pressure initially greater than P11

1.2 Operating point (pressure and temperature) between
P11 and P12 and RHRS operating conditions

EPS-F. 2 - Intermediate primary system break family:

2.1 Primary system pressure initially above P11

2.2 Operating point (pressure and temperature) between
P11 and P12 and RHRS operating conditions

EPS-F. 3 - Small primary system break family:

3.1 Primary system pressure initially above P11

3.2 Operating point (pressure and temperature) between
P11 and P12 and RHRS operating conditions

EPS-F. 4 - Pressurizer breaks

EPS-F. 5 - Family covering breaks occurring in the configuration
with RHRS connected to the primary system

EPS-F. 6 - Family covering feedwater line breaks (FWLBs)

EPS-F. 7 - Family covering steam line breaks (SLBs)

EPS-F. 8 - Family covering steam generator tube rupture (SGTR)

EPS-F. 9 - Family covering secondary system line breaks
accompanied by steam generator tube rupture (SSLB
+ SGTR)
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EPS-F. 1 0 - Total loss of steam generator feedwater supply (H2)

EPS-F. 11 - Power blackout (H3)

EPS-F. 1 2 - Total loss of heat sink (H1)

EPS-F. 1 3 - Family covering anticipated transients without scram
(ATWS)

EPS-F. 1 4 - Loss of primary coolant accident outside containment

EPS-F. 1 5 - Family covering primary system transients

EPS-F. 1 6 - Family covering secondary transients

E P S - F . 1 7 - Loss of electrical power and compressed air supplies

17.1 LCA-LCB

17.2 LCC

17.3 LDA

17.4 LBA-LBB

17.5 LNA - LNB - LNC - LND

17.6 LNE

17.7 I4A-I4B

17.8 LHA-LHB

17.9 121-122

EPS-F. 1 8 - Family covering loss of compressed air
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II - GENERIC REPORTS

EPS-G. 1 - Introduction

EPS-G. 2 - Reference unit

EPS-G. 3 - Initiating events

EPS-G. 4 - Reliability data

EPS-G. 5 - Human factor

EPS-G. 6 - Method of quantification

III - SYSTEMS

EPS-S. 1 - Methodology

EPS-S. 2 - SI system

EPS-S. 3 - CSS

EPS-S. 4 - SI system, CCS and System PUI (long-term coverage)

EPS-S. 5 - AFW system and System GCT

EPS-S. 6 - CVCS and System REA

EPS-S. 7 - RHRS and System PTR

EPS-S. 8 - CCW and ESW systems

EPS-S. 9 - System LLS and SI system 11PO

EPS-S. 10 - Electrical systems LHA/B and LBA/B

EPS-S. 11 - System DVS ventilation systems

EPS-S. 12 - System SAR

EPS-S. 13 - Miscellaneous systems
Additional quantifications concerning systems

EPS-S. 1 4 - Systems enabling removal of residual heat with RHRS
connected
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IV - PHYSICAL STUDY REPORTS

EPS-P. 1 - Breaks without high pressure safety injection

EPS-P. 2 - Breaks with delayed primary pump shutdown

EPS-P. 3 - Breaks under P11/P12

EPS-P. 4 - Steam generator tube rupture

EPS-P. 5 - Steam line break

EPS-P. 6 - H1 - Breaks at primary pump seals

EPS-P. 7 - H3 - Breaks at primary pump seals

EPS-P. 8 - Total loss of steam generator feedwater supply (H2)

EPS-P. 9 - Overpressure with failure of SEBIM valves to open
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- APPENDIX 2 -

COMPONENT RELIABILITY

PARAMETERS

Key

X Failure rate in operation (per hour)

y Failure rate on demand (per demand)

T Mean time to repair (hours)

Error Error factor
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Family

Accumulator, SI
type pressure

Alternator set

Altemator.type
LLS

Battery, lead-acid
type

Battery, nickel-
cadmium type

Bleed, AFW system

Failure Mode

Any failure in operation of an SI system
accumulator

Total failure of main alternator set of a
900 MWe unit

Total failure of an LSS alternator on
demand

Any failure of an LSS alternator in
operation

Failure of a lead-acid type electric battery
due to open circuit

Failure of a lead-acid type battery by loss
of capacity

Failure of a lead-acid type battery by total
short circuit

Any failure in operation of a lead-acid
battery

Failure of a nickel-cadmium type electric
battery due to open circuit

Failure of a nickel-cadmium type battery by
loss of capacity

Failure of a nickel-cadmium type battery by
total short circuit

Any failure in operation of a nickel-cadmium
battery

Any failure of an AFW bleed in operation
(rupture)

Error

3.600E-07

1.000E+01

2.000E-05
4.000E+00

1.300E-03
1.600E+00

4.200E-07
1.000E+01

8.500E-07

4.200E+00

4.200E-07
1.000E+01

1.700E-06
2.600E+00

3.800E-07
1.000E+01

7.500E-07
4.200E+00

3.800E-07
1.000E+01

1.500E-06
4.200E+00

1.000E-09
1.000E+01

7
Error

5.800E-05
1.000E+01

X

7.000E+00

1.920E+02

2.200E+01

2.200E+01

6.000E+00

6.000E+00

6.000E+00

6.000E+00

6.000 E+00

6.000E+00

6.000E+00

6.000E+00

1.400E+01
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Family

Breaker, circuit,
6.6kV

Breaker, circuit,

125V, 48V

and 30V d-c

Breaker, circuit,
225kV

Breaker, circuit,
380 or 220V

Failure Mode

Inadvertent opening of a 6.6kV circuit
breaker

Any failure of a 6.6kV circuit breaker on
demand

Any failure of a 6.6kV circuit breaker in
operation including inadvertent opening

Inadvertent opening of a 125,48 or 30V
circuit breaker

Any failure of a 125, 48 or 30V d-c circuit
breaker on demand

Any failure of a 125,48 or 30V circuit
breaker in operation (including inadvertent
opening)

Inadvertent opening of a 225kV circuit
breaker

Refusal of a 225kV circuit breaker to open

Any failure of a 225kV circuit breaker in
operation including inadvertent opening

Inadvertent opening of a 380 or 220V

circuit breaker

Any failure of a 380 or 220V circuit
breaker on demand

Any failure of a 380 or 220V circuit
breaker in operation including inadvertent
opening

X
Error

1.300E-07

6.000E+00

8.400E-07

1.700E+00

3.000E-07

1.000E+01

3.000E-07

1.000E+01

5.400E-06
2.600E+00

9.400E-06
2.000E+00

2.000E-07

4.200E+00

2.000E-07

4.200E+00

y
Error

1.700E-04

1.700E+00

5.000E-04

1.000E+01

3.000E-03

1.500E+00

5.200E-04
1.800E+00

T

3.000E+00

3.000E+00

3.000E+00

4.000E+00

4.000E+00

4.000E+00

3.700E+01

3.700E+01

3.700E+01

6.000E+00

6.000E+00

6.000E+00
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Family

Breaker, circuit,
400kV

Breaker, reactor
trip

Bus, 6.6kV a-c,
without circuit
breaker

Bus, 48/30V d-C,
without circuit
breaker

Bus, 125V d-c,
without circuit
breaker

Bus. 220/380V a-c,
without circuit
breaker

Bus, 230V d-c,
without circuit
breaker

Charger/rectifier

Failure Mode

Inadvertent opening of 400kV circuit
breaker

Refusal of a 400kV circuit breaker to open

Any failure of a 400kV circuit breaker in
operation including inadvertent opening

Any failure of a reactor tnp breaker on
demand

Any failure of a reactor trip breaker in
operation

Short duration failure of a 6.6kV bus

Long duration failure of a 6.6kV bus

Any failure of a 48/30V d-c bus

Any failure of a 125V d-c bus in operation

Loss of bus power supply after source
switching

Any failure of a 380V bus in operation

Any failure of a 230V d-c bus

Any failure in operation of a
charger/rectifier

Error

2.700E-06
2.600E+00

4.000E-06
2.100E+00

3.200E-07
1.000E+01

2.100E-07

1.000E+01

5.000E-06
1.000E+01

3.000E-07
1.000E+01

1.200E-07

1.000E+01

2.600E-07
1.000E+01

2.100E-07

1.000E+01

9.700E-07
3.000E+00

Y
Error

2.000E-03
3.700E+00

3.200E-04

3.000E+00

1.850E-03

T

4.100E+01

4.100E+01

4.100E+01

4.000E+00

4.000E+00

5.000E+00

7.200E+01

1.500E+01

1.500E+01

9.000E+00

1.500E+01

1.500E+01

1.000E+01
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Family

Compressor,
centrifugal,
System SAP

Compressor, piston-
type, System SAP

Contactor, 6.6kV
(with relay system)

Contactor, 380V
motor

Contactor, 380V
valve control

Coupler, 24kV

Diaphragm, any type

Failure Mode

Any failure of centrifugal compressor on
demand

Any failure of centrifugal compressor in
operation

Any failure of piston-type compressor on
demand

Any failure of piston-type compressor in
operation

Any failure of a 6.6kV contactor on demand

Any failure of a 6.6kV contactor in
operation

Any failure of a 380V motor contactor on
demand

Any failure of a 380V motor contactor in
operation

Any failure of a 380V valve control
contactor on demand

Any failure of a 380V valve control
contactor in operation

Failure of a 24kV coupler on demand

Failure of a 24kV coupler in operation

External leakage of a diaphragm

Rupture of a diaphragm

Any failure of a diaphragm on demand
(plugging)

X
Error

9.000E-05
1.600E+00

3700E-05
1.600E+00

2.200E-07
1.000E+01

3.000E-07

1.000E+01

3.000E-07
1.000E+01

1.300E-06
1.000E+01

2.000E-08
1.000E+01

1.000E-09
1.000E+01

Y
Error

3.000E-04
1.000E+01

1.100E-04

4.200E+00

3.500E-05
4.200E+00

1.200E-04
1.000E+01

1.200E-04
1.000E+01

4.400E-04
1.000E+01

3.000E-05
3.000E+01

X

2.100E+01

2.100E+01

1.7D0E+01

1.700E+01

4.000E+00

4.000E+00

6.000E+00

6.000E+00

6.000E+00

6.000E+00

1.200E+01

1.200E+01

1.500E+01

1.500E+01

1.500E+01
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Family

Exchanger, heat,
CSS

Exchanger, heat,
demmeralized
water/demineralized
water tube-type

Exchanger, heat,
raw water/
demineralized water
pi ate-type

Fan, axial

Failure Mode

External leakage of a CSS heat exchanger

Internal leakage of a CSS heat exchanger

Any failure of a CSS heat exchanger in
operation

External leakage of a demineralized water/
demineralized water tube-type heat
exchanger

Internal leakage of a demineralized water/
demineralized water tube-type heat
exchanger

Any failure in operation of a demineralized
water/demineralized water tube-type heat
exchanger

Fouling of a plate-type raw water/
demineralized water heat exchanger

Undetected fouling of a plate-type raw
water/demineralized water heat exchanger

External leakage of a raw water/deminera-
Gzed water plate-type heat exchanger

Internal leakage of a raw water/deminera-
lized water plate-type heat exchanger

Any failure in operation of a raw water/
demineralized water plate-type heat
exchanger

Any failure of an axial fan on demand

Any failure of an axial fan in operation

X
Error

6.500E-07

1.000E+01

6.500E-07
1.000E+01

1.300E-06
1.000E+01

1.000E-07

1.000E+01

1.000E-07

1.000E+01

2.000E-07
1.000E+01

1.000E-04
1.000E+01

1.000E-06
1.000E+01

1.500E-07

1.000E+01

1.500E-07
1.000E+01

3.000E-07
1.000E+01

2.400E-05
1.100E+00

Y
Error

0.000E+00

T

7.200E+01

7.200E+01

7.200E+01

2.500E+01

2.500E+01

2.500E+01

1.800E+01

1.800E+01

1.800E+01

1.800E+01

1.800E+01

2.400E+01
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Family

Fan, centrifugal

Filter, compressed
air

niter, water

Generator, diesel

Generator, gas
turbine

Grid, common mode

House load

Failure Mode

Any failure of a centrifugal fan on demand

Any failure of a centrifugal fan in operation

Plugging of a filter for compressed air
(excluding normal fouling)

Plugging of a water filter (excluding
normal fouling)

Short duration failure in operation

Long duration failure in operation

Unavailability of a diesel generator, state A

Any failure of a diesel generator on demand

Any failure of a gas turbine generator on
demand

Any failure of a gas turbine generator in
operation

Loss of grid after scram

Simultaneous loss of off-site power
supplies of all units, all states

Line accident (plant to switchyard link)
(pylons)

Line accident. Set of n rows of pylons
within a 40km radius (climatic)

Switchyard accident other than earthquake
Repair time with exceptional resources

Failure in operation

Failure on demand

X
Error

2.400E-05
1.100E+00

2.000E-07

1.000E+01

1.600E-06
3.000E+00

4.500E-03
1.400E+00

3.200E-03
1.500E+00

4.500E-03
2.000E+00

6.400E-06
1.800E+00

9.200E-08
1.000E+01

4.600E-08
1.000E+01

2.300E-08
1.000E+01

1.000E-01

y
Error

0.000E+00

5.200E-03

3.400E-03
1.400E+00

8.000E-02
2.000E+00

1.000E-03

4.700E-01
1.500E+00

T

2.400E+01

3.000E+00

7.000E+00

1.000E+01

5.900E+01

1.000E+01

7.000E+00

1.200E+01

1.200E+01

1.000E+01

5.000E-01

1.920E+02

1.920E+02

2.400E+01

1.000E+03

1.000E+03
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Family

Intake, water

Inverter, 220V,
System LNA/B

Line, overhead,
auxiliary

Line, overhead, main
400kV

Motor, electric,
rated at < 200kW

Motor, electric,
rated at > 200kW

Pipe

Pump, AFW

Failure Mode

Common mode concerning water intake

Any failure of an inverter in operation

Pylon fault (per km) (repair time assuming
implementation of exceptional resources)

Unavailability

Any short duration failure of auxiliary line in
operation

Pylon fault (per km) (repair time assuming
implementation of exceptional resources)

Any short duraton failure in operation

Any failure on demand of a motor rated at <
200kW (voltage 380V)

Any failure in operation of a motor rated at
< 200kW (voltage 380V)

Repair time after an accident involving
contamination of pump

Any failure on demand of a motor rated at >
200kW (voltage 6.6kV)

Any failure in operation of a motor rated at
> 200kW (voltage 6.6kV)

Plugging of pipe (without diaphragm)

Failure of an AFW pump on demand

Failure of an AFW pump in operation

Rupture of an AFW pump

X
Error

1.000E-08
1.000E+01

1.200E-05
1.300E+00

3.000E-08
1.600E+00

1.500E-05
1.200E+00

3.000E-08
1.600+00

3.500E-05
1.200E+00

2.500E-06
1.700E+00

2.800E-06
1.500E+00

3.200E-04
1.700E+00

1.000E-09
1.000E+01

7
Error

8.200E-03

7.500E-06
1.000E+01

7.500E-06
1.000E+01

3.000E-05
1.000E+01

2.500E-04

3.000E+00

T

1.000E+02

9.000E+00

1.920E+02

8.000E+00

4.000E+00

1.920E+02

4.200E+00

1.200E+01

1.200E+01

1.920E+02

3.100E+01

3.100E+01

1.500E+01

1.400E+01

1.700E+01

1.700E+01
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Family

Pump, CCW

Pump, CSS/low
pressure safety
injection

Pump, CVCS

Pump, ESW

Failure Mode

Rupture of a CCW pump

Any failure of a CCW pump on demand

Any failure of a CCW pump in operation

Rupture of a CSS/low pressure safety
injection pump

Repair time after an accident involving
contamination of the pump

Any failure of a CSS/low pressure safety
rjection pump on demand

Any failure of a CSS/low pressure safety
injection pump in operation

Rupture of a CVCS pump

Any failure of a CVCS pump on demand

Any failure of a CVCS pump in operation

Rupture of an ESW pump

Any failure of a ESW pump on demand

Any failure of a ESW pump in operation

X
Error

1.000E-09
6.000E+00

1.300E-05
1.600E+00

1.000E-09
3.000E+00

2.500E-05
4.800E+00

1.000E-09
1.000E+01

2.800E-05
1.700E+00

1.000E-09
1.000E+01

5.800E-06
2.000E+00

7
Error

3.500E-05
1.000E+01

8.000E-04

2.600E+00

3.000E-04

3.000E+00

2.400E-05
1.000E+01

T

3.000E+01

3.000E+01

3.000E+01

2.300E+01

1.920E+02

7.000E+00

2.300E+01

2.500E+01

2.500E+01

2.500E+01

2.300E+01

2.300E+01

2.300E+01

238



Family

Pump, RHRS

Pump, System PTR

Pump, System PUI

Pump, System REA

Pump, test

Failure Mode

Rupture of an RHRS pump

Any failure of an RHRS pump on demand

Any failure of RHRS pump in operation

Rupture of a System PTR pump

Any failure of a Sytem PTR pump on
demand

Any failure of a System PTR pump in
operation

Rupture of the System PUI pump

Any failure of the System PUI pump on
demand

Any failure of the System PUI pump in
operation

Rupture of a System REA pump

Any failure of a System REA pump on
demand

Any failure of a System REA pump in
operation

Any failure of a test pump on demand

Any failure of a test pump in operation

A.
Error

1.000E-09
1.000E+01

3.500E-05
2.300E+00

1.000E-09
1.000E+01

1.200E-05
1.800E+00

1.000E-09
1.000E+01

2.000E-04

2.000E+00

1.000E-09
1.000E+01

3.000E-05
2.100E+00

1.800E-04

1.000E+01

Y
Error

2.800E-04
1.000E+01

4.000E-05
1.000E+01

1.000E-03
3.000E+00

5.000E-06
1.000E+01

3.600E-03
1.000E+01

T

4.800E+01

4.800E+01

4.800E+01

1.800E+01

1.800E+01

1.800E+01

2.000E+01

2.000E+01

2.000E+01

1.300E+01

1.300E+01

1.300E+01

2.500E+01

2.500E+01
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Family

Relay, conventional
instantaneous

Sensor, ESW
system pump
discharged pressure

Sensor, flowrate

Sensor, level

Sensor, nuclear
measuring channel

Sensor, pressure

Sensor, speed of
rotation

Sensor,
temperature

Sumps, containment

Tank, floating top

Tank, low pressure
fixed geometry

Transformer,
6.6kV/380V

Transformer,
380/220V

Failure Mode

Any failure of a conventional relay on
demand

Any failure of a conventional relay in
operation

Blockage of an ESW system pump
discharge pressure sensor

Any failure in operation of flowrate sensor

Any failure in operation of a level sensor

Any failure in operation of a nuclear
measuring channel sensor

Any failure in operation of a pressure
sensor

Any failure in operation of a speed of
rotation sensor

Any failure in operation of a temperature
sensor

Failure of sumps of containment on demand
due to common mode (safety injectk>n/CSS

common mode)

Any failure in operation of floating top tank

Any operating failure of a low pressure
fixed geometry tank

Any failure of a 6.6kV/380V transformer
m operation

Any failure of a 380/220V transformer in
operation

X
Error

2.800E-07
2.000E+00

2.700E-06
1.300E+00

1.200E-06
1.300E+00

1.700E-06

1.300E+00

2.800E-06
1.300E+00

1.800E-06

2.300E+00

8.000E-07
1.600E+00

4.300E-07
1.000E+01

2.000E-07
1.000E+01

2.300E-07

1.000E+01

3.000E-07

1.000E+01

7
Error

1.000E-04

4.000E+00

4.800E-04
1.800E+00

1.000E-05

T

2.000E+00

2.000E+00

3.000E+00

3.000E+00

3.000E+00

2.000E+01

3.000E+00

3.000E+00

3.000E+00

1.680E+02

1.680E+02

1.000E+01

1.000E+01
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Family

Transformer,
400/6.6kV
and 225/6.6W,
auxiliary

Transformer,
400/6.6kV
and 225/6.6kV,
main

Transformer,
400/6.6kV
and 225/6.6kV,
step-down

Turbine, AFW
system,
including control
system and valves

Failure Mode

Failure with electrical fault of a 400/6.6kV
or 225/6.6kV auxiliary transformer

Failure without electrical fault of a
400/6.6kV or 225/6.6kV auxiliary
transformer

Any failure of a 400/6.6kV auxiliary
transformer in operation

Failure with electrical fault of a 400/6.6kV
main transformer

Failure without electrical fault of a
400/6.6kV main transformer

Any failure of a main transformer in
operation

Failure with electrical fault of a 400/6.6kV
step-down transformer

Failure without electrical fault of a
40076.6kV step-down transformer

Any failure of a 400/6.6kV step-down
transformer in operation

Failure of an AFW system turbine set on
demand (long repair)

Failure of an AFW system turbine set on
demand (short repair)

Unavailability of AFW system turbine set

Any failure of an AFW system turbine set in
operation

X
Error

1.000E-06
1.000E+01

2.000E-06
3.000E+00

3.000E-06
2.600E+00

1.000E-06
1.000E+01

5.000E-06
2.000E+00

6.000E-06
1.900E+00

1.000E-06
1.000E+01

5.000E-06
2.000E+00

6.000E-06
1.900E+00

3.200E-03
2.300E+00

Y
Error

6.200E-03

1.600E+00

2.400E-03
2.100E+00

1.600E-03

T

1.000E+03

2.000E+01

2.300E+02

1.000E+03

2.000E+01

2.300E+02

1.000E+03

2.000E+01

2.300E+02

7.000E+00

3.000E-01

7.000E+00

1.300E+01
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Family

Turtine, System
LLS

Valve, check, System
VVP control air

Valve, check,
VB/VD/VL/VN

Failure Mode

Failure of a System LLS turtine on demand

Average unavailability of a System LLS
turbine

Any failure of a System LLS turbine in
operation

External leakage of a System W P control
air check valve

Internal leakage of a System VVP control
air check valve

Rupture of a System VVP control air check
valve

Any failure on demand of a control air check
valve

External leakage of check valve
VB/VD/VN/VL

Internal leakage of check valve
VB/VD/VN/VL

Refusal to open of check valve
VB/VD/VN/VL

Refusal to close of check valve
VB/VD/VN/VL

Rupture of check valve VB/VD/VN/VL

Error

3.200E-03
2.300E+00

3.000E-08
1.000E+01

1.000E-05
1.000E+01

1.000E-9
1.000E+01

3.000E-08
1.000E+01

2.000E-07
3.000E+00

1.000E-09

1.000E+01

Y
Error

8.600E-03
1.600E+00

3.300E-02

1.000E-04
3.000E+00

1.000E-05
1.000E+01

1.000E-05
3.000E+00

T

5.000E+00

5.000E+00

1.300E+01

5.000E+00

5.000E+00

5.000E+00

5.000E+00

1.200E+01

1.200E+01

1.200E+01

1.200E+01

1.200E+01
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Family

Valve, check, VP

Valve, check, W

Failure Mode

External leakage of check valve VP

Internal leakage of check valve VP

Reverse flow (> 30m3/h)

Refusal to open of check valve VP

Refusal to close of check valve VP

Rupture of check valve VP

External leakage of check valve W

Internal leakage of check valve W

Refusal to open of check valve W

Refusal to close of check valve W

Rupture of check valve W

Error

2.000E-08
1.000E+01

2.000E-07

3.000E+00

2.000E-08
1.000E+01

1.000E-09
1.000E+01

3.000E-08
1.000E+01

3.500E-07

2.600E+00

1.000E-09
1.000E+01

7
Error

1.000E-05
1.000E+01

1.000E-05

1.000E+01

1.400E-04
1.500E+00

1.400E-04
1.500E+00

X

1.500E+01

1.500E+01

1.500E+01

1.500E+01

1.500E+01

1.500E+01

1.500E+01

1.500E+01

1.500E+01

1.500E+01

1.500E+01
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Family

Valve, main steam
isolation,
System VVP

Valve, manually-
operated

Valve, motor-
operated, VA

Failure Mode

Internal leakage of a System W P main
steam isolation valve

Inadvertent operation of a System W P
mar steam isolation valve

Refusal to open of a System W P main
steam isolation valve

Refusal to close of a System W P main
steam isolation valve

Rupture or serious leakage of a System
W P main steam isolation valve

Sticking of a manually-operated valve in
position

Internal leakage of a manually-operated
valve

Rupture or serious leakage of a manually-
operated valve

Refusal to open of a motor-operated air
control valve

Refusal to close of a motor-operated air
control valve

Rupture or serious leakage of a motor-
operated air control valve

X
Error

3.500E-07

1.000E+01

1.900E-06
4.200E+00

3.000E-09
1.000E+01

1.000E-08
1.000E+01

3.000E-09
1.000E+01

3.000E-09
1.000E+01

7
Error

1.300E-03
3.000E+00

3.100E-04

1.000E+01

4.500E-05
3.000E+00

3.000E-04
1.000E+01

3.000E-04

1.000E+01

T

1.000E+01

1.000E+01

1.000E+01

1.000E+01

1.000E+01

1.000E+01

1.000E+01

1.000E+01

1.000E+01

1.000E+01

1.000E+01
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Family

Valve, motor-
operated, VB

Valve, motor-
operated, VL

Valve, motor-
operated, VN

Failure Mode

Internal leakage of a motor-operated
valve VB

Refusal to open of a motor-operated
valve VB

Refusal to close of a motor-operated
valve VB

Rupture or serious leakage of a motor-
operated valve VB

Internal leakage of a motor-operated
valve VL

Refusal to open of a motor-operated
valve VL

Refusal to dose of a motor-operated
valve VL

Rupture or serious leakage of a motor-
operated valve VL

Internal leakage of a motor-operated
valve VN

Refusal to open of a motor-operated
valve VN

Refusal to close of a motor-operated
valve VN

Rupture or serious leakage of a motor-
operated valve VN

X
Error

5.800E-08
1.000E+01

3.000E-09
1.000E+01

7.700E-08
1.000E+01

3.000E-09
1.000E+01

2.200E-07
1.000E+01

3.000E-09
1.000E+01

Y
Error

1.100E-03
1.600E+00

1.300E-04
4.200E+00

1.000E-04
1.000E+01

3.000E-04
4.200E+00

1.500E-03
3.000E+00

5.000E-04

1.000E+01

X

1.100E+01

1.100E+01

1.100E+01

1.100E+01

9.000E+00

9.000E+00

9.000E+00

9.000E+00

1.000E+01

1.000E+01

1.000E+01

1.000E+01
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Family

Valve, motor-
operated, VP

Valve, motor-

operated, VV,

System GCT

atmosphere section

Valve,
pneumatically-
operated,
AFW system, steam
isolation

Failure Mode

Internal leakage of a motor-operated
valve VP

Refusal to open of a motor-operated
valve VP

Refusal to close of a motor-operated
valve VP

Rupture or senous leakage of a motor-
operated valve VP

Internal leakage of motor-operated
valve W

Refusal to open of a motor-operated
valve VV

Refusal to dose of a motor-operated
valve W

Rupture or serious leakage of a motor-
operated valve W

Internal leakage of an AFW system steam
isolation valve

Inadvertent operation of an AFW system
steam isolation valve

Refusal to open of an AFW system steam
isolation valve

Refusal to close of an AFW system steam
isolation valve

Rupture or senous leakage of an AFW
system pneumatically-operated steam
isolation valve

X
Error

1.000E-08
1.000E+01

3.000E-09
1.000E+01

2.700E-07

1.000E+01

3.00QE-09
1.000E+01

6.500E-08
1.000E+01

1.300E-07

1.000E+01

3.000E-09
1.000E+01

Y
Error

3.000E-04

1.700E+00

3.000E-04

1.700E+00

2.400E-04

1.000E+01

2.400E-04

1.000E+01

4.000E-04

4.200E+00

6.000E-04

3.000E+00

T

1.000E+01

1.000E+01

1.000E+01

1.000E+01

1.000E+01

1.000E+01

1.000E+01

1.000E+01

1.100E+01

1.100E+01

1.100E+01

1.100E+01

1.100E+01
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Family

Valve,
pneumatically-
operated, AFW
system, VD

Valve,
pneumatically-
operated,
compressed air

Failure Mode

Sticking in operation of an AFW system
pneumatically-operated valve VD

Internal leakage of an AFW system
pneumatically-operated valve VD

Inadvertent operation of AFW system
pneumatically-operated valve VD

Refusal to open of an AFW system
pneumatically-operated valve VD

Refusal to close of an AFW system
pneumatically-operated valve VD

Rupture or senous leakage of an AFW
system pneumatically-operated valve VD

Any failure of a pneumatically-operated
compressed air valve on demand

Any failure of a pneumatically-operated
compressed air valve in operation

Any mechanical failure of a pneumatically-
operated compressed air valve on demand

Any mechanical failure of a pneumatically-
operated compressed air valve in operation

X
Error

2.800E-06
1.000E+01

3.000E-08
1.000E+01

3.000E-08

1.000E+O1

3.000E-09

1.000E+01

1.100E-07
3.500E+00

6.600E-08
3.500E+00

Y
Error

8.300E-05
2.300E+00

8.300E-05
2.300E+00

3.000E-04

3.000E+00

1.800E-04
3.000E+00

T

6.000E+00

6.000E+00

6.000E+00

6.000E+00

6.000E+00

6.000E+00

3.000E+00

3.000E+00

3.000E+00

3.000E+00
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Family

Valve,
pneumatically-
operated, System
GCT atmosphere
section, VV

Failure Mode

Sticking in operation of a System GCT
atmosphere section pneumatically-operated
control valve

Internal leakage of a system GCT
atmosphere section pneumatically-operated
control valve

Inadvertent operation of a System GCT
atmosphere section pneumatically-operated
control valve

Refusal to open of a System GCT
atmosphere section pneumatically-operated
control valve

Refusal to close of a System GCT
atmosphere section pneumatically-operated
control valve

Rupture or serious leakage of a System
GCT atmosphere section pneumatically-
operated valve

X
Error

1.800E-06
2.600E+00

3.200E-07

1.000E+01

1.400E-06
3.000E+00

3.000E-09
1.000E+01

Y
Error

1.600E-04
4.200E+00

3.200E-04

2.600E+00

T

6.000E+00

6.000E+00

6.000E+00

6.000E+00

6.000E+00

6.000E+00
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Family

Valve,
pneumatically-
operated,
System GCT
condenser section,
VV

Valve,
pneumatically-
operated, VP

Failure Mode

Sticking in operation of a System GCT
condenser section pneumatically-operated
valve

Internal leakage of a System GCT
condenser section pneumatically-operated
valve

Inadvertent operation of a System GCT
condenser section pneumatically-operated
valve

Refusal to open of a System GCT
condenser system pneumatically-operated
valve

Refusal to close of a System GCT
condenser section pneumatically-operated
valve

Rupture or serous leakage of a System
GCT condenser section pneumatically-
operated valve

Sticking of a pneumatically-operated
control valve VP

Internal leakage of a pneumatically-
operated valve VP

Inadvertent operation of a pneumatically-
operated valve VP

Refusal to open of a pneumatically-
operated valve VP

Refusal to close of a pneumatically-
operated valve VP

Rupture or senous leakage of a
pneumatically-operated valve VP

X
Error

5.000E-07
2.600E+00

8.300E-08

1.000E+01

1.200E-07

1.000E+01

3.000E-09
1.000E+01

4.000E-07
2.000E+00

1.000E-07
2.500E+00

5.000E-07
2.000E+00

3.000E-09
1.000E+01

7
Error

4.500E-04

1.900E+00

3.500E-04

2.100E+00

3.000E-04

1.500E+00

1.500E-04

1.800E+00

X

1.000E+01

1.000E+01

1.000E+01

1.000E+01

1.000E+01

1.000E+01

1.000E+01

1.000E+01

1.000E+01

1.000E+01

1.000E+01

1.000E+01
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Family

Valve, safety,
conventional

Valve, safety,
SEBIM, RCS

Failure Mode

Spurious opening of a conventional valve

Refusal of a conventional valve to open

Refusal of a conventional valve to dose
after opening under normal conditions

Refusal of a conventional valve to close
after opening with water

Rupture of a conventional valve

Spurious opening of an RCS SEBIM safety
valve in operation

Refusal to open of an RCS SEBIM safety
valve

Refusal of three safety valves to open due
to hydraulic cause

Refusal to close of an RCS SEBIM valve
tandem

Refusal to close of an RCS SEBIM safety
valve

Rupturing of an RCS SEBIM safety valve

X
Error

1.000E-06
1.00E+01

1.000E-09
1.000E+01

2.100E-06
3.000E+00

1.000E-09
1.000E+01

7
Error

1.500E-04
1.000E+01

1.500E-04
1.000E+01

1.000E-01
1.000E+01

1.000E-04
1.000E+01

3.000E-03

1.800E-05
3.000E+01

1.800E-04
4.200E+00

T

1.400E+01

1.400E+01

1.400E+01

1.400E+01

1.400E+01

1.600E+01

1.600E+01

1.600E+01

1.600E+01

1.600E+01

1.600E+01
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Family

Valve, safety,
SEBIM, RHRS

Valve, solenoid,
System VVP

Failure Mode

Inadvertent opening of an RHRS SEBIM
safety valve

Refusal to open of an RHRS SEBIM safety
valve

Refusal to close of an RHRS SEBIM valve
tandem

Refusal to close of an RHRS SEBIM safety
valve

Rupturing of an RHRS SEBIM safety valve

Any failure of a solenoid valve in operation

Any mechanical failure of a solenoid valve on
demand

Any mechanical failure of a solenoid valve in
operation

A.
Error

2.100E-06
3.000E+00

1.000E-09
1.000E+01

6.700E-07
2.900E+00

3.200E-07
2.900E+00

7
Error

1.000E-04

1.000E+01

1.800E-05
1.000E+01

1.800E-04
4.200E+00

2.300E-04
1.500E+00

T

1.600E+01

1.600E+01

1.600E+01

1.600E+01

1.600E+01

3.000E+00

3.000E+00

3.000E+00
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- APPENDIX 3 -

COMMON MODE FAILURES

VALUES OF PARAMETERS p" (n = 2 to 4)
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FAMILY

Breaker, reactor
trip, common cause

Buses, 220V a-c,

common mocs

Compressors,
piston-type, common
cause

Compressors,
rotary, common
cause

Contactors and
circuit breakers
(common cause)

Fan, common cause

Generator, diesel,

common cause

Motor, electric,
common cause

Pumps, common

cause

Sensor and
instrumentation
(common mode)

FAILURE MODE

Reactor trip breaker common cause

(demand)

Common mode on source switching

Common cause for piston-type
compressors: operation/startup (analogous
to pumps)

Common cause for piston-type
compressors: active redundancy (analogous
to diesels), demand and operation

Common cause for rotary compressors,
operation and demand (analogous to
pumps)

Common cause for contactors and circuit
breakers of all types (demand and
operation)

Common cause for fans (analogous to
pumps) (demand and operation)

Diesel generator common cause (demand
and operation)

Motor common cause (demand and
operation)

Common cause, operation/startup (1 pump
operating and non-startup of others)

Pump common cause (demand and
operation)

Sensor common cause (operation)

BETA 2

7.000E-02

1.800E-01

1.000E-02

3.000E-02

1.000E-02

1.000E-01

5.000E-02

3.000E-02

5.000E-02

1.000E-02

5.000E-02

5.000E-02

BETA 3

5.000E-02

6.000E-02

4.000E-03

2.000E-02

4.000E-03

5.000E-02

2.000E-02

2.000E-02

2.000E-02

4.000E-03

2.000E-02

2.000E-02

BETA 4

4.000E-02

2.000E-03

1.500E-02

2.000E-03

3.000E-02

1.000E-02

1.500E-02

1.000E-02

2.000E-03

1.000E-02

1.000E-02
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FAMILY

Valve, check, common
mode

Valve, steam
isolation, System
W P , common cause

Valves, motor-
operated, common
cause

Valves,
pneumatically-
operated, common
cause

Valves, safety,
conventional, common
cause

Valves. SEBIM,
safety, common

FAILURE MODE

Check valve sticking common cause

Check valve internal leakage common cause

Common cause failure of steam isolation
valves (except external leakage)

Common causes for motor-operated valves
(external leakage) (demand and operation)

Common cause for pneumatically-operated
valves (except external leakage) (demand
and operation)

Common cause for conventional safety
valves (analogous to check valve sticking)

Common cause for SEBIM safety valves
(analogous to pneumatically-operated
valves)

BETA 2

7.000E-02

1.000E-01

4.000E-02

6.000E-02

7.000E-02

7.000E-02

7.000E-02

BETA 3

5.000E-02

5.000E-02

2.000E-02

2.000E-02

2.000E-02

5.000E-02

2.000E-02

BETA 4

4.000E-02

3.000E-02

1.500E-02

1.000E-02

1.000E-02

4.000E-02

1.000E-02
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KEY

Three-letter codas

A B P Low Pressure Feedwater Heater System
ACO Feedwater Heaters Drain Recovery System
A DG Feedwater Tank and Gas Stnpper System
A ET Feedwater Pump Turbine Gland System
AGM Motor-dnven Feedwater Pump Turbine

Lubrication System
AGR Feedwater Pump Turbine Lubncatjon and Control

Fluid System
A HP High Pressure Feedwater Heater System
A PA Motor-dnven Feedwater Pump System
A PG Steam Generator Blowdown System
A P P Turbine-dnven Feedwater Pump System
APU Feedwater Pump Turbine Drain System
ARE Feedwater Row Control System
ARP Drain Recovery Pump System
ASG Auxiliary Feedwater System
ATE Condensate Polishing System

CAP Condenser Makeup and Discharge System
CAR Turbine Exhaust Spray System
CAT Cooling Tower Makeup and Blowdown System
C DI Circulating Water Dilution Pump System
CET Turbine Gland System
CEX Condensate Extraction System
CFI Circulating Water Filtration System
CGR Circulating Water Pump Lubrication System
CPA Cathodic Protection System
CPC Standby Circulating Water Pump System
CRC Circulating Water Recycle System
CRF Circulating Water System
C S I Circulating Water Isolation System
CTA Condenser Tube Cleaning System
CTE Circulating Water Treatment System
CTT Cooling Tower Makeup Water Treatment System
CVA Circulating Water Makeup and Drains System
CVF Cooling Tower Forced Draft Ventilation System
C V I Condenser Vacuum System

DAA Warehouse. Hot and Cold Workshop Elevators
DAB Administration Building, Offices, Health Service

Building Elevators
D AI Fuel, Nuclear Auxiliary and Reactor Building

Elevators
DAK Fuel Building Elevators
DAL Electrical Building and Turbine Hall Elevators
DAM Turbine Hall Elevators
DAN Nuclear Auxiliary Building Elevators
DAR Reactor Building Elevators
DAV General Auxiliary Building Elevators
DAX Elevators Outside Power Block
DEB Administration Building Chilled and Hot Water

System
DEG Nuclear Island Chilled Water System
DEL Electrical Building Chilled Water System
DEM Conventional Island Chilled Water System

DEY Demineralization Plant Chilled Water System
DMA Warehouse and Workshop Handling Equipment
DMD Diesel Building Handling Equipment
DME Switchyard Handling Equipment
DMG Essential Service Water Pumping Station

Handling Equipment
DMH Miscellaneous Handling Equipment
DM I Drum Storage Handling Equipment
DMK Fuel Building Handling Equipment
DM M Turbine Hall Overhead Crane
DMN Nuclear Auxiliary Building Handling Equipment
DMP Circulating Water Pumping Station Handling

Equipment
DMQ Essential Service Water Pumping Station

Handling Equipment
DMR Reactor Building Handling Equipment
DMW Reactor Building Gantry and Penpheral Rooms

Handling Equipment
DMX Standard Lifting Equipment
DMY Miscellaneous Hosting Equipment
DNX Normal Lighting System
D S I Site Security System

Emergency Lighting System
Closed-Circuit Televsion System

DTV Site Communication System
DVA Workshop and Warehouse Ventilation System
DVB Administration Buildng Ventilation System
DVC Control Room Air Conditioning System
DVD Diesel Building Ventilation System
D V E Cable Deck Ventilation System
DVF Electrical Building Smoke Exhaust System
DVG Auxiliary Feedwater Pump Room Ventilation

System
DVH Charging Pump Room Emergency Ventilation

System
D V I Component Cooling Room Ventilation System
DVK Fuel Building Ventilation System
DVL Electrical Building Main Ventilation System
DVM Turbine Had Ventilation System
DVN Nuclear Auxiliary Building Ventilation System
DVP Circulating Water Pumping Station Ventilation

System
DVQ Waste Auxiliary Building Ventilation System
DVR Computer Room Air Conditioning System
DVS Safety Injection and Containment Spray Pump

Motor Room Ventilation System
DVT Miscellaneous Rooms Air Conditioning System
DVV Auxiliary Boiler Building Ventilation System
DVW Penpheral Rooms Ventilation System
DWA Hot Workshop and Warehouse Ventilation

System
DWB Restaurant Ventilation System
DWE Main Switchyard Ventilation System
DWG Nuclear Island Chiller Unit Room Ventilation

System
DWJ Auxiliary Switchyard Ventilation System
DWN Site Laboratory Ventilation System
DWO Miscellaneous Pump Room Ventilation System
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D W P Raw Water Pumping Station Ventilation System
DWS Essential Service Water Pumping Station

Ventilation System
DWX Miscellaneous Conventional Island Rooms

Ventilation System
DWY Chlonnation Plant Ventilation System
DWZ Hydrogen Production Plant Ventilation System

EAS Containment Spray System
EAU Containment Instrumentation System
EBA Containment Sweeping Ventilation System
ECF Containment Leakage Monitoring System
E D E Containment Annulus Ventilation System
E FI Containment Iodine Filtration System
E I E Containment Isolation System
E P P Containment Leakoff Monitonng System
ETY Containment Atmosphere Monitonng System
EVC Reactor Pit Ventilation System
EVF Containment Cleanup System
E V R Containment Continuous Ventilation System

GCT Steam Dump System (atmosphere and
condenser sections)

G E V Power Transmission System
G E X Generator Excitation and Voltage Regulation

System
GFR Turbine Control Fluid System
GGR Turbine Lubrication, Jacking and Turning

System
G H E Generator Seal Oil System
G PA Generator and Power Transmission Protection

System
GPV Turbine Main Steam and Drams System
GRE Turbine Governing System
G R H Generator Hydrogen-cooling System
GRV Generator Hydrogen Supply System
G S E Turbine Protection System
G S S Moisture Separator-Reheater System
GST Stator Cooling Water System
G S Y Grid Synchronization and Connection System
GTA Turbine Generator
GTH Turbine Lube Oil Treatment System
GT R Turbine Generator Remote Control System

JOT Fire Detection System
JPC Cable Spray System
J P 0 Indoor Rre-fighting Water Distribution System
JPH Turbine Hal O l Tank Rre Protection System
J PI Nuclear Island Fire Protection System
J P L Electrical Budding Fire Protection System
J P P Fire-fighting Water Production System
J P S Mobile Fire-fighting Equipment
JPT Transformer Fire Protection System
J P U Outdoor Rre-fiflhting Water Distribution System
J PV Diesel Generator Fire Protection System

K BS Thermocouple Cold Junction Boxes
K ER Nudear Island Liquid Radwaste Monitonng and

Discharge System
K I P Process Computer System
KIS Earthquake Instrumentation System
KIT Computer and Data Processing System

KKK Entry Control System
KKO Energy Metering System
KME Test Instrumentation System
KPR Remote Shutdown Panel
K R G General Control System
KRS Environmental Monitonng System
KRT Plant Radiation Monitonng System
KSA Alarm Processing System
KSC Man Control Room
KSN Waste Processing Control Room
KZC Controlled Area Access Monitonng System

LAX 230 V DC Power System
LBX 125 V DC Power System
LCX Relayng 48 V DC Power System
LDX Analog Control 30 V Power System
LEX Annunciator 24 V DC Power System
LFX Miscellaneous DC Power System
LGA 6.6 kV AC Normal Distnbution System
LG B 6 6 kV AC Normal Distnbution System
LGC 6.6 kV AC Normal Distnbution System
LGD 6.6 kV AC Normal Distnbution System
LG E 6.6 kV AC Normal Dmtribution System
LG I 6.6 kV AC Normal Distnbution System
LG M 6 6 kV AC Normal Distnbution System
LG R Auxiliary Power Supply System
LHA 6.6 kV AC Emergency Supplied Distribution

System
LHB 6.6 kV AC Emergency Supplied Distribution

System
LHP 6.6 kV AC Emergency Power Supply System

(train A)
LHQ 6.6 kV AC Emergency Power Supply System

(train B)
LHS 6.6 kV AC Emergency Power Supply System

(common)
LJP Main Switchyard
U R Auxliary Switchyard
LKX 380 VAC Normal DisrtHitton System
LLX 380 VAC Emergency Supplied Distribution

Systtfli
LMX 220 V AC Normal Distribution System
LNA Vital 220 VAC Power System
LNB Vital 220 VAC Power System
LNC Vital 220 VAC Power System
LND Vital 220 V AC Power System
LNE Continuous 220 VAC Power System
LNF Continuous 220 V AC Power System
LNO Continuous 220 VAC Power System
LNH Continuous 220 V AC Power System
LSA Test Loops System
LSI Site Lighting System
LTR Grounding System

PMC Fuel Handing and Storage System
PTR Reactor Cavity and Spent Fuel Pit Cooling and

Treatment System

RAM CRDM Power Supply System
RAZ Nuclear Island Nfrogen Distribution System
RBU Emergency Boraton System
RCP Reactor Coolant System
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R CV Chemical and Volume Control System
RDE Steam Generator Decontamination System
R EA Reactor Boron and Water Makeup System
R EN Nudear Sampling System
R G L Full Length Rod Control System
R G X Part Length Rod Control System
RHY Nuclear Island Hydrogen Distribution System
RIC In-core Instrumentation System
RIS Safety Injection System
R P E Nuclear Island Vent and Drain System
RPN Nuclear Instrumentation System
RPR Reactor Protection System
RRA Residual Heat Removal System
RRB Boron Heating System
RRC Reactor Control System
R RI Component Cooling System
R R M C RDM Ventilation System
R US Emergency Plant Cootdown System

SAO Switchyard Compressed Air Production System
SAP Compressed Air Production System
SAR Instrument Compressed Air Distribution System
SAT Service Compressed Air Distribution System
SAZ General Nitrogen Storage System
S B E Hot Laundry and Decontamination System
SCO Carbon Dioxide Storage System
S 0 A Demineralized Water Production System
S DB Demineralized Water Production System
SOX Demineralizabon Effluents Neutralization

System
SEA DemineraJizafon Plant Water Supply System
SEB Raw Water System
S EC Essential Service Water System
S EO Nuclear Island Demineralized Water Distribution

System
SEF Intake Coarse Filtration and Trash Removal

System
S E G Essential Service Water Coarse Filtration and

Trash Removal System
S EH Conventional Island Waste Oil and Inactive

Water Drain System
S E I Industrial Water System
SEK Conventional Island Liquid Waste Discharge

System
S E O Plant Sewer System
SEP Potable Water System
SER Conventional Wand Demineralized Water

Distribution System
SES Hot Water System
SET Raw Water Treatment System
S E U Rainwater DrwinagB System
S EZ Ground Water Control System
SFI Raw Water Filtering System
S G R Inert Gas Storage System
SGZ General Gas Storage System
SHY Hydrogen Production System
SIR Chemical Reagents Injection System
SIT Feedwater Chemical Sampling System
S K D Diesel Oil Storage System
S N B Sludge Treatment System
S N X Non-nudear Effluents Treatment System
S P E Fuel Oil Discharge System

S R E Hot Workshop Drain System
S RI Conventional Island Closed Cooling Water

System
SRS Restaurant Service Systems
STE Electrical Tracing System
STR Steam Transformer System
STV Steam Traang System
SVA Auxiliary Steam Distribution System
S V E Test Steam System
SXS Conventional Island Drain and Exhaust System

TEG Gaseous Waste Treatment System
TEP Boron Recycle System
TER Liquid Waste Discharge System
TES Solid Waste Treatment System
TEU Liquid Waste Treatment System

VPU Steam line Dram System
VVP Main Steam System
XAA Auxiliary Boiler Feedwater System
XCA Auxiliary Steam Production System
XPA Auxiliary Boiler Fuel OH System
XVA AuxiVary Boiler Ventilation System
YLH Diesel Mobile Test Loads

A b b r e v i a t i o n *

AFW auxiliary feedwater
ATWS anticipated transient without scram
C EA Commissariat a I'Energie Atomique (the French

Atomic Energy Commtsston)
CCW component cooling water
CVCS chemical and volume control system
DAS Departememd-Anar/sedeSuretefpartofthe

French Atomic Energy Commission Nudear
Safety and Protection Institute)

DEC Document d*Entrae en Consigne (operating
instruction selection chart)

DNBR departure from nudear botSng ratio
ESF engineered safety feature
ESW essential service water
FWLB feedwater line break
H PS I high pressure safety injection
IPSN Institutde Protection et de Surete Nudeaire

(Nuclear Safety and Protection Institute, part of
the French Atomic Energy Commission)

18 R Ingenieur de Securite et Radioprotection (safety
and radiological protection engineer)

LOCA loss of coolant acodent
LPSI low pressure safety injection
MFW mam feedwater
P power
RCS reactor coolant system
RHRS residual heat removal system
RPS reactor protection system
RWST refuelling water storage tank
SGTR steam generator tube rupture
SI safety injection
SLB steam line break
SSLB secondary system line break
/d per demand
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