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ABSTRACT

This paper outlines the organizational and technical aspects of nuclear

safety in France. From the organization point of view, the roles of the ope-

rator, of the safety authority and of the Institute for Protection and Nuc-

lear Safety are developed. From the technical viewpoint, the evolution of

safety since the beginning of the French nuclear programme, the roles of

deterministic and probabilistic methods and the severe accident policy (pre-

vention and mitigation, venting containment) in France are explained.

-o-o-o-o-o-

I. THE OHGAMIZATIOM OF SAFETY DI FRANCE

The French nuclear power programme is based on the design, construction and

operation of series of identical units, the only differences being those

required to adapt to the particularities of the sites chosen for the diffe-

rent units of a given series ; these units are of the pressurized water reac-

tor (PWR) type. For the nuclear steam supply system, one single construc-

tor is involved -Framatome- and the plants are operated by one single

operator -Electricité de France-.



Today, besides the two units of Fessenheim and the four units of Bugey, the

French PWR plants include :

o twenty eight 900 MWe units comprising two slightly different series (CPl

and CP2),

o twenty 1,300 MWe units comprising two slightly different series (P4 and

P1A) ; 14 units have been loaded with nuclear fuel,

o two 1,400 units of the N4 series, currently under construction on the Chooz

site ; the construction of the remaining units of the N4 series will be

started in the coming years in accordance with the electricity consumption

forecasts.

Taking into account the potential risks associated with the production of

nuclear energy, the French authorities have set up a system of specific

authorizations which is more stringent than for other industrial installa-

tions liable to be a source of environmental nuisance. Schematically, the

major nuclear installations -and this concerns nuclear power plants as well

as fuel cycle installations- are subject to three successive principal

authorizations : the creation permit -which is issued by the government and

must be received prior to any irreversible work on the site-, the fuel

loading or start-up test authorization, and the authorization for normal ope-

ration subsequently to the start-up tests and the beginning of operation- the

two latter being issued only at ministerial level. In addition, the construc-

tion and operation of these nuclear installations are subject to constant

follow-up by the public authorities in the form of specific authorizations in

case of modifications of the installations or of their operating conditions ;

inspectors are assigned to check that the conditions of the authoriza-

tions granted to the operators are respected.

Of course, in order to obtain the necessary authorizations for the construc-

tion and operation of their installations, the operators must submit justifi-

cative reports to the public authorities, namely the Central Service for

the Safety of Nuclear Installations (SCSIN). An examination of the techni-



cal documents is made by a specific organization independent of the opera-

tors, the Institute for Protection and Nuclear Safety (IFSN) which gives to

the SCSIN, either directly or via groups of experts, after discussions with

the operators, its opinion on the arrangements proposed by the latter. It

shall be noted that IPSN forms part of the French Atomic Energy Commission

(CEA), a public body devoted to research and development, and that therefore

IPSN enjoys the support of the technical resources of the CEA for assessing

the technical documents submitted by the operators and for carrying out

research activities designed to improve safety or the evaluation of safe-

ty of nuclear installations. As an example, the basic studies relating to

the improvement of the management of severe "beyond design basis" accidents

are carried out by IPSN, principally with the resources of the CEA.

The French system for safety matters is therefore based on three poles :

the operators, responsible for the safety of their installations -they

alone are able to take the necessary actions to ensure safety-, the safety

authority, the SCSIN, responsible for ensuring protection of persons and

property -its actions mainly concern the licensing procedures and the sur-

veillance of the installations-, the independent technical expert, IPSN,

in charge of proposing the technical measures necessary for the protection of

persons and property and which is, as such, the safety authority advisor.

In addition to the three regulatory steps mentioned above, other less formal

stages have been set up (such as the preliminary examination of the safety

options for a new series and the ten yearly reassessment of units in opera-

tion) ; most importantly, safety assessment is in fact conceived as a con-

tinuous technical dialogue between the operators and IPSN, beginning prior

to the choice of safety options and continuing throughout the design, cons-

truction and operation stages, and ending only with the definitive shutdown

and decommissioning of the installations. The priority thus given to the

technical dialogue, which is doubtless facilitated by the industrial



structure of nuclear energy activities in France, enables a constant cli-

mate of study and research, a necessary condition to be maintained for the

high level of safety required both nationally and internationally for

nuclear installations, without needlessly blocking the licensing procedures

themselves.

The safety approach thus adopted explains why France has not made the deve-

lopment of technical regulations, fixing more or less detailed criteria, a

priority. And technical regulations, when they exist, point ou1; objecti-

ves, leaving the operators and the constructors free to choose the means by

which these objectives are to be reached and to justify their choices.

In other words, French practice avoids fixing too precise objectives, a

priori, with insufficient attention to feasibility. Safety can only be a

compromise ; what is required above all is to undertake an in-depth exa-

mination of the various technical problems and then to issue an overall opi-

nion on each installation, taking into account the reality of the construc-

tion and of the operation.

II. THS DETERMIMISTIC APPROACH

American reactors under construction were used as a reference for the cons-

truction of the first French reactors (Beaver Valley for Fessenheim, North

Anna for Bugey). At this stage, Electricité de France and the French Safety

Authorities essentially based themselves on American safety regulations (10

CFR 50 and Regulatory Guides) for ensuring and evaluating reactor safety.

Within this context, justification of the design provisions adopted for each

series of units to eliminate any unacceptable risks is supported by a deter-

ministic evaluation of the radioactive consequences of a limited number of



conventional operating conditions.

The operating conditions studied are supported by a defence-in-depth con-

cept ; in this concept, several levels of protection are to be distin-

guished :

- at the first level, sufficient safety margins are provided in the

design, construction and operation stages to ensure a safe and reliable

behaviour of the plant during normal operating conditions,

- at the second level, protection and safety systems with the necessary

redundancy are provided to restore the plant to its normal operating condi-

tions after all anticipated transients and incidents.

The first two levels constitute the first line of defence which aims at

preventing accident occurrence.

- at the third level, accidents, whose consequences are supposed to cover all

accidental sequences resulting from plausible faults, are taken into

account. Safety assessment must ensure that safeguard systems have the

necessary redundancy, will be correctly actuated and allDW to keep the con-

sequences in the environment to an acceptable level, even for accidents

postulated under earthquake conditions and with external electrical power

supplies deficiency. The analysis is done with conservative assumptions

for both the accident scenarios and the plant behaviour evaluation.

Safeguard systems aim at mitigating the consequences of the accidents. It is

the second line of defence.



This defence-in-depth concept is very efficient for safety analysis, provi-

ding a thorough examination through its application :

o the "first line" is not always sufficient : preventive measures alone may

not be "good enough", if the consequences of the possible failure of these

measures are unacceptable. In this case, complementary appropriate steps

have to be taken.

Generally, the lack of a second line makes a "reinforced" first line neces-

sary (for instance, special requirements for design and surveillance).

The best example is related to the reactor vessel, the fracture of which is

excluded from the accidents studied thanks to the drastic provisions taken

to design, to manufacture and to inspect this equipment ; these provisions

would allow to detect in time little flaws before they could endanger

safety.

o Cotnnon mode failures may destroy simultaneously the two main lines of

defence. It is necessary to identify these failures and to take appropriate

measures. The most significant illustration is the loss of all A.C. power

(station blackout) which can generate a LOCA (loss of the first line of

defence) and prevents engineered safety features action (second line of

defence) ; further provisions have been provided afterwards in French

nuclear power plants. Other good examples are fires or internal floodings

which, in France, are subject to very careful examinations.

According to the role played by structures, systems and materials as well as

their importance for safety, functional requirements are defined and appro-

priate rules to be applied during all the steps of design, construction,

testing and operation of the plant are specified.

As already mentioned, the evaluation of the consequences of the conventional

operating conditions has to include adequate safety margins (using worst case

assumptions) ; and the estimated frequency of these conventional operating

conditions is stated in orders of magnitude. Analysis of these operating con-



ditions also includes external reactor site-related events (air crashes,

earthquakes, extreme weather conditions, floods, dam bursts, explosions,

etc.).

For each site, French regulation requires authorizations for the gaseous and

liquid radioactive effluent releases ; these authorizations set the maximum

admissible global radioactivity for the release on a case-by-case basis and

specify the limits of radioactivity for certain types of radioactive pro-

ducts. Conversely, French regulation does not set limits on the equivalent

doses likely to be received by the public under accident conditions. The

radioactive consequences induced by the conventional operating conditions and

conditions resulting from external event are calculated without reference to

limit dose equivalents, although they are submitted to the Safety Authorities

approval and deemed as acceptable during the licensing procedures for each

unit, which involve the participation of the Ministry of Health.

Electricité de France has set the following limits, which have been accepted

by the Safety Authorities to be used for reactor design provisions up to and

including the NA series.

Frequency

Category

1

2

3

A

Estimated

Frequency

(per year)

1

10"» - 1

10-* - io-J

10-* - 10"1

Maximum Radioactive Consequences

limited by the radioactive waste

release authorizations

0,5 rem (entire body) or 5m Sv

1,5 rem (thyroid) or 15m Sv

15 rem (entire body) or 0,15 Sv

A5 rem (thyroid) or 0,45 Sv



This traditional approach to safety assessment has been further developed

during the French nuclear power plant programme, especially regarding two

complementary processes : probabilistic assessment and severe accident

policy.

III. PROBABILISTIC APPROACH

III.l. Definition of the Probabilistic Approach

Historically, the probabilistic approach was first used in France for making

a relationship between the assumptions regarding external events and

conventional operating conditions.

For example, on the basis of probability analyses run on aircraft crashing on

PWRs, French Safaty Authorities accepted that the different series of reac-

tors be designed solely to withstand the crash of a small aircraft, excluding

military aircraft and commercial air-liners.

Nevertheless, as early as 1977, during the examination of the general techni-

cal options for the 1,300 MWe plants, the Ministry in charge of Industry set

an overall probabilistic objective in these terms :

"In general, the design of a nuclear power plant using pressurized water

reactor should be such that the overall probability for the PWR being at the

origin of unacceptable consequences does not exceed 10"6 per year.

From hereon, whenever a probabilistic approach is used to judge whether a

family of events is to be taken into account for the design of a PWR, this

family of events shall be considered if the probability for it being the

source of uncceptable consequences exceeds 10"' per year ...



In application of the above, Electricité de France shall examine on a case-by

case basis if the simultaneous failure of the redundant trains of the systems

essential to safety should be taken into account in the design of power

plants using PWRs ... For these studies, "realistic" assumptions and calcula-

tion methods may be used."

This text bears comment :

1 The overall objective is set forth in terms of "unacceptable consequen-

ces" ; in accordance with the above statement, these "unacceptable con-

sequences" are not defined by a draft of a legislative or regulatory

nature, for example by reference to the known or supposed effects of ioni-

zing radiations or by comparative studies of the risks associated with

various human activities. As a matter of fact, the unacceptable consequen-

ces are to be assessed in political terms, taking into account site-

related effects and suitable means for the protection of the public ; they

can be subject to progressive interpretations according to the problem exa—

mined and to time.

2 The probability of 1O-6 per year is a "target" value for a reactor and

Electricité de France has not been required to demonstrate that this target

value is met ; nevertheless, this objective was considered reasonable,

based on the results of the WASH 1400 report and on the improvements made

in the design of French reactors with respect to the PWR power plant exami-

ned in this report.

In accordance with the above, the justification of the adopted design pro-

visions to prevent any unacceptable risks is still based on deterministic

analyses and not on an -iverall probabilistic analysis.

3 The value of 10"7 per year is more directly used for decision making ; the

approach reviewed above regarding aircraft crashes does use this value and

for this application, loss of the integrity of the reactor building is con-s

servatively assumed as "unacceptable".
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4 In this context, there is, today, no reason to modify the overall objec-

tive. At most, after the Chernobyl accident, the not-on of "-unacceptable

consequences " should make greater allowance for questions raised by the

long term contamination of soil and subsoil in the event of an accident.

There is, moreover, no point in fixing an "acceptable" probability for

core meltdown as it is not clear how this probability can be in harmony

with the overall objectiva and, in any case, this probability would vary

with the type of reactor. And the value generally advanced (of the order of

10"5 per reactor per year) seems now to be more or Ies3 reached according

to the initial results of the probabilistic studies carried out a poste-

riori for the 1,300 MWe units. It would then be deduced chat there is no

need for progress in the future series of units, which would be contrary to

the approach of permanent research for improvements which should be adopted

in 'r.he field of safety.

III.2. Development of the probabilistic approach

1 The studies which followed the letter of 1977 showed the need for supple-

mentary measures to achieve a satisfactory safety level with respect to

certain situations which do not appear in the list of conventional situa-

tions. Specific procedures, called "H" procedures, (H for "hors dimen-

sionnement", i.e. beyond design basis), if necessary implementing supple-

mentary equipment (to which the strict design rules are not applied),

have been established. There are for example the Hl procedure "total fai-

lure of the heat sink outside the installation", the H2 procedure "total

failure of the steam generator water supply" and the H3 procedure "total

failure of the electrical sources (external and internal)". These procedu-

res reduce the probability of "unacceptable consequences" to a value of

approximately 10"' per year. "Unacceptable consequences" here are defined

conservatively as a prolonged uncovering of the reactor core.
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These procedures have been implemented in all units, including, retroacti-

vely, the 900 MWe units ; they constitute a significant progress in the

domain of safety, defined in a pragmatic fashion.

2 We have also considered the use of probability calculations of core melt-

down to evaluate the periods of operation which may be authorized in the

event of equipment unavailability. Such studies can in fact be used to

verify that, in the context of the hypotheses adopted, the increase in the

probability of core meltdown resulting from the application of the techni-

cal specifications relative to these periods of operation is not exces-

sive. Where necessary, in the light of the results obtained, these

periods are to be reduced or supplementary measures to be taken. On the

other hand, it is not possible to deduce these periods automatically from

the application of a criterion for an increase in the probability of core

meltdown (for example 1O-T per year). Thus, the implementation of the H3

procedure in the French PWR units would lead, by the simple application of

such a criterion, to accept & very long outage period for the emergency

generators. However, it is clear that it is not desirable to have to use

the H3 procedure,a "beyond design basis" accident procedure, involving the

implementation of "supplementary" equipment, with which the operators are

not familiar. There is, above all, no advantage in including in the techni-

cal specifications -which should be of a stimulating nature- acceptable

periods of long unavailability when, in 99 % of cases, the necessary

repairs can be carried out within 3 to 4 days. In other words, the use of

probabilistic calculations can clarify such safety problems ; but safety

cannot be reduced to the application of systematic rules.

Taking into account the operating experience, IPSN since 1983 for 900 MWe

plants, Electricité de France since 1986 for 1,300 MWe plants, have under-

taken global probabilistic safety studies for these units. The principal aim

of these studies is not to verify whether the overall risk objective mentio-

ned above is actually met, but i*o develop safety assessment tools for evalua-

ting how certain design changes would affect the safety of the design or of
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the operating rules. These tools take into account all the possible reactor

states, especially cold shutdown states which as shown by experience might

contribute significantly to the risk, as well as the contribution to the risk

resulting from long-term evolution after an accident.

IV. THE SBVKBB ACCIDBHJ POLICY

The French studies have early considered the fact that, despite all the

precautions taken, the possibility of severe accidents cannot be absolu-

tely excluded ; these accidents include core meltdown and a more or less

significant loss, at an early or later stage, of the confinement of the

radioactive substances in the containment. For a given scenario, one can

almost always imagine a more severe scenario by imagining additional failu-

res, but it is obvious that, as the severity of the imagined scenario increa-

ses, the probability of its occurrence tends towards zero. However, it does

not appear reasonable to attempt to fix a probability threshold below which

the scenarios should be "excluded". First of all, the greater the improbabi-

lity of the scenarios, the greater the uncertainty in the calculation of

their probability, with the result that the calculation is not very meaning-

ful. Secondly, and more importantly, this approach ignores tha essential

problem of accident situation management.

From the outset, the French studies have been focused on the control of the

development of these situations and the mitigation of their consequences by

means of a series of appropriate actions involving, on the one hand, optimum

use of the resources available in the installation during the course of the

accident and, on the other hand, the taking of protective measures for the

population.

To attempt to avoid the degeneration of an initial event into a severe acci-

dent leading to core meltdown if the proper actions are not taken, Electri-

cité de France has proposed a new operating procedure based on the

characterization of every possible cooling state of the core.
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Contrary to the standard procedures based on sequential scenarios, this pro-

cedure does not prejudice any accident initiator or any accident development

sequence. It can also be applied in the case of cumulative failures of human

and/or mechanical origin. It specifies the actions to be taken by the opera-

tor, on the basis of data relevant to actual reactor status, to restore the

situation (water level measurement, boiling margins, . . . ) .

Furthermore, in order to minimize operator errors, including inappropriate

scope or wording of operating rules during accident situation, a safety

engineer backs up the operating team by analysing, independently, the plant

status and its evolution. In case of abnormal evolution of the initial event,

the safety engineer is in charge of initiating the operating procedure based

on the core cooling states.

It should be noted that all information necessary for the diagnosis, indepen-

dent of the accident sequence and any protective actions, is displayed at the

safety panel in the control room. This panel is watched by the safety engi-

neer on shift who can reach conclusions independently of the other operators

and decide to apply the ultimate procedure. In this way, we hope to achieve

at least some redundancy in operator actions during severe accidents.

As regards the protective measures for the population, examination of the

French sites indicates that it is possible, in the first 24 hours, to eva-

cuate the population within a radius of 5 km and to confine indoors the

population within a radius of 10 km.

The study of severe accidents of internal origin leads to the establishment

of three major categories of accidents for PWR units, each including core

meltdown :

- accidents resulting in early failure of the containment and to the

release, after several hours, of the radioactive content of the contain-

ment, without filtration (source term Sl),
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- accidents resulting in delayed failure of the containment and to the

release, after at least 24 hours, of the radioactive content of the con-

tainment without filtration (source term S2),

- accidents resulting in delayed failure of the containment and to the

release, after at least 24 hours, of the radioactive content of the con-

tainment through a filtered channel (source term S3).

These source terms are specified in the following table (in terms of percen-

tages of the radioactive content of the reactor core) :

Noble gases

Organic iodine

Non organic iodine

Caesium

Strontium

Sl

80

0.6

60

40

5

S2

75

0.55

2.7

5.5

0.6

S3

75

0.55

0.3

0.35

0.04

The calculations show that the source term S3 is compatible with the imple-

mentation of the measures for the protection of the population described

above.

Under these conditions, the method adopted was to examine the possibility

of reinforcing by simple means, without affecting the initial design, the
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ability of the containment to fulfil its role as ultimate barrier against the

dissemination of a significant quantity of radioactive substances in the

event of a severe accident. For this purpose :

- a procedure, known as the U2 procedure, involving measurements of the acti-

vity of the air and of the water in the sumps, is used to determine any

leaks in the containment and to remedy them ; it is implemented as soon

as an accident situation is observed,

- the ducts situated in the rafts of the containment which could, in the

event of the raft being traversed by a "coriura", constitute early pathways

towards the environment for radioactive substances, will be closed very

soon under the reactor pits (U4 procedure),

- a device comprising a sand filter is being installed in all French

nuclear power units in order to prevent containment failure due to over-

pressure ; this device provides a means of reducing the pressure in the

containment to its design value by filtered releases ; an effective-

ness factor of 10 for the aerosols was sought and obtained, reducing a

level S2 release to level S3 (procedure U5).

Research carried out elsewhere indicates that early failure of the contain-

ment can be considered as unrealistic. Rapid interaction between molten

fuel and water, general deflagrations or localized detonations of hydrogen

are considered still physically realistic, whereas sudden steam explosions,

general detonations of hydrogen, direct heating, theoretically capable of

resulting in early failure of the containment, are considered to be physical-

ly unrealistic for the large "dry" containments used in France. However, des-

pite this conviction, studies are still carried out to arrive at an even

better understanding of these phenomena and to increase still further the

defence-in-depth, for example, by examining the possibility of cooling

"corium" by the use of water.
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The above statement enables to exclude'the source term Sl and to reduce the

source term S2 to the source term S3 for which, in strictly technical

terms, satisfactory protection of the population can be ensured. Studies

are being carried out on the more long term management of the consequen-

ces of a severe accident situation, taking into account the possible contami-

nation of the waters on the surface, in the soil and in the subsoil.

V. EXPERIEWCB EKKDBACK

The large number of FWR units, the series of which comprise many analogies in

spite of progressively improved technological solutions, makes experience

feedback very fruitful in improving both the safety of the units in opera-

tion and the design of new units. Both the operators and the safety organiza-

tions have set up considerable resources to identify the lessons drawn from

experience, in particular incidents, and to implement the appropriate correc-

tive measures on all units. Of course, the precursors of possible severe

accidents are particularly sought among the incidents.

In addition, the rapid increase in the number of reactors-years, with the

corresponding accumulation of reliability data, result in an increase in the

understanding of the behaviour of the different kinds of equipment,

making it easier to recognize any anomalies, signs of design faults or

aging.

Hundreds of modifications relating to safety have thus been made, or are cur-

rently being made, on the 900 MWe units.
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This fund of information will also be used in the global probabilistic safety

studies mentioned above. All necessary precautions in terms of standardiza-

tion of data and methods have been taken to ensure the consistency of these

two assessment tools which are designed to enable a relative evaluation

of the nuclear facilities by the introduction of actual reliability data.

VI. COMCLUSIOM

The ideas developed above contribute to a greater under standing of the

French nuclear installations, particularly the PWR plants.

It is clear today that the use of operating experience from existing instal-

lations constitutes an essential source of progress in the field of safety.

This means that due importance must constantly be attached to technical

study and dialogue between operators and safety organizations, taking par-

ticular care to avoid the imposition of a policy based on theory, the value

of the latter being restricted mainly to ensuring better consistency of

safety measures.

Very special attention must be given to the improvement of containment,

given the sensitivity of the question of radioactive releases. This also is

to be defined for future plants in a pragmatical way in the light of the dif-

ficulties encountered and of the results of the research work now in pro-

gress .


