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1. INTRODUCTION 

1.1. Initial situation 

The design of French pressurized water reactors is based first on deter
ministic principles, using the well-known "defense in depth" concept {1}. 
This safety approach, underlying the design of the 900 MWe reactors cons
tituting, the first standardized series of French PWB's, basically re
flected current American practice at that time, which consisted notably in 
designing engineered safeguard systems capable of limiting the conse
quences of accidents assumed to be credible despite the preventive 
measures taken. 

It -hould be noted, in this connection, that the fact that a system has 
been designed to cope with a given situation does not obviate the failure 
of this system in the configuration it was intended to remedy. So the 
first measure taken was to make safety systems redundant and therefore 
able to fulfill their functions, despite an additional failure, under the 
various design basis operating conditions, a limited list of which, cove
ring all the hazards involved, was determined : this is known as the 
"envelope accident" approach, which entails classification of the equi
pment involved in these situations and definition of associated requi
rements . 

1.2. New trends in the safety approach 

Since then, further reflections have led to complete this approach, resul
ting in modifications to regulatory practice, mainly related to better 
practical assimilation of the problems arising during plant unit operation 
and reactor control after an accident and to the determination to enhance 
the overall consistency of the safety approach. 

As regards system redundancy, it should be noted that common cause fai
lures can result in the total loss of a redundant system. As far back as 
1977, the SCSIN (Central Service for the Safety of Nuclear Installations) 
defined a probabilistic safety goal for the sizing of nuclear units and 
requires as an application the examination of the necessity of taking into 
account simultaneous failures of the redundant files of important for 
safety systems, specifying probabilities and consequences of such fai
lures. 
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In addition, it is important to confirm the validity of provisions taken 
for the prevention of common cause failures. In another connection, ope
rating situations may be encountered where redundancy is lost (equipment 
unavailable owing to maintenance or repair operations) and suitable pre
cautions must be taken. These requirements were formulated in 1980 in the 
basic safety rule concerning the "single failure criterion", applicable to 
the 1300 MWe standardized series, where the necessary modifications were 
made at the design stage. The modifications related to loss of the redun
dant systems were implemented by retrofit on the 900 MWe units. System 
redundancy aspects will be dealt with in Chapter 2. 

As regards study of design basis accidents, attention was focused on the 
human intervention stage following automatic activation of protection and 
safeguard systems. This resulted, for all plant units, in the revision of 
operating procedures, accompanied by examination of the means required for 
their implementation and, for the 1400 MWe standardized series, in defi
nition of a more coherent set of general accident study rules, including 
consideration of earthquakes as initiating events. These subjects will be 
discussed in Chapter 3. 

Finally, as regards equipmant classification, the range of equipment sub
jected to particular requirements, formerly limited to design basis safety 
classified equipment, was enlarged to include "important for safety" equi
pment. All such components, which include notably equipment deemed useful 
but not vital for post-accident reactor control, must comply with the con
ditions of the decree of August 10, 1984, pertaining to quality, whereby 
requirements must be defined in proportion to the safety importance of the 
equipment considered, which entailed the definition of new safety classes. 
Moreover, basic safety rules applicable to the 1400 MWe standard plants 
were formulated in 1984. This subject will be dealt with in Chapter 5. 

1.3. Safety demonstration for the 1400 MWe standardized series plants 

The rules governing demonstration that the plant unit design and the equi
pment classification are such as to enable the installation to attain a 
satisfactory safety level were determined by government directive CAB 
n°1121 MZ dated October 6, 1983. The absence of inacceptable risks may be 
justified by checking against three lists of events constituting the ope
rating conditions deemed plausible : design basis operating conditions (4 
categories) , external hazards and complementary operating conditions. This 
must be supplemented by examination of the provisions made to minimize 
common mode failure hazards. 

The design basis operating conditions are analyzed us1'"*7 non* 1i 7.1 no as — 
sumptions, as presented in Chapter 3. For the complementary operating con
ditions, a probabilistic approach, involving less conservative margins, 
may be used. This aspect will be discussed in Chapter 4. 
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2. QUESTIONS RELATED TO SAFETY SYSTEM REDUNDANCY 

2.1. The single failure criterion 

From the inception of the 900 MWe standardized plant series, a single fai
lure criterion was adopted as design rule for systems deemed safety-es
sential. Use of the single failure criterion in safety analysis sub
sequently became the subject of a basic safety rule (RFS n°I.3.a) issued 
in 1980 by the SCSIN. This RFS lists the systems to be considered. They 
are those contributing to reactivity control, those ensuring fuel cooling 
and decay heat removal, those concerned by confinement, together with all 
other systems without which the listed systems are unable to operate. 

These systems must be able to fulfill their functions under all design 
basis operating conditions, despite one active or passive single failure 
occurrence. The RFS specifies that it shall only be possible to limit the 
leak rate corresponding to a passive failure if it can be demonstrated 
that the portion of piping concerned can be isolated within a reasonable 
time. It alsc indicates that a passive failure may only be postulated 
after a previous operating period of limited duration (maximum jf 24 
hours). This provision takes into account the widely differing failure 
probabilities for active and passive components. It is a means of avoiding 
excessive margins or over-complicated systems, which do not necessarily 
enhance reliability. 

This RFS has been applicable since the first 1300 KWe standardized plants 
were built. Design modifications made to the safety injection and residual 
heat removal systems of these plants prior to construction enabled the 
passive failure requirements to be satisfied. 

2.2. Supplementary provisions for application of the criterion 

2.2.1. Consideration of_equipment_unavailab^l;Lties 

The RFS does not require that allowances be made for unlimited period of 
maintenance on a redundant file, occurring simultaneously with a random 
failure, but it does specify that suitable provisions shall be made to 
ensure that the efficiency of the criterion is not impaired by operating 
factors, notably for frequently used systems (category 1 and 2 operating 
conditions). 

Fnuinmpnt unavail.abilitv ran be coned with either b v desian level pro
visions (increasing redundancy) or by more stringent oparating rules. In 
France, the solution adopted relies relatively little on increased redun
dancy. This is grounded on the conviction that the greated reliability 
thereby obtained rapidly ceases to be effective, on the one hand, because 
the increased complexity of the systems results in file separation dif
ficulties and risks of human operating errors and, on the other hand, be
cause reliability then basically depends on common modes. Electricité de 
France (EDF) came to this conclusion at the outcome of the design studies 
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undertaken for the 1300 HWe reactors {2}. Surveys performed in various 
other countries yielded similar results (see, for instance, the reference 
(3} paper). It is for this reason that, in France, as a general rule, de
sign basis requirements in this respect correspond to a degree of redun
dancy of 2. The redundancy is, however, higher for active components of 
permanently operating system (such as the component cooling system and 
the essential service water system) or those frequently in service (such 
as the auxiliary feedwater system for category 1 and 2 operating condi
tions) . 

To cope with situations involving total failure of a system, functional 
redundancy is preferred, whereby provision is made for reliance on still 
available systems using appropriate operating procedures. An example of 
such practice is the possible backup of the residual heat removal system 
by means of the spent fuel pool cooling system cr the secondary cooling 
system, depending on the condition of the reactor. Or again, decay heat 
removal by means of the emergency core cooling system in the event of 
total loss of steam generator feedwater systems or by means of the secon
dary cooling system in the event of total loss of systems transferring 
heat to the heat sink. 

Finally, from the operation standpoint, stringent technical specifications 
define requirements regarding equipment availability. In view of the op
tion regarding the degree of redundancy, the list of authorized scheduled 
unavailabilities for a plant unit in power operation is extremely limited. 
This means that much servicing and repair work takes place during cold 
shutdown and the required equipment is listed for each reactor state, 
takin into account periods when the system considered is not necessary (or 
may be functionally replaced). Finally, operator response to unplanned 
equipment unavailability is defined, involving the obligation to trip the 
reactor within a short time to prevent the plant safety level from being 
significantly impaired. 

2.2.2. Prevention_of common_cause_failures 

Complementary provisions are made for this purpose : protection against 
external hazards, physical or geographical separation of equipment, pro
tection against internal hazards, independence of power sources and dis
tribution networks. In compliance with RFS requirements, the validity of 
the provisions made is assessed by means of detailed analyses performed at 
the end of the design stage and focused on identification of possibilities 
of interaction between systems : pipe rupture, internal flooding, fire. In 
addition, with a view to determine potential common modes, detailed ana
lyses were undertaken, on a parallel with the reliability studies foi the 
main safety systems performed by EDF for the first reactors of the 900 and 
1300 MWe standardized plant series (2) . 

Despite the considerable efforts made in this field and the many comple
mentary discussions which took place in the wake of the Three Mile Island 
accident, it is impossible of guarantee that this approach is exhaustive. 
Operating feedback is the best way of evidencing possible common modes. 
The EDF standardized nuclear power program is particularly favourable to 
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the organization of an efficient operating feedback system. 900 MWe plant 
operating experience was integrated into the design of the 1300 MWe sys
tems. A certain number of potential common modes related to the emergency 
core cooling system were thus eliminated. 

2.2.3. Consideration of_loss of_redundant_sy_stems 

In addition to application of the single failure criterion, the RFS stipu
lates that reliability studies and investigation of the complete failure 
of frequently used systems should be performed if necessary. The first 
results of the reliability studies performed as far back as 1977 by EDF 
showed that tho probability of failure of certain engineered safeguard 
systems was fairly high, taking into consideration the possibility of se
rious consequences at short term. The problem of the reliability of the 
systems used for long term post-accident cooling was also investigated. 
Complementary measures were deemed necessary (design provisions and emer
gency operating procedures known as "H" procedures) which in fact provide 
functional redundancy. These measures have been described in other papers, 
such as references {1} and [A}. 

These complementary provisions may prove inadequate if the operator is in 
a situation where the reactor does not behave as expected, either owing to 
multiple equipment failures or because of previous misconceived actions on 
the part of the operator. So, in order to cover all the different situa
tions and to ensure human redundancy, a new reactor control approach was 
introduced, aimed at preventing severe core degradation (procedure SPI-U1-
SPU). 

It should be noted that all the supplementary provisions for application 
of the single failure criterion described above have been implemented by 
retrofit on the 900 MWe plant units. Demonstration, as mentioned in the 
RFS, that the safety level of the plant is satisfactory, is only mandatory 
for the 1400 MWe standardized plant series (see Chapter 4). 

3. DESIGN BASIS OPERATING CONDITIONS 

3.1. Explicit integration of the human intervention stage 

At the beginning, analysis was focused on checking safeguard and pro
tection system design and dealt almost exclusively with the initial stages 
of accidents when these systems are actuated automatically. Since this 
time, the stage where the operating team is required to act manually has 
been the subject of careful scrutiny, both as regards definition of ope
rating procedures and investigation of the means required for their imple
mentation. It sometimes proved difficult to integrate this development in 
the regulatory practice previously adopted. For instance, analysis of the 
accident resulting from a steam generator tube rupture showed that the 
crucial systems to limit the radiological consequences of the accident 
were not the safety classified safeguard systems and that prompt action on 
the part of the operator was a decisive factor. 
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The rules adopted for the 1400 MWe standardized series enhance the ana
lysis by providing explicitly for integration in the design basis accident 
studies of the human intervention stage up to the return of the reactor to 
a safe condition. In addition, the indispensable link-up with analysis of 
the emergency operating procedures is provided by referring in the ac
cident studies only to actions provided for in these procedures. This is 
also a means of prioritizing the safety importance of the actions and 
equipment required, which constitutes one of the means used to define 
their safety classification. 

It naturally follows that the post-accident operating procedures must 
consistently provide a way leading to a safe condition depending only on 
safety classified equipment. Other equipment, which is not indispensable 
to a safety demonstration but which, according to safety studies, proves, 
for instance, useful in facilitating (thereby reducing risks of error) or 
improving reactor control, shall also be considered as important for sa
fety, but subjected to less stringent requirements, as we shall see in 
Chapter 5. 

3.2. Application of the single failure criterion 

As we saw in Chapter 2, basic safety rule RFS 1.3.a. specified the con
ditions under which the single failure criterion should be used in the 
safety analysis. In particular, it provides a fairly long, but limitative, 
list of systems to which the single failure criterion shall apply. This 
approach is based on an a priori definition of the systems necessary to a 
plant unit safety demonstration. In the circumstances, it is difficult to 
be exhaustive. In this way, for instance, the necessity to consider 
depressurization of the primary system as a safety function in a steam 
generator tube rupture accident was overlooked. 

In practice, it is accident studies taking into account an additional fai
lure and performed in the context of an a posteriori safety analysis which 
enable us to identify the functions and thereby the systems or components 
indispensable to the demonstration of plant unit safety. It should then be 
possible to apply the single failure to all or part of any one of the sys
tems involved in each operating condition, so as to check that the design 
basis redundancy provisions are in fact adequate to ensure plant unit 
safety. 

Owing to concern on this point, for the 1400 MWe standardized series ac
cident studies (categories 2, 3 and 4), the single failure concept was 
enlarged to include all active or passive failures affecting all or part 
of one of the components, systems or control circuits involved in the 
transient considered and taken into account in the safety demonstration. 
This is the "single aggravating event" concept introduced by EDF, the use 
of which reinforces the consistency of the single failure approach in 
safety analysis report accident studies. 
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3.3. Inclusion of loss of offsite power coupled with an initiating seismic 
event 

Rigf from the first French plants, the safeguard systems have been (^si
gned a priori to operate in the event of loss of offsite power and have 
consequently been backed-up. In the course of the safety analysis per
formed a posteriori on the basis of accident analyses, a complementary 
design check was made on the safeguard systems backed-up by diesel gene
rator sets. This consisted, for the category 3 and 4 accidents involving 
these systems, in studying the automatic stage of the transient, cumu
lating the initiating event, loss of offsite power and a single failure. 
It was thus possible to check that design provisions for the load takeover 
by the diesel generators were satisfactory. 

In addition, safety classified equipment partaking in the safety demons
tration are also seismic classified. 

For the 1400 MWe standardized series, these two aspects are linked. It is 
considered that certain design basis accidents can be initiated by a safe 
shutdown earthquake, which would result in total loss of offsite power. 
Since the frequency of such earthquakes is of the same order of magnitude 
as that cf 4th category accidents, potentially initiatable accidents are 
the subject of a safety demonstration with respect to the criterion cor
responding to this category, cumulating loss of offsite power with a sin
gle failure throughout the transient considered in all cases where this 
would be more penalizing. 

It can then be checked during the safety analysis that provision has been 
made fcr power supply backing wherever necessary for demonstration of 
plant unit safety. It may also be noted that this justifies the seismic 
classification of safety classified equipment taken into account in the 
safety report studies. This approach does much then to enhance consistency 
between accident analysis rules and equipment classification principles. 

4. COMPLEMENTARY OPERATING CONDITIONS 

In addition to the design basis accidents, more complex events are defined 
in the French regulations ?s plausiole operating conditions which must be 
considered for design. The list given for the 1300 MWe reactors in gover
nment directive CAB n°900 MZ of September 3, 1979 includes total failure 
of frequently used redundant systems. The list was supplemented for the 
1400 MWe reactors by the addition of total loss of the emergency core co
oling systems and of concomitant rupture of steam line and steam genriator 
tubes. The corresponding government directive (CAB n'1121 MZ of October 6, 
1983) indicates that it must be shown that, with the provisions made, the 
consequences of these events will not exceed thosa of 4th category ac
cidents, or that a probabilistic approach, using less conservative mar
gins, could be used for the safety demonstration. 
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The overall probabilistic goal to be achieved was defined in 1977 by the 
SCSIN as 10" s per year unacceptable consequences for a plant unit and 10" 7 

per year for a family of events to take into account in the plant sizing 
{4}. In 1983, when the 1400 MWe plant unit safety options were examined, 
the unacceptable event to be considered for the loss of redundant system 
analysis was specified (partial core meltdown), as was the limit to be 
respected for the gain afforded by the complementary means implemented 
(factor of 100). The latter criterion was included in order to ensure that 
achieving the probabilistic goal set would not involve excessive recourse 
to equipment which was not safety classified at the sizing level. It was, 
in addition, stipulated that the requirements to be applied to equipment 
involved in implementation of the provisions made to limit the conse
quences of loss of redundant systems should be defined, which led EDF to 
proceed to further equipment safety classifications. 

5. SAFETY CLASSIFICATION 

The purpose of safety classification is to secure an adequate guarantee 
regarding the reliability and availability of systems and equipment invol
ved in nuclear reactor safety. By dividing these components into classes, 
with which are associated design, construction and operating requirements, 
the stringency of which varies according to the safety function consi
dered, quality can be matched to the degree of safety importance. 

For the 900 MWe plants as for the P4 type 1300 MWe plants, four safety 
classes were defined. Three of these classes, mamed 1, 2 and 3 concern 
mechanical equipment. The fourth, known as IE, concerns electrical sys
tems. 

For the P'4 type 1300 MWe plants, there were two additional safety clas
ses. The creation of class LS for mechanical equipment not subjected to 
pressure provided a better basis for design rules fo1- the components con
cerned. With class IPS-NC, less severe requirements could be associated 
with equipment which was not initially safety classified. 

For the 1400 MWe plants, the safety classification had to be re-examined 
in view of the new developments in design basis operating condition ana
lysis for plant units, previously mentioned. These developments entailed, 
on the onJ hand, the utilization of additional equipment and, on the other 
hand, the definition of requirements associated with this equipment, which 
were not previously necessary for plant safety demonstration. This 
resulted in the addition of two further classes of equipment. These are 
class 2E for electrical systems, which notably concerns the systems 
necessary for the reactor to revert to a safe condition in the long term, 
in relation with integration of the post-accident stage in the accident 
analysis, and class SH pertaining to equipment specially required under 
complementary operating conditions. 

The substance of the different safety classes and the associated equipment 
design requirements were then defined by the safety authorities in basic 
safety rules, as follows : 
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- RFS IV.1.a, for the classification of mechanical equipment, elec
trical systems, civil works structures and buildings. 

- RFS IV.2.a, for the design rules for safety classified mechanical 
equipment, conveying or containing a pressurized fluid and belon
ging to safety classes 2 and 3. 

- RFS IV.2.b, for the design, qualification and implementation of 
electrical equipment belonging to safety classified electrical 
systems. 

According to RFS IV.1.a, are considered safety classified, by reason of 
design basis operating conditions or complementary operating conditions, 
all equipment necessary to achieve the three main safety aims : 

- reactor shutdown and maintenance of a safe shutdown condition. 
- decay heat removal. 
- maintenance of containment integrity. 

Equipment which is safety classified by reason of design operating condi
tions are divided into classes 1, 2 and 3 for mechanical equipment sub
jected to pressure, LS for mechanical equipment not subjected to pressure, 
IE and 2E for electrical systems. These various components are required to 
comply with the following minimum requirements : 

* quality assurance procedure. 
* periodical in-service tests. 
* compliance with a design and construction code. 
* SSE seismic classification. 
* ambient and seismic condition qualification. 

Class IE equipment is, in addition, redundant and electrically backed-up. 

Class SH equipment, classified only on complementary operating condition 
grounds, must comply with the following minimum requirements : 

* quality assurance procedure. 
* periodical in-service tests. 
* compliance with design, construction and qualification rules de

fined on a case by case basis. 

Important for safety equipment which is not safety classified falls into 
class IPS-NC, which basically groups, on the one hand, security system 
components necessary in particular in the event of internal or external 
hazards (fire, flood, explosions, etc..) or during plant shutdowns, and 
on the other hand, certain useful, but not essential, equipment for post-
accident reactor control. Minimum requirements for this clasn is as fol
lows : 

* quality assurance procedure. 
* periodical in-service tests. 
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