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Preface

In IRSN’s Science and Technology Series, the new series, Elements of Nuclear Safety,
Radiological Protection and Security, like the 1996 publication Elements of Nuclear
Safety by Jacques Libmann, aims to provide all those whose work involves ionizing
radiation, primarily in the nuclear industry, with insight on the technical culture that
guides the prevention and management of nuclear safety risks. This new series seeks
not only to update the 1996 publication, but also to extend its scope to areas previ-
ously covered only slightly or not at all.

In its collection of scientific publications, IRSN promotes the most advanced knowl-
edge acquired either within the Institute or in the context of national or international
collaboration, focusing particularly on the educational value of their presentation.
With this in mind, the new series sets out to provide clear explanations describing
how techniques, ideas, approaches, organizations and regulations have developed over
time, along with the questions raised and lessons learned from accidents and operating
feedback in general.

For those interested in these issues, the series also aims to provide access to firmly
established and proven technical knowledge and information in the corresponding
subject areas, in keeping with IRSN'’s three core values, Knowledge, Independence and
Accessibility, as defined in its Code of Ethics and Professional Conduct.

We hope that the Elements of Nuclear Safety, Radiological Protection and Security
series, initiated by Jean Couturier, will contribute to disseminating knowledge, espe-
cially as the next generation of nuclear scientists and technicians enters the profession.
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After the first two books in the series, Elements of Security and Non-Proliferation
(2017) by Jean Jalouneix and Elements of Nuclear Safety — Research Reactors (2019)
by Jean Couturier, Hassan Abou Yéhia et al., this book updates and develops certain
subjects found in Jacques Libmann's Elements of Nuclear Safety (1996), focused mainly
on the safety of pressurized water reactors, especially those in the French nuclear
power plant fleet.

The first pressurized water reactors implemented in the French nuclear power
plant fleet were based on American plants built in the late 1960s and early 1970s.
At that time, the world had very limited experience in building facilities of this type.
Of course, approaches, analysis methods and safety criteria have evolved since then.
The knowledge acquired through research and development, as well as the lessons
learned from the world’s three most significant nuclear accidents, Three Mile Island
in 1979, Chernobyl in 1986 and Fukushima Daiichi in 2011, have largely contributed
to these developments. Still more has been learned from operating experience from
certain events which, although they were kept under control and did not have serious
consequences for people and the environment, were considered sufficiently important
in terms of safety to require introducing measures to improve accident prevention and
mitigation, as in the case of the partial flooding of the Blayais nuclear power plant site
in the Gironde region during the storm that hit France in late December 1999.

In France, these changes are applied to reactors either directly following events,
occurring in France or other countries, that are considered as having a significant
impact on safety, or during periodic reviews (held every ten years), a practice adopted
in France in the 1980s.

Instead of offering a snapshot of the nuclear safety approaches and analyt-
ical methods currently applied to these facilities, which have benefited from various
changes, a more historical approach has been chosen to provide a better understanding
of these developments. The choice of a historical approach also partially determined
the arrangement of certain chapters.

The first part of the book presents relatively general fundamental information and
concepts that are not specific to pressurized water reactors: the effects of ionizing
radiation and the radiological protection system, the organizations involved in nuclear
safety in France and their roles, the evolution of regulations, the increasing role of civil
society and the international context — two areas that have undergone particularly
significant development since the 1990s — and the importance of human and organ-
izational factors for achieving a high level of reliability in nuclear facilities and their
operations, which represent complex sociotechnical systems, especially with regard to
nuclear power reactors.

Subsequent sections, covering design, operation, lessons learned from the three
major accidents mentioned above, and emergency preparedness and response, are
much more focused on pressurized water reactors, primarily those in the French nuclear
power plant fleet, as well as the same type of reactors operated in other countries
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which have experienced anomalies or events that have provided beneficial operating
feedback for the French nuclear power plant fleet.

Finally, information concerning the contributions of research and development in
nuclear safety, as well as simulation software, are included in the last part of the book.

This book demonstrates France's determination to constantly seek improvement in
the field of nuclear safety. The historical approach chosen here shows how improve-
ment comes about through questioning and pragmatism. Change is reaching beyond the
purely national scene, moving towards European, and even worldwide harmonization
of safety-related practices to achieve significant improvements in safety. Such is the
challenge of the ‘new generation’ European Pressurized water Reactor (EPR) devel-
oped by French and German power utilities in conjunction with manufacturers in both
countries, and commissioning of the Unit 3 at the Flamanville nuclear power plant in
France, along with new concepts developed to address certain safety issues, leading to
more innovative technical solutions. The need to include core-melt situations in the
design requirements for new reactors was one of the major milestones set to achieve
an overall improvement in nuclear power reactor safety — adopted in the 1990s in the
strategic options taken by France and Germany for the EPR.

After the accident at the Chernobyl nuclear power plant in 1986, an international
organization (the International Nuclear Safety Advisory Group) introduced the concept
of 'safety culture’; may this book contribute to its advancement.

| would particularly like to thank Jean Couturier, coordinator and senior editor,
as well as the many specialists who made valuable contributions to this important
compendium, which took almost seven years to prepare and finalize.

Jean-Christophe Niel
IRSN Director General
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Foreword

This publication on pressurized water reactors, with a particular focus on the
specific characteristics and aspects of nuclear safety and radiological protection, was
written essentially by experts of the French Institute for Radiological Protection and
Nuclear Safety (IRSN).

Jean Couturier was responsible for the general design and coordination of the
project. He contributed significantly to writing the book, including entire chapters,
while ensuring harmonization and overall consistency. For many topics, parts of
Jacques Libmann’s book published in 1996 have been included as such for their histor-
ical and educational value.

Daniel Quéniart closely reviewed chapters in their draft version at various stages as
the book advanced, providing valuable insight and advice — particularly on issues rele-
vant to the history of nuclear safety.

Emmanuel Wattelle supported coordination of the book’s draft version for IRSN’s
Nuclear Safety Division and contributed to editing and finalizing certain chapters.
Stéphanie Graff provided support for finalizing the parts of the book on fuel and acci-
dent studies.

Contributors are quoted in full on pages XXXVII-XLII, chapter by chapter.

Marc Vincke and Pieter de Gelder of Bel V, the Belgian technical safety organization,
wrote the section on lessons learned in Belgium from the Fukushima Daiichi nuclear
power plant accident.

The relatively brief sections on pressure equipment regulations relevant to the
nuclear field have taken into account sound advice and insight from the French
Nuclear Safety Authority (ASN), in particular from Simon Liu of the Nuclear Pressure
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Equipment Department (ASN/DEP) and Rémy Catteau of the Nuclear Power Plant
Department (ASN/DPN).

Bertrand de Buchére de I'Epinois and Michel Nédélec, members of the Advisory
Committee for Reactors (GPR), contributed respectively to the sections on the World
Association of Nuclear Operators (WANO) and the concepts of conservatism and
safety margins.

This book assumes that readers have prior knowledge of the basic aspects of pres-
surized water reactor operation’; nevertheless, certain notions have been reviewed,
particularly with regard to reactor core physics.

Special attention has been given to acknowledging external sources of infor-
mation, including illustrations. In this respect, special mention is given to Electricité
de France (EDF) for works such as Mémento sireté nucléaire en exploitation (2016) and
Jean-Pierre Hutin, La maintenance des centrales nucléaires (2016); monographs from
the Nuclear Energy Directorate of the French Alternative Energies and Atomic Energy
Commission (CEA); official French texts (including regulations); documents avail-
able on the websites of Framatome and Orano; publications from the International
Atomic Energy Agency (IAEA) and the Nuclear Energy Agency of the Organisation for
Economic Co-operation and Development (OECD/NEA), papers delivered at confer-
ences and many others.

Odile Lefévre contributed to book’s reviewing and prepared the work for publication
and Georges Goué performed illustrations.

Translation into English was provided by Provence Traduction, with special thanks
to Deborah Wirick.

1. The reader may consult, for example, La chaudiére des réacteurs a eau sous pression (PWR
Nuclear Steam Supply Systems), by P. Coppolani, N. Hassenboehler, J. Joseph, J.-F. Petetrot, J.-P.
Py, J.-S. Zampa, INSTN/EDP Sciences, 2004; the book Physique, fonctionnement et sdreté des
REP — Maitrise des situations accidentelles du systéme réacteur (Physics, Operation and Safety of
PWRs — Controlling Reactor System Accident Situations), by B. Tarride, INSTN/EDP Sciences, Collec-
tion Génie atomique, 2013; or Chapter 2, Design and Operation of a Pressurized Water Reactor in
the book Nuclear Power Reactor Core Melt Accidents. Current State of Knowledge by D. Jacque-
main et al. in IRSN's Science and Technology Series, IRSN/EDP Sciences, 2013.
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Introduction

Nuclear facilities carry specific risks since, by definition, they all contain more
or less significant amounts of radioactive substances. These substances may cause
workers or the public to be exposed to ionizing radiation and its effects and could have
a radiological impact on the environment. Nuclear facilities that generate electrical
power naturally come under this category.

Other energy sources also present risks, but the purpose of this book is not to
make comparisons. The focus will be limited to presenting the objectives, concepts and
principles used to achieve a satisfactory level of safety in nuclear power reactors, and
explaining how they are applied when designing and operating these reactors.

Safety is the result of a set of technical and organizational measures taken at all
stages in the ‘lifetime’ of a facility to ensure that its operation and its very existence
present risks that are low enough to be considered acceptable for the workers and staff
directly involved, the general public and the environment. The concept of ‘acceptable
risk’ does not refer to defined and absolute criteria. It is the result of socio-political
choices that evolve over time and may differ from one country to another depending
on the local economic situation. While the role of technicians in this field is to make
proposals, final decisions depend on a political assessment that includes other aspects.

Very schematically (the radiation protection principles will provide a more precise
framework for these objectives), it is thus a matter of simultaneously:

— ensuring normal facility operating conditions that do not expose workers to
excessive radiation nor the release of significant radioactivity by any effluents;

— preventing incidents and accidents;

— limiting the impact on workers, the public and the environment of any incidents
and accidents that may occur nonetheless.
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This is accomplished by taking appropriate measures in the design, construction,
operation and decommissioning of facilities.

For a given type of facility, the process begins by identifying the type of potential
risks involved and their magnitude. The means required to ensure safety can only be
defined and analysed after this preliminary step has been completed.

France has been involved in building and operating nuclear facilities since the middle
of the last century, beginning with small prototype or research reactors as early as the
1950s, followed in the 1960s by power-generating gas-cooled reactors (GCRs), which
use natural uranium as fuel and are cooled and neutron-moderated using graphite,
and finally, since the 1970s, by 58 pressurized water reactors, first under licence from
Westinghouse and later designed by Framatome. The GCRs were all shut down before
2000. Many of the pressurized water reactors in service, however, are now old; the
900 MWe reactors have been in operation for 40 years, the designed lifetime initially
planned for certain equipment items.

To gain a clear focus on the purpose of nuclear safety, the biological effects of
ionizing radiation and the fundamental principles of the radiological protection system
are briefly presented in the first chapter. The reader will then be able to appreciate the
magnitude of the consequences of the phenomena under consideration and the serious
accidents that occurred at the following nuclear power plants: Three Mile Island in
1979, Chernobyl in 1986 and Fukushima Daiichi in 2011.

Likewise, regulations define how responsibility is shared to ensure safe nuclear
practices and to continuously improve nuclear safety. Remaining in a perspective that
is more technical than administrative, the second chapter presents the principles of
management and relations between the organizations ultimately contributing to
safety: facility operators, who are primarily responsible for the safety of their nuclear
facilities, safety authorities, technical safety organizations and advisory committees,
as well as civil society, whose involvement has increased considerably since the 1970s.

The second part, devoted to taking safety into account in the reactor design phase,
first reviews the development of reactors based on the fission of uranium-235 and
explains some of the fundamentals of physics applied in pressurized water reactors.
This is followed by a description of the general objectives, principles and concepts
applicable to PWR design, such as the fundamental safety functions, confine-
ment barriers, the defence-in-depth concept and the deterministic and probabilistic
approaches to safety analysis. On all these subjects, more stringent objectives and
requirements have been adopted over time as a result of in-depth discussions (some-
times in a European framework) between operators, designers and safety organizations
to take into account lessons learned from serious incidents and accidents, especially
those at Three Mile Island, Chernobyl and Fukushima Daiichi nuclear power plants, as
well as the flooding of the Blayais nuclear power plant in late December 1999. In the
1990s, taking into account the possibility of core-melt situations in the design phase
of nuclear power reactors was one of the major issues in the overall improvement of
safety in ‘next generation’ nuclear power reactors such as the European Pressurized
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water Reactor (EPR). At the same time, the design methods and rules applied to study
postulated events using the deterministic approach (loss?-of-coolant accidents, reac-
tivity insertion accidents, external hazards, etc.) have been refined, particularly in light
of knowledge gained through international research.

The third part deals with some of the most important aspects of ‘operational
safety’ in nuclear power reactors: startup tests carried out before reactors are actu-
ally commissioned; feedback from events that occurred during operation, illustrated
by a few examples that have provided substantial knowledge; equipment maintenance;
and in-service inspections, with some of the most significant anomalies discovered and
how they were handled. In this respect, old anomalies or events that affected nuclear
power reactors in France during their initial years of operation (and other reactors
abroad) have not been omitted due to their educational value, since the recurrence of
similar events in one form or another cannot be categorically ruled out. Conversely,
recent events or events still under discussion between the operator, the French Nuclear
Safety Authority (ASN) and IRSN are deliberately not covered in this book.

With regard to in-service inspections, an entire chapter has been devoted to
this topic. The various programmes implemented are the focal point of discussions
between Electricité de France (EDF) and safety organizations, as the corporation fore-
casts extension of the operating lifetime of reactors beyond the 40 years adopted in
the design stage. These programmes must provide sufficient assurance that there is
adequate management of the ageing® of components, particularly those that are diffi-
cult or impossible to replace (especially reactor vessels).

The fourth part of the book covers the accidents that occurred at the Three Mile
Island, Chernobyl and Fukushima Daiichi nuclear power plants, their consequences
(including health issues) and the lessons learned. In brief, these accidents have led to
a certain number of concrete measures (involving both equipment systems and organ-
ization) aimed at improving the prevention of various situations, including core melt
(due, for example, to excessive reactivity insertion, a subject that prompted partic-
ularly detailed investigation following the Chernobyl accident), situations involving
loss of containment, early or significant release of radioactive substances into the
environment, while also taking into account the possibility of external events (earth-
quake, flooding, etc.) that are more severe than those considered during facility design
(or facility safety reassessment). Adopted in France following the Fukushima Daiichi
nuclear power plant accident, the concept of a ‘hardened safety core’ capable of with-
standing this type of hazard is explained, with implementation illustrated for reactors
in the French nuclear power plant fleet. Measures taken in other countries (Belgium
and USA) are also described.

2. Inthe field of nuclear safety, the term ‘loss’ is widely used. It corresponds to a state of unavailability
or failure, such as the loss of reactor coolant in the case of a pipe break in the reactor coolant
system or the loss of off-site power supplies in the case of failure or unavailability of the power
distribution and supply grid of a nuclear power plant, for example.

3. This term refers to the various processes that alter the state of equipment over time, some of which
will be discussed further on, particularly in Chapter 27.
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Finally, the measures taken by both public authorities and the operator, EDF, in
terms of preparing for and responding to (radiological) emergencies are presented.

The fifth and last part of the book reviews some of the most remarkable contri-
butions of studies and research and development work on reactor safety in French
nuclear power plants. The last chapter also presents some of the very many simula-
tion software programs used for safety analyses, preparation of experiments or use of
experiment results. Additional information can of course be found in scientific works
from Areva NP or Framatome, the French Alternative Energies and Atomic Energy
Commission (CEA) and EDF.

Three chapters cover human and organizational factors, a subject that was briefly
addressed in various fields in Elements of Nuclear Safety (1996). Operating experi-
ence feedback, which has led to numerous studies and the development of various
approaches in this area, has also earned its place in this book.

Finally, it should be noted that, unless indicated otherwise, the information
presented in this book corresponds to the state of knowledge as at late 2019.
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Part 1

General Background







Chapter 1

Biological and Health Effects
of lonizing Radiation -
The Radiological Protection System

As stated in the introduction, since nuclear facilities, especially reactors, contain
significant amounts of radioactive substances, it is appropriate to review certain
notions on radioactivity, as well as available knowledge on the biological and health
effects of radioactivity. These notions are the basis for achieving an overall assessment
of the possible radiological consequences of normal or abnormal situations and for
establishing the basic principles of radiation protection.

This chapter, intended as an overview, is based in particular on recommendations
from the International Commission on Radiological Protection (ICRP), more specifically
ICRP Publication 103, and also presents the radiological effects covered in the book
Radioactive Fallout from the Chernobyl Accident Measured in France*.

4. P.Renaud, D. Champion, J. Brenot, Les retombées radioactives de l’accident de Tchernobyl sur le terri-
toire francais — Conséquences environnementales et exposition des personnes (Radioactive Fallout
from the Chernobyl Accident Measured in France — Consequences on the Environment and Popula-
tion Exposure), Science and Technology Series, IRSN, Editions TEC & DOC, Lavoisier, 2007.
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1.1. Biological and health effects of ionizing radiation

1.1.1. Biological processes

lonization of an atom, which occurs when a peripheral electron is torn away by
a particle or radiation, modifies the atom, at least transiently, and can sometimes
damage the cell containing it. If this cellular damage is not properly repaired, it can
prevent the cell from surviving or reproducing or, more rarely, result in a viable but
altered cell.

A cell with damaged DNA°® (a gene mutation) that has not been eliminated can,
after a fairly long period, lead to cancer. Epidemiological studies show that the prob-
ability of cancer occurrence is a function of the dose received. The severity of the
cancer, however, is independent of the dose. This is known as a ‘stochastic’, or random,
effect, where the relationship between cause and effect is probabilistic.

If mutations affect germinal cells, there is a risk of hereditary or genetic effects
that are also probabilistic. These effects, observed in animals, have never been demon-
strated in humans.

If enough cells are destroyed, there will be observable damage appearing as a loss
of tissue function. Above a certain level of exposure, called a threshold, the damage
will be obvious and its severity will increase as the dose increases. This type of effect is
described as deterministic or certain or, more simply, a tissue reaction.

As can be seen, the consequences of radiation exposure are not easy to assess.
They can be expressed in terms of the probability of death, which may not occur until
decades later, or in terms of certainty of a functional effect or death, if the dose is high
enough.

#FOCUS
The different types of ionizing radiation

There are many types of radiation (commonly called ‘rays’), that are visible or
invisible, but most (radio, mobile phones, microwaves) are not ionizing.

Radiation is an emission of energy or a beam of particles. Certain types of
radiation (neutrons, X rays, alpha (a), beta (f) and gamma (y) rays) are called
ionizing radiation because they carry enough energy to transform the atoms they
pass through into ions (an atom that has lost or gained one or more electrons).
Neutrons can also be absorbed by atomic nuclei. This can make matter unstable.

5. Deoxyribonucleic acid: biological macromolecule present in all cells as well as in many viruses. DNA
contains all the genetic information, known as the genome, necessary for the development, func-
tioning and reproduction of living organisms.
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An atom — unstable by nature or after contact with radiation — will try to stabilize
itself by emitting different types of radiation:

— Dby losing protons and neutrons: two protons and two neutrons (helium
nucleus) will form o radiation;

— by transforming a neutron into a proton or vice versa: beta minus - or beta
plus B* radiation;

— by emitting photons (particles that make up light): X rays and y rays;
— by emitting monoenergetic electrons (internal conversion®);

or undergo a nuclear fission reaction, leading to the formation of lighter atoms
and the emission of neutrons.

Radiation has different effects on the body depending on the type of radiation
and the received dose. The energy is not the same for all types of radiation, so the
means of protection are different. For example, one sheet of paper is enough to
stop alpha radiation, but one metre of concrete or lead is needed to stop gamma
radiation (Figure 1.1).

o.particles
& —

[3 particles

(9

X rays,
Y radiation

WW

Neutrons

Sheet of paper Aluminium sheet Thick concrete

Figure 1.1. Effectiveness of various types of protection against different forms of ionizing
radiation. Georges Goué¢/IRSN.

In nuclear power plants, alpha emitters, which create even greater cellular
and molecular damage, pose specific problems in terms of radiation protection
for workers (risk of internal contamination) and release to the environment (the
concentration of alpha emitters in liquid and gaseous effluents must remain below

6. See work by Auger, Coster and Kronig.
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detection limits, which are set, for each plant, in a decision by ASN, the French
Nuclear Safety Authority). If an alpha emitter is found in a contaminated organ or
tissue, damage will be significant because the energy deposited locally is very high.

1.1.2. Review of units of measure

The current unit of radioactivity is the becquerel (Bq), equal to 1 decay per second.
It is a very small unit and very often prefixes are used to express multiples of magni-
tude: mega (M) = 108, giga (G) = 10°, tera (T) = 10%, peta (P) = 10" or exa (E) = 10®.

A former unit of measure was the curie (Ci), equal to 37 x 10° decays per second
or becquerels. It was historically defined as the activity of one gram of radium-226.
As this unit is relatively large, prefixes were used to express reduced magnitude:
micro (p) = 107, nano (n) = 10~ and pico (p) = 1072

1 Ci =37 x 10° Bq or 37 GBg; 1Bq =27 x 1072 Ci or 27 pCi.
Two units express the interaction between radiation and the human body.

The gray (Gy) expresses the energy deposited in matter by a particle or by radi-
ation; 1 gray = 1 joule (J)/kilogram (kg) of matter. This is the unit used to measure
absorbed dose. The former unit was the rad (1 Gy = 100 rad).

The smaller the distance travelled by the particle when it deposits its energy, the
greater will be the potential harmfulness of the absorbed dose. This is known as linear
energy transfer (LET) and is expressed in joule/m (or keV/pm). A ‘radiation weighting
factor’ is introduced to determine, for each type of radiation, an ‘equivalent dose’ to
qualify its impact in terms relevant to a reference radiation, X rays or gamma radia-
tion. By convention, the weighting factor is 1 for electrons, X rays and gamma rays. It
is 20 for alpha particles and heavy nuclei, and varies from 2.5 to 20 for neutrons, which
can reach a maximum energy of the order of one megaelectron volt (MeV).

The sievert (Sv) is the unit of equivalent dose. One sievert is equal to 1 J/kg. The
former unit was the rem (1 Sv = 100 rem).

With regard to the different possible effects, each type of tissue and organ has
a specific sensitivity to the risk of cancer. For every 100 fatal cancers observed after
external whole-body irradiation, there are about 12 lung cancers, four thyroid cancers
and one skin cancer, for example, and one does not exclude the other. A ‘tissue
weighting factor’ is thus introduced to convert the equivalent dose to an ‘effective
dose’ (also in Sv) averaged over the whole body. The weighting factor for gonads
(ovaries and testes) takes into account the risk of hereditary effects.

In the case of internal contamination, irradiation continues as long as the radio-
nuclide has not been eliminated. It can be eliminated through its own radioactive
decay or by excretion. In ten days, half of any tritium ingested is eliminated, whereas
it takes about 100 days for caesium. In such a case, the ‘committed dose’ resulting
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from contamination is calculated over the next 50 years for workers and up to
70 years for members of the public. By regulation, this dose is ‘credited’ at the time of
contamination.

Both effective and committed doses are expressed in sieverts.

In the remainder of this chapter, the term ‘dose’ generally refers to the ‘effective
dose’.

The relationship between one becquerel and the resulting number of grays or
sieverts therefore depends on the energy of the particle or radiation and the mode
of interaction with the tissues involved and, for internal contamination, the retention
time of the radionuclide in the body.

1.1.3. Natural radioactivity

Humanity has always been exposed to a wide spectrum of naturally occurring
ionizing radiation. Exposure is due to cosmic radiation, telluric radiation (mainly
gamma radiation from potassium-40 and radium-228 and 226), radioactive substances
naturally present in the human body from food and water (mainly lead-210, carbon-14
and potassium-40), and inhalation (mainly radon-222).

The annual dose from these natural sources, averaged over the entire population of
the world, is between 2 and 3 millisieverts (mSv). Under average exposure conditions,
cosmic rays, gamma rays from the ground and ingested substances each contribute
approximately 0.3 to 0.4 mSv. The proportion due to radon inhalation is significantly
higher, up to 1.3 mSv on average. It varies greatly from place to place and depends, in
particular, on soil composition, dwellings and living conditions.

These values cover wide variations and higher local doses can be observed in
various locations. Doses from cosmic rays can be up to five times greater in inhabited
areas at high altitude. At specific locations, there are annual doses due to terrestrial
gamma radiation that can reach up to 100 mSv. The highest annual doses are due to
radon, which can approach 1 Sv in extreme cases that have concentrations of several
tens of thousands of Bq/m?>.

In France, the average dose received by an individual is within the range of the
world average, about 3 mSv/year, due to radon, cosmic and terrestrial radiation and
food, but can vary from approximately 1 to 15 mSv/year. Worldwide, the gap may be
even greater.

Health risks due to exposure to natural radioactivity have been identified for expo-
sure to radon at concentrations of about 200 Bg/m? in dwellings, but this does not
mean that there are no risks at lower exposures.

In addition to natural radioactivity, the medical use of radiation for diagnostic
purposes in developed countries adds an average individual dose of about 1 mSv per
year (3 mSv in the USA and 0.6 mSv for the world average). Voluntary therapeutic
exposure, which is generally much higher, is not included in this count.
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1.1.4. Health effects

The best sources of information on the effects of ionizing radiation are provided
by direct observation of its effect on humans. The Japanese epidemiological Life Span
Study (LSS) on the survivors of the Hiroshima and Nagasaki bombings is of particular
importance, but it is not the only one. Other epidemiological studies are also used,
focused on patients exposed to radiation for medical treatment or diagnosis and on
certain groups of workers exposed to radiation due to their occupation or during severe
accidents, involving either nuclear facilities or sources for medical or industrial use.

Biological research on micro-organisms, in vitro cultured cells and animals also
provides a great deal of additional information on damage mechanisms and dose-
effect relationships.

UNSCEAR, the United Nations Scientific Committee on the Effects of Atomic Radi-
ation, keeps a watch on knowledge of the effects of ionizing radiation based on scien-
tifically recognized publications that contribute to understanding the phenomena and
help establish a relationship between dose and effect, when possible.

Based on this knowledge, ICRP recommends a general ‘radiological protection
system’ and provides detailed updates to the above-mentioned weighting factors
required in the system.

ICRP Publication 103 (2007) is the most recent work of a general nature. It proposes
a new approach to radiological protection, presented at the end of this chapter, and
provides an overview of weighting factors. These factors are reviewed regularly to take
into account the evolution of scientific knowledge.

1.1.4.1. Deterministic effects, tissue reactions

Deterministic effects are due to the destruction of a significant proportion of cells
in a tissue or organ. For these effects to become observable, the rate of cell destruc-
tion must be sufficient to exceed the repair capacity of the tissue or organ. ICRP
Publication 1187 (2012) introduces the expression ‘tissue reaction’ to describe these
phenomena.

The extent of these effects increases with the absorbed dose.

For most human organs, the threshold at which significant deterministic effects
occur is greater than or equal to 1 Gy, but some effects may occur at 100 mGy. The
sensitivity of each individual can also change the threshold level.

Note that at these levels, it is directly the absorbed energy that counts, i.e. just the
number of grays, without applying any weighting factors.

Experience provides the following orders of magnitude for whole-body exposure:

7. ICRP Statement on Tissue Reactions and Early and Late Effects of Radiation in Normal Tissues and
Organs — Threshold Doses for Tissue Reactions in a Radiation Protection Context, ICRP Publica-
tion 118, Ann. ICRP 41(1/2), 2012.


https://www.unscear.org/unscear/en/index.html
https://www.unscear.org/unscear/en/index.html
https://www.unscear.org/unscear/en/index.html
https://www.icrp.org/
https://www.icrp.org/publication.asp?id=ICRP Publication 103
https://journals.sagepub.com/doi/pdf/10.1177/ANIB_41_1-2
https://journals.sagepub.com/doi/pdf/10.1177/ANIB_41_1-2
http://www.icrp.org/publication.asp?id=ICRP Publication 118
http://www.icrp.org/publication.asp?id=ICRP Publication 118
https://journals.sagepub.com/doi/pdf/10.1177/ANIB_41_1-2
https://journals.sagepub.com/doi/pdf/10.1177/ANIB_41_1-2
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— above 0.1 Gy, temporary male sterility, temporary degradation of the blood
count;

— above 1 Gy, faintness, nausea, great fatigue, immunosuppressive effect with risk
of infection;

— above 2 Gy, skin erythema, loss of hair and body hair, significant degradation
of the blood count, death in about 5% of the people concerned within a few
months;

— from 3.3 to 4.5 Gy, the mortality rate is 50%;

— above 5 Qy, radiological burns of increasing severity;

— about 6 Gy, gastrointestinal damage with risk of internal bleeding;

— for 8 Gy, lung damage with a mortality rate of around 95% in a few weeks;
— from 15 to 20 Gy, coma, brain death, rapid death.

Erythema and skin burns can occur even with local exposure, as observed on early
radiologists.

The threshold of occurrence for cataracts has recently been reassessed. ICRP Publi-
cation 118 (2012) now retains the value of 0.5 Gy, which is ten times less than the
value previously retained for either single or fractionated exposure.

1.1.4.2. Stochastic or random effects

Stochastic (probabilistic or random) effects occur in cells where the DNA has
been damaged due to interaction with ionizing radiation and has not recovered well,
resulting in gene mutation.

These situations most often lead to cancers where the severity is unrelated to the
level of exposure.

These cancers occur more frequently in a group that has been exposed than in a
group that has not. Within the group of people exposed, the difference in the occur-
rence of cancer increases as the difference between doses rises. Nevertheless, it is
currently impossible to distinguish a radiation-induced cancer from a cancer related
to another risk factor or to predict who in the exposed group will develop the disease.

Epidemiological and experimental studies prove that the risk of developing a cancer
exists for doses of 100 mSv and even lower. As will be seen in Section 1.1.5, the number
of deaths from spontaneous cancers and the relative variability of this number from
one year to the next imply that epidemiology cannot be used to determine whether or
not this risk exists for significantly lower doses.

Knowledge of basic cellular processes, coupled with data on dose-effect relation-
ships, supports the view that in the low dose range, below approximately 100 mSy, it is
scientifically plausible that the incidence of carcinogenic effects may increase linearly
with the dose received.


https://journals.sagepub.com/doi/pdf/10.1177/ANIB_41_1-2
https://journals.sagepub.com/doi/pdf/10.1177/ANIB_41_1-2
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ICRP retains that, given current knowledge, with a view to protection and regu-
lation, therefore in a prudent approach, it is advisable to retain a linear relationship
without a threshold between dose and stochastic effects. The dose-effect model
adopted is known as the Linear No-Threshold (LNT) model and applies to cancers and
hereditary diseases.

‘Nominal risk coefficients’ express the lifetime excess absolute risk® for a group of
100 people receiving a dose of 1 Sv. They have been reassessed since the previous ICRP
publication in 1990 (ICRP Publication 60); the decrease is slight for cancers and signifi-
cant for hereditary effects (Table 1.1). As there are no clearly demonstrated hereditary
effects on humans, estimates are based on animal experimentation. The very broad
spectrum of severity of genetic disorders makes it difficult to define a coefficient of
proportionality; for impairments considered as ‘severe’, ICRP Publication 103 applies a
coefficient of 0.2% per sievert for the entire population.

Table 1.1. Nominal risk coefficients in 10-?/Sv at low dose rates.

Cancer Hereditary effects Total
Exposed
population ICRP 60 ICRP 103 ICRP 60 ICRP 103 ICRP 60 ICRP 103
(1990) (2007) (1990) (2007) (1990) (2007)
Whole group 6.0 5.5 13 0.2 7.3 5.7
Adults 4.8 4.1 0.8 0.1 5.6 4.2

This model provides a prudent basis for the practical needs of preventive radia-
tion protection. The presence of decimals is not important and ICRP suggests using an
overall factor of 5%/Sv. Nonetheless, ICRP considers that it would be inappropriate
to use this factor to calculate a hypothetical number of cancer cases or hereditary
diseases that could be associated with very low doses received by a large number of
people over very long time periods, for example as the result of an accident.

Radiation-induced cancers occur after a fairly long latency period and deaths occur
beginning about five years after exposure and then continue over several decades,
particularly for ‘solid’ cancers. Studies conducted on Japanese survivors of the atomic
bombings at Hiroshima and Nagasaki showed that, at the beginning of systematic
studies, five years after the explosions, the peak of mortality from leukaemia ('liquid’
cancer) had already been passed.

The ‘epidemic’ of thyroid cancers in children living in the areas near Chernobyl
most affected by plumes and deposits resulting from the accident showed that similar
time periods also apply to the occurrence of this type of cancer. It will be seen in
Chapter 34 on the Chernobyl accident that, although these cancers are numerous, the
number of deaths caused by them can nonetheless be considered low.

8. In epidemiology, absolute risk is an indicator of the frequency of a pathology or health event in a
given population. An absolute risk is often expressed as the number of cases per 10,000 people. This
is usually referred to as prevalence (total number of cases) or incidence rate (number of new cases).


https://www.icrp.org/
https://www.icrp.org/
https://www.icrp.org/publication.asp?id=ICRP Publication 60
https://www.icrp.org/publication.asp?id=ICRP Publication 103
https://www.icrp.org/publication.asp?id=ICRP Publication 60
https://www.icrp.org/publication.asp?id=ICRP Publication 103
https://www.icrp.org/publication.asp?id=ICRP Publication 60
https://www.icrp.org/publication.asp?id=ICRP Publication 103
https://www.icrp.org/publication.asp?id=ICRP Publication 60
https://www.icrp.org/publication.asp?id=ICRP Publication 103
https://www.icrp.org/
https://www.icrp.org/
https://www.irsn.fr/EN/publications/thematic-safety/chernobyl/Pages/overview.aspx
https://www.irsn.fr/EN/publications/thematic-safety/chernobyl/Pages/overview.aspx
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1.1.4.3. Induction of diseases other than cancer

In-utero exposure can affect the fetus. After the first weeks of pregnancy and
particularly during the last trimester, a dose of more than 0.1 Gy received by the fetus
can hinder its development and can affect the child’s IQ.

ICRP Publication 118 reviews the effects of radiation on various tissues and organs
of the human body in the short, medium and long term. It covers the immune, haema-
topoietic (blood cell production system), digestive, reproductive, respiratory, urinary,
muscular, skeletal, nervous and cardiovascular systems, as well as the skin and eyes.

Adding the cardiovascular system to this list is a significant new development, and
recognizes that serious disorders of this system can occur in the medium to long term
following radiation exposure. It involves a tissue reaction and the adopted threshold is
0.5 Qy, for either single or fractionated exposure. The question has been asked since
the 1990s, but recent review studies (including those by Mark P. Little et al. 2008, 2010
and Ozasa et al.®, 2012) have contributed to this conclusion, which is well documented
in the scientific literature.

Another significant development involves the threshold of eye exposure that could
cause cataracts, which has been reduced by a factor of 10. The reference value is now
0.5 Gy.

After a systematic review and meta-analysis of the available data, Mark P. Little
and 37 other specialists'° suggest that non-cancerous pathologies caused by exposure
to ionizing radiation could result in as many premature deaths as cancers.

The latter estimates are not included in ICRP Publication 118.

1.1.5. Example of the limitations of epidemiology

It is possible to illustrate the limits of epidemiology using French data on popula-
tions and their mortality, particularly death from cancer.

From 1979 to 2010, France’'s population rose fairly steadily from 53,482,000
to 62,765,000" (see Figure 1.2). At the same time, the number of deaths per year
decreased from 540,000 to 530,000, but with large annual variations, marking the
increase in life expectancy.

9. Ozasa et al,, Studies of the Mortality of Atomic Bomb Survivors, Report 14, 1950-2003: An Over-
view of Cancer and Noncancer Diseases, Radiation Research, 177(3):229-243, 2012.

10. M. P. Little et al., Systematic Review and Meta-analysis of Circulatory Disease from Exposure to
Low-Level lonizing Radiation and Estimates of Potential Population Mortality Risks, Environmental
Health Perspectives, 120:11, November 2012.

11. INSEE data rounded to the nearest thousand.

12. INSERM, Causes médicales des décés (Medical Causes of Death), https://www.cepidc.inserm.fr/.


https://journals.sagepub.com/doi/pdf/10.1177/ANIB_41_1-2
https://journals.sagepub.com/doi/pdf/10.1177/ANIB_41_1-2
https://bioone.org/journals/radiation-research/volume-177/issue-3/RR2629.1/Studies-of-the-Mortality-of-Atomic-Bomb-Survivors-Report-14/10.1667/RR2629.1.full
https://bioone.org/journals/radiation-research/volume-177/issue-3/RR2629.1/Studies-of-the-Mortality-of-Atomic-Bomb-Survivors-Report-14/10.1667/RR2629.1.full
https://ehp.niehs.nih.gov/doi/pdf/10.1289/ehp.1204982
https://ehp.niehs.nih.gov/doi/pdf/10.1289/ehp.1204982
https://www.insee.fr/en/accueil
https://www.inserm.fr/en
https://www.cepidc.inserm.fr/
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Figure 1.2. Population of mainland France and annual mortality. IRSN.

The website of the French National Institute of Health and Medical Research
(INSERM) indicates the number of deaths by cause, age and gender, making it possible
to track the number and rate of deaths due to cancer (International Classification of
Diseases, ICD 10, codes C00 to C97).

Cancer is the cause of one-third of deaths, more for men than women, with the
number of deaths for men relatively stable since 1995 (see Figure 1.3). Despite these
high figures, annual fluctuations exceed +1%.
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Figure 1.3. Annual number of cancer deaths in mainland France. IRSN.

Exposure of 600,000 people, i.e. 1% of the population, to a dose of 10 mSv could
cause up to 300 additional deaths by cancer, some of which would take place after
a few years, with most others occurring 20 to 50 years later, while ‘spontaneous’
cancers would result in about 16,000 deaths. It would not be possible to distinguish
the additional rise in cancer caused by exposure.

For rare spontaneous cancers such as thyroid cancer in children, the detection
threshold may be lower, but it would not be possible to distinguish radiation-induced
cancers from others.


https://www.irsn.fr/EN/Pages/home.aspx
https://www.inserm.fr/en
https://www.inserm.fr/en
https://www.irsn.fr/EN/Pages/home.aspx
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1.2. Radiological protection system

The numerous cases of leukaemia observed among radiologists starting in the
late 1920s — which lasted until the 1950s — gave rise to a collective awareness of
the effects of ionizing radiation. At the Second International Congress of Radiology in
Stockholm held in 1928, it was decided to create the International X-ray and Radium
Protection Committee, which in 1950 became the International Commission on Radio-
logical Protection (ICRP).

The ICRP created the ‘radiological protection system’ (see Figure 1.4). The main
purpose of this system is to contribute to an appropriate level of protection for people
and the environment against the harmful effects of exposure to ionizing radiation,
without unduly limiting useful human activities that could lead to such exposure. With
regard to human health, the aim is to control exposure to ionizing radiation in order
to prevent deterministic effects and reduce stochastic effects, keeping them within
reasonable limits.

To achieve this, ICRP Publication 103 (2007) recommends a workable and struc-
tured approach with three types of exposure situations, three exposure categories and
appropriate application of three radiation protection principles.

INTERNATIONAL
SCIENTIFIC STUDIES
A scientific consensus is
established at the
international level based
on studies carried out
in different countries

GENERAL PRINCIPLES,
DOCTRINE

Based on scientific, economic
and social considerations,
the International Commission
on Radiological Protection
(ICRP) proposes a
method for
managing
radiological risk

NEA, IRPA, FAQ, ILO,
PAHO, WHO, ICRU,
IS0, IEC

NATIONAL LAWS

National regulations aim

to protect workers, the public
and patients exposed

to ionizing

N radiation

PRE-REGULATORY STANDARDS
International governmental agencies
(IAEA and Euratom) establish
standards for States, which are more
or less legally binding

Hervé Bouilly - Source : IRSN

Figure 1.4. How radiation protection rules are defined.
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1.2.1. Types of exposure situations

Exposure situations are very diverse. In each situation, the starting point is a source
of radiation that exposes individuals to radiation via different exposure pathways. The
system of radiological protection applies to controllable sources of radiation, whether
naturally occurring or man-made. The type of source is important in choosing the
protection system, as it results in three distinct types of exposure situations.

Existing exposure situations: the source is present prior to the decision to place
it under control. This is the case for most natural sources of radiation: radon, cosmic
radiation, radiation from the ground. This is also the case for legacy radiation from
industry (contaminated sites), or the consequences of a radiological emergency, i.e. an
accident situation resulting in the release of radioactive substances.

Existing exposure situations are chronic exposure situations managed by controlling
exposure pathways rather than the source itself, which is not always easy.

Another type of situation corresponds to planned exposure situations: the delib-
erate introduction and use of a radiation source, for example to generate electricity,
treat patients or inspect a weld. The source is generally man-made, but can also be
natural. In planned exposure situations, the source is introduced deliberately. It is
therefore assumed to be controlled from the source design phase to its disposal. This
case corresponds to the various aspects of normally operating facilities using duly
authorized radioactive sources of any kind.

The last type of situation pertains to emergency exposure situations, which may
occur when there is loss of control of a radiation source used in a planned exposure
situation, or as the result of a malicious act or any other unexpected situation. It
requires urgent action in order to avoid or at least reduce undesirable consequences.

1.2.2. Exposure categories

The ICRP makes a distinction between three categories of exposure.

Medical exposure: the exposure of patients for diagnosis, surgery or therapy. Expo-
sure is intentional and directly benefits the patient. The characteristics of medical
radiological practices, especially the physician-patient relationship, require a different
approach than those applied to other planned exposure situations.

Occupational exposure: this refers to exposure to any type of radiation received
by workers in the course of their professional activity. However, because of the ubig-
uity of radiation, and to avoid having to subject all workers to a radiological protec-
tion regime, the definition of ‘occupational exposure’ is limited to radiation exposure
incurred at work that can reasonably be considered as being the responsibility of the
operating management.

Public exposure: this refers to all exposures that are neither medical nor
professional.


https://www.icrp.org/
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The types of exposure situations and exposure categories can be presented in the
form of a matrix that determines the structure of the radiological protection system.
Although the system is applied uniformly, it is implemented in a way that can adapt
to each case. Therefore, a given individual exposed to radiation as a member of the
public, as a patient or as a worker is managed in a different way, according to the type
of exposure situation.

Exposure management is based on the application of three principles: justification,
optimization and limitation.

1.2.3. Justification principle

Any decision that changes a radiation exposure situation must do more good than
harm. The justification principle, related to the ethical value of beneficence/non-
maleficence, is not specific to facilities or activities that create or use ionizing radia-
tion. The risk of exposure to ionizing radiation may be combined with other risks. Any
activity involving potential harm to humans, especially the workers involved, and their
environment must be subject to an assessment of its advantages and disadvantages.

The justification principle for radiation protection applies in all three types of expo-
sure situations.

A list of activities using radiation sources considered as justified is established and
updated at the national level™. Persons who are responsible for an activity that is not
on the list must demonstrate that their activity complies with the justification prin-
ciple. The relevant information is gathered within the framework of the authorization
procedure carried out by the public authority on the basis of the file submitted by the
applicant and consultation, if necessary, with the public.

Once the project has been justified and authorized, the facility operator is respon-
sible for complying with the commitments made in its application and for meeting any
imposed requirements.

The medical exposure of patients is defined in a specific three-step approach. In
the first step, the medical use of radiation is generally considered to be justified, given
the current state of available care techniques. The second step involves justifying a
specific medical radiological practice; this is all the more important as techniques and
equipment evolve very quickly. This aspect of the justification of medical exposure
is handled in consultation with the relevant professional organizations. Finally, justi-
fying the implementation of a medical radiological procedure on a particular patient is
essentially the responsibility of the patient’s physician.

In the case of an emergency or existing exposure situation, it is the implementation
of a protection strategy that must be justified.

13.  See the recent ICRP Publication 138, Ethical Foundations of the System of Radiological Protection,
2018.
14. In compliance with Article L.1333-9 of the French Public Health Code.
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Some exposures are considered as unjustified. This includes deliberately adding
radioactive substances to consumer products such as food, beverages, cosmetics, toys,
jewellery or personal ornaments. Any unjustified exposure is prohibited.

1.2.4. Optimization (ALARA) principle

The optimization principle in radiation protection is at the heart of the radiolog-
ical protection system. It aims to achieve the best possible level of protection given
the circumstances. It applies to all exposure situations — existing exposure situations,
planned exposure situations and emergency exposure situations — where the justifi-
cation principle has been applied. It is based on the assumption that a linear dose-
effect relationship with no threshold applies at low doses and thus reflects the desire
to remain prudent in the absence of scientific proof (the ethical value of prudence).

The optimization of protection is defined as the source-related process that ensures
that individual doses, the number of people exposed and the likelihood of unplanned
exposure remain as low as reasonably achievable ', given economic and social factors.
Any operation leading to exposure must be prepared in advance (insofar as possible in
emergency situations), by incorporating foreseeable potential hazards. Optimization
continues during and after the operation in question (based on operating experience
feedback).

The main stages consist of the following:

— assessing the exposure situation, including potential exposure - these are the
ones that could occur if the operation does not take place as planned;

— selecting an appropriate upper limit to restrict doses;

— identifying possible protection options;

— selecting the best option given the circumstances;

— implementing the chosen option;

— assessing the results;

— using lessons learned for future operations of the same type.

The optimization process is applied in a systematic, structured, continuous and
iterative manner that aims to cover all relevant aspects. It is based on methods that
combine quantitative and qualitative aspects and requires judgements.

Optimization is a state of mind that leads to systematically asking whether every-
thing that is reasonably possible has been done to reduce doses. In a professional
context, it requires a commitment from everyone involved, and at all levels. For cases
of exposure of members of the public, it requires the involvement of all stakeholders.
Optimizing protection also requires adequate procedures and resources.

15. The 'ALARA’ principle, taken from the science of risk management, was formulated for the first
time in 1977 by the ICRP in its Publication 26.
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The best option is always specific to an exposure situation. Therefore, it is not rele-
vant to set a dose level below which the optimization process should stop.

Optimizing radiological protection does not mean minimizing doses. Optimized
protection is the result of an assessment and dialogue, in which the risks of anticipated
exposure are compared with the resources available for personal protection. The best
option is not necessarily the one with the lowest doses.

Moreover, radiation protection is not only about individual exposure levels; the
number of people exposed must also be taken into account. The collective effective
dose is a key parameter in optimizing worker protection. During the optimization
process, when comparing protection options, careful consideration should be given to
the characteristics of the distribution of individual exposure levels within the exposed
population.

To ensure that exposed persons are all treated fairly, the radiological protection
system provides for restricting individual doses by setting an upper boundary in the
optimization process, which is determined on a case-by-case basis. A similar approach
can also be applied to collective doses.

In the optimization process, the upper boundary for an individual dose relative to a
given source is called the dose constraint in planned exposure situations and the refer-
ence level in other exposure situations (existing or emergency exposure situations).

P Dose constraint

A dose constraint is specific to a source. It is used when the source is under control
from the outset, the exposure routes are under control and exposure levels are largely
predictable. This is the case in planned exposure situations.

It is assumed that the dose constraint must not be exceeded. A dose constraint is
not intended, however, to become a regulatory threshold; exceeding it should raise
questions, at least within the organization responsible for the source.

The concept of dose constraint was introduced in ICRP Publication 60 in order to
avoid disparities in the distribution of individual doses.

P Reference levels

Reference levels pertain to emergency and existing exposure situations.

In these situations, it is more difficult to control exposure and the state of the
source is imposed on those responsible for radiation protection at the beginning of
the optimization process. A reference level is used as a basis for response manage-
ment, but it is primarily an indicator. Under these conditions, and given the prevailing
circumstances of exposure (unexpected situations), not all doses will necessarily be
lower than the previously set reference level, even at the end of the optimization
process, depending on the success of the strategy.


https://www.icrp.org/publication.asp?id=ICRP Publication 60
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In planning, the dose constraint and the reference level are used in the same way.
They represent the individual dose level, induced by a source, which must not be
reached or exceeded. This is therefore a dose level above which protection is unlikely
to be optimized. The value chosen depends on the circumstances of the exposure
situation under consideration. In practice, protection options that do not bring doses
below this value are, in theory, considered insufficient.

A difference in use appears retrospectively, i.e. once the optimization process
has been implemented. In the case of a planned exposure situation, the source and
exposure pathways are controlled and exposures are largely predictable, so that the
predefined dose constraint should not be exceeded, even if it does not constitute a
limit; exceeding it should logically call for investigating the causes and reporting the
lessons learned.

In emergency or existing exposure situations, however, it is more difficult to
control the situation. As mentioned above, the state of the source is imposed on those
responsible for radiation protection from the beginning of the optimization process.
Under these conditions and given the prevailing circumstances, even at the end of the
optimization process, not all doses will necessarily be lower than the predefined refer-
ence level. The tail of the distribution curve of individual doses may even show high
doses, depending on the circumstances and the behaviour of individuals. The reference
level will therefore serve as a benchmark for assessing performance retrospectively and
the optimization process will be pursued as long as possible to reduce the number of
individuals whose doses remain above the reference level.

Neither dose constraints nor reference levels represent a demarcation between
‘safe’ and ‘dangerous’. It is important to note that optimizing protection aims to reduce
exposure to a level as low as reasonably achievable regardless of the initial level of
exposure. Thus, the optimization process must be pursued even if doses are below the
dose constraint or reference level, as long as its implementation appears reasonable.

Dose constraints and reference levels are therefore primarily optimization tools.
For medical imaging procedures, the relevant tool is the ‘diagnostic reference level’,
which indicates whether, under routine conditions, the levels of patient dose are above
or below the median level for the procedure in question.

P Choosing dose constraints and reference levels

The ICRP provides guidance for choosing the value of a dose constraint or reference
level depending on the characteristics of the situation and protective actions required
(see Table 1.2).

First of all, it considers that a dose higher than a value of about 100 mSv incurred
either acutely or over a year almost always justifies the implementation of protective
actions. Consequently, it is not appropriate to choose a dose constraint or reference
level that would be higher than this value in any situation.


https://www.icrp.org/
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Table 1.2. Table from ICRP Publication 103.

Bands of
constraints Characteristics Radiological
and reference of the protection Examples
levels® exposure situation requirements
(msv)
Greater than | Individuals exposed Consideration should be | Reference level set for
20 to 1004 ¢ by sources that are not | given to reducing doses. | the highest planned
controllable, or where Increasing efforts should | residual dose from a
actions to reduce doses | be made to reduce doses | radiological emergency.
would be as they approach
disproportionately 100 mSv. Individuals
disruptive. Exposures are | should receive
usually controlled by information on radiation
action on the exposure | risk and on the actions
pathways. to reduce doses.
Assessment of individual
doses should be
undertaken.
Greater than |Individuals will usually Where possible, general | Constraints set for
1to 20 receive benefit from the | information should be occupational exposure in
exposure situation but made available to enable| planned situations.
not necessarily from the individuals to reduce Constraints set for
exposure itself. their doses. comforters and carers of
Exposures may be For planned situations, | patients treated with
controll'ed at source or, individual assessment of | radiopharmaceuticals.
.alternatlvely, by action exposure and training
in the exposure pathways_ should take place Reference level for the
place. highest planned residual
dose from radon in
dwellings.
1or less Individuals are exposed to| General information on | Constraints set for public
a source that gives them | the level of exposure exposure in planned
little or no individual should be made available | situations.
benefit but benefits to | Periodic checks should be
society in general. made on the exposure
E pathways as to the level
xposures are usually ¢
controlled by action ot exposure.
taken directly on the
source for which
radiological protection
requirements can be
planned in advance.

1

: acute or annual dose.

b : in exceptional situations, informed volunteer workers may receive doses above this band to save lives, prevent
severe radiation-induced health effects, or prevent the development of catastrophic conditions.

¢ : situations in which the dose threshold for deterministic effects in relevant organs or tissues could be exceeded
should always require action.

Table 5. Framework for source-related dose constraints and reference levels with examples of constraints for
workers and the public from single dominant sources for all exposure situations that can be controlled.


https://journals.sagepub.com/doi/pdf/10.1177/ANIB_37_2-4
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This dose of 100 mSv corresponds to a nominal increase in the probability of cancer
of 5 per 1000, based on the linear no-threshold relationship between exposure and
stochastic effects. It corresponds to the threshold at which initial tissue reactions appear
in the most sensitive individuals, reactions which are all transitory at this level. It is there-
fore not a level marking the boundary between a safe situation and a dangerous one.

Below 100 mSv, ICRP makes a distinction between three bands corresponding to
exposure situations having the same characteristics: less than 1 mSyv, 1 to 20 mSv and
20 to 100 mSv. The time period taken into account depends on the situation. It is
usually a year. For workers, the dose constraint can be defined according to the time
required to perform a specific action. The main characteristics that determine how an
exposure situation is positioned on the defined dose bands are the degree of difficulty
in controlling the source, the protective actions that the situation requires for exposed
persons (training, protective equipment, dose monitoring, etc.) and the benefit derived
from the exposure situation, whether individual or societal.

The notion of benefit gained from an exposure situation is assessed for each situa-
tion. The only case where the exposed person clearly benefits from the exposure itself
is the patient treated through radiation therapy. In all other cases, benefit is derived
from the exposure situation either by the exposed person or by society as a whole.
The benefit derived from the situation is personal in the case of a patient who receives
a diagnostic X ray or in the case of an occupationally exposed worker, for example.
It is societal in the case of industrial or medical facilities that discharge effluents,
leading to controlled exposure of part of the population. When exposed to naturally
occurring radioactivity, the benefit for exposed individuals is generally related to their
lifestyle (taking a plane, even if it exposes people to cosmic radiation; attachment to
one's region or home, even in the presence of radon; a taste for shellfish, even if they
have a higher concentration of radioactivity than other foods). In the case of radioac-
tive contamination, no one benefits from the situation, which is why compensatory
measures are taken for exposed persons, in terms of prevention (various restrictions),
protection (exclusion zone, protective actions, remediation, technical or psychological
support, etc.) and even compensation (indemnification).

For personnel operating and maintaining radioactive sources under normal condi-
tions, a dose constraint in the range of 1 to 20 mSv must be chosen for each operation.
However, the regulatory dose limits (see Section 1.2.5 below) must be observed for
each individual and for all the individual’s activities. These persons benefit from appro-
priate protection and training as well as individual dose and health monitoring.

In radiological emergencies, i.e. in more or less severe accident situations, the source
is no longer under control and it is no longer possible to seek the same level of protection.
It is only possible to act on exposure pathways and exposure time. The reference levels
that correspond to this situation may be in the highest band (20 to 100 mSv).

However, in order to remain within exposure values close to 20 mSv for members of
the public, the latter may be evacuated or subject to dietary restrictions (including leafy
vegetables, milk and its derivatives, mushrooms, game, local fish) or restricted activity.


https://www.icrp.org/
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For personnel intervening in the damaged facility, it is the equipment and interven-
tion time that will make it possible to limit exposure.

Given that urgent decisions must be made in these situations, equipment and
measuring instruments operating within the appropriate ranges must be immediately
available. This means that discussions must take place before the event to consider the
possibility of highly degraded situations and procure the necessary equipment for each
facility.

It is not the people working inside or outside the facility who will benefit from
the action, but society in general, if the action reduces release to the environment.
Response teams must therefore be fully informed of the risks involved, and freely
and explicitly express their willingness to participate. This involves professionals from
outside the facility, such as firefighters, who would be called in to take action.

1.2.5. Principle of application of dose limits

The application of dose limits also aims to ensure a degree of fairness between
exposed persons in a context where sources are controlled and exposures can be antic-
ipated. However, while the dose constraint is specific to a given source, the dose limit
applies to an individual who may be exposed to several sources. Compliance with
dose limits ensures that no tissue effects occur and avoids taking an unacceptable risk
of stochastic effects for an individual. Other than medical exposure as a patient, the
total dose to any individual from all sources authorized through a regulatory process
relevant to situations of planned exposure (foreseen during the authorization processes
as part of normal operating conditions) must not exceed the appropriate limits. In
practice, the limitation applies only to doses received with certainty in the context
of planned exposure situations.

Since these situations must be fully controlled, dose limits are intended to be
included in national regulations as levels which, if exceeded, are in violation of regu-
lations. Values have remained unchanged since the issue of ICRP Publication 60
in 1991, except for the equivalent dose limit for the lens of the eye; the new value
recommended by ICRP in 2011 for workers (20 mSv/year instead of 150 mSv/year)
was introduced in the new EURATOM Directive on Basic Safety Standards in Radiation
Protection (2013/59/EURATOM) (Table 1.3).

Table 1.3. Dose limits recommended by ICRP for planned exposure situations.

Type of limit Worker Public

20 mSv per year,

Effective dose 1 mSv/year
averaged over 5 years

Equivalent dose for:

— lens of the eye 20 mSv/year 15 mSv/year

— skin 500 mSv/year 50 mSv/year

- hands and feet 500 mSv/year -



https://www.icrp.org/publication.asp?id=ICRP Publication 60
https://www.icrp.org/
https://ec.europa.eu/programmes/horizon2020/en/h2020-section/euratom
https://eur-lex.europa.eu/eli/dir/2013/59/oj
https://www.icrp.org/
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The above recommended values were introduced in French regulations in 2018
(in the French Public Health Code, Labour Code and Environmental Code), with less
flexibility for the occupational dose limit, which is 20 mSv over 12 consecutive months.

Experience shows that dose limits are rarely exceeded in planned exposure situ-
ations (i.e. things are as they should be), and that, on average, actual exposures are
about an order of magnitude lower than the relevant dose limit. In practice, then, radi-
ation protection essentially consists of implementing the principle of optimization,
whatever the exposure situation.

Videos available for viewing

L'échelle des doses de rayonnement The Effects of Radiation
(Radiation Dose Bands) (in French) on our Health

The First Steps Towards The Alchemists’ Crucible
Radiation Protection



https://www.youtube.com/watch?v=iaSzLlMYAWQ
https://www.youtube.com/watch?v=iaSzLlMYAWQ
https://www.youtube.com/watch?v=tq6FDyFeCN0
https://www.youtube.com/watch?v=tq6FDyFeCN0
https://www.youtube.com/watch?v=CrHx3cwx6Sw
https://www.youtube.com/watch?v=CrHx3cwx6Sw
https://www.youtube.com/watch?v=fWBNKfVUxI4

Chapter 2

Organization of Nuclear Safety Control
and Regulation for Nuclear Facilities
and Activities in France

2.1. From the founding of CEA to the TSN Act

In France, the organization of nuclear safety control for nuclear facilities and activ-
ities, exercised by the State as part of its mission to protect individuals and prop-
erty, has evolved over time™. In the 1950s, it relied on the French Atomic Energy

16. For further information on the topics covered in this chapter, the reader may refer to works by:
P. Saint Raymond, Une longue marche vers l'indépendance et la transparence. L’histoire de [’Autorité
de sdreté nucléaire francaise (A Long March to Independence and Transparency. History of the
French Nuclear Safety Authority), La Documentation francaise, 2012; C. Foasso, P.|.E. Peter Lang,
Atomes sous surveillance (Atoms Under Surveillance), 2012; A.-C. Lacoste, Comment contréler la
sareté nucléaire en ['absence de réglementation? (How Can Nuclear Safety Be Controlled Without
Regulations?), Contréle Review No. 197, 2014; and P. Saint Raymond, La réglementation des
INB, une longue marche (Regulating Basic Nuclear Installations: a Long March), Contréle Review
No. 197, 2014. Certain information in this chapter is taken directly from these sources. Other
noteworthy sources: C. Foasso, Histoire de la sdreté de [’énergie nucléaire civile en France (1945-
2000) [History of Civil Nuclear Power Safety in France (1945-2000)], doctoral thesis, 28 October
2003, and S. Topgu, Les physiciens dans le mouvement antinucléaire: entre science, expertise et
politique (Physicists in the Anti-nuclear Movement: Between Science, Expertise and Politics), in
Cabhiers d’histoire. Revue d’histoire critique, 102|2007.


http://www.cea.fr/english
http://www.french-nuclear-safety.fr/References/Regulations/Act-No.-2006-686-of-13-June-2006
https://www.asn.fr/Informer/Actualites/L-histoire-de-l-Autorite-de-surete-nucleaire
https://www.asn.fr/Informer/Actualites/L-histoire-de-l-Autorite-de-surete-nucleaire
https://www.asn.fr/Informer/Publications/La-revue-Controle/Controle-n-197-La-reglementation-Le-guide-Inondations-La-dose-au-patient
https://www.asn.fr/Informer/Publications/La-revue-Controle/Controle-n-197-La-reglementation-Le-guide-Inondations-La-dose-au-patient
https://www.asn.fr/Informer/Publications/La-revue-Controle/Controle-n-197-La-reglementation-Le-guide-Inondations-La-dose-au-patient
http://theses.univ-lyon2.fr/documents/lyon2/2003/foasso_c#p=0&a=top
http://theses.univ-lyon2.fr/documents/lyon2/2003/foasso_c#p=0&a=top
https://journals.openedition.org/chrhc/214
https://journals.openedition.org/chrhc/214
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Commission (Commissariat a ['énergie atomique, CEA), created in 1945 to take charge
of developing all the areas that needed to be covered in order to use nuclear energy.

The initial focus of attention was radiation protection. For this purpose, in 1951,
CEA’s Radiation Protection Department (Service de protection contre les radiations,
SPR) was created. The first person to head this department was Dr Henri Jammet, who
was responsible for establishing radiation protection measures. Then, faced with the
growing use of radioactive sources outside CEA, particularly in the medical field, the
Interministerial Commission for Artificial Radioelements (Commission interministéri-
elle des radioéléments artificiels, CIREA) was created in May 1954. Subsequently, the
Central Service for Protection against lonizing Radiation (Service central de protection
contre les rayonnements ionisants, SCPRI), administered by the Ministry of Health,
was created by the Order of 13 November 1956, with Professor Pierre Pellerin as its
director.

In 1958, the Chairperson of CEA founded the Atomic Pile Safety Group, headed by
Jean Bourgeois who proposed the creation of a Committee on the Safety of Atomic
Installations (Comité de la sécurité des installations atomiques, CSIA), which became the
Commission on the Safety of Atomic Installations (Commission de la sécurité des instal-
lations atomiques, CSIA) created on 1 January 1960 and chaired by the High Commis-
sioner for Atomic Energy, Francis Perrin’’. Two subcommittees were subsequently
created, one for atomic piles (Sous-commission de siireté des piles, SCSP), the other for
‘critical mass’.

Two weeks after the creation of the subcommittee on atomic piles, the Office of
the High Commissioner for Atomic Energy released a list of the atomic pile safety
documents that operators were required to prepare for review by an SCSP working
group, the Technical Group on Atomic Pile Safety. The safety review thus became a
prerequisite for building and commissioning all nuclear reactors. A ‘Preliminary Safety
Analysis Report''® was to be prepared in order to issue a ‘safety certificate’, required
to build any new atomic pile. Once construction was completed, when it was time for
plant acceptance tests with the supplier, the person in charge of a pile then had to
prepare a report on the pile safety and a draft version of operating instructions, both
documents required to issue an ‘operating licence’. As part of compliance, managers of
atomic piles already in operation had to provide the two documents mentioned above,
along with a copy of reports on any major incidents that had occurred since the piles
had been set into operation. The expected content of the safety analysis reports was
already largely defined, in particular the concept of multiple ‘barriers’ used between
radioactive substances and the environment and the notion of ‘maximum possible
accident’ derived from American practices. The CSIA and SCSP examined the safety
analysis reports of the various CEA piles. They were also called upon later for projects

17. He succeeded Frédéric Joliot-Curie.
18. These three terms or expressions are those used by C. Foasso in his book, Atomes sous surveillance,
mentioned in footnote 16.


http://www.cea.fr/english
http://www.cea.fr/english
http://www.cea.fr/english
http://www.cea.fr/english
http://www.cea.fr/english
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involving the first nuclear power gas-cooled reactors (natural uranium reactors cooled
with carbon dioxide gas, using graphite as the moderator), as well as France's first
pressurized water reactor, Chooz A, in the Ardennes area in north-eastern France.

However, it was not until August 1961 that a law on ‘the fight against air pollu-
tion and odours’ (amending the law of 15 December 1917 on hazardous, insanitary or
troublesome facilities) introduced the concept of ‘nuclear facility’. When the Euratom
Treaty of 1957 followed by the Paris Convention™ in 1960 were signed, it became
necessary to at least keep an inventory of this type of facility.

Decree 63-1228 of 11 December 1963, adopted in application of this law, laid the
foundation for regulating ‘basic nuclear installations’ by defining these facilities and
requiring that an authorization be granted by decree (thus a government act)? before
this type of facility could be built ; the corresponding procedure provided for consul-
tation of a new national commission, the Interministerial Commission for Basic Nuclear
Installations (Commission interministérielle des installations nucléaires de base, CIINB),
as well as approval from the Minister of Health. Inspectors were made responsible for
inspecting ‘hazardous, insanitary and troublesome facilities’ to ensure compliance with
regulations. To remedy the situation, existing facilities submitted a simple declaration
to the Minister in charge of Atomic Energy.

The above decree was amended on several occasions until it was repealed by
Decree 2007-1557 of 2 November 2007.

Decree 73-278 of 13 March 1973 created a government agency specifically respon-
sible for nuclear safety. This was the Central Service for the Safety of Nuclear Instal-
lations (Service central de sireté des installations nucléaires, SCSIN), then part of the
Ministry of Industry. The creation of this entity reinforced the State’s role as inspector
in the development of the French nuclear power programme. Besides, around the same
time, the USA created the Nuclear Regulatory Commission (NRC) so that the func-
tion of developing nuclear energy facilities was clearly separated from the function
of inspecting them. In 1991, the SCSIN became a ministerial directorate (reporting
to two ministers), the Directorate for the Safety of Nuclear Installations (Direction
de la siireté des installations nucléaires, DSIN), with the same remit. Then, in 2002, by
Decree 2002-255 of 22 February 2002, the Directorate General for Nuclear Safety and
Radiation Protection (Direction générale de la sireté nucléaire et de la radioprotection,
DGSNR) was created, reporting to three ministers, whose remit covered not only the
safety of nuclear facilities, but also the regulatory activities of the Directorate General
for Health (Direction générale de la santé) and the Office for Protection against lonizing
Radiation (Office de protection contre les rayonnements ionisants, OPRI) — created in
1994 from SCPRI — and the Interministerial Commission for Artificial Radioelements

19. Convention on Third-Party Liability in the Field of Nuclear Energy (Paris Convention) of 29 July
1960, amended on 28 January 1964 and 16 November 1982.

20. It should be noted that industrial facilities classified for environmental protection reasons required
simply making a declaration to the Prefect or obtaining an authorization from this authority.


https://www.europarl.europa.eu/about-parliament/en/in-the-past/the-parliament-and-the-treaties/euratom-treaty
https://www.europarl.europa.eu/about-parliament/en/in-the-past/the-parliament-and-the-treaties/euratom-treaty
https://www.oecd-nea.org/law/nlparis_conv.html
https://www.legifrance.gouv.fr/affichTexte.do?cidTexte=JORFTEXT000000469544
https://www.nrc.gov/
https://www.nrc.gov/
https://www.legifrance.gouv.fr/affichTexte.do?cidTexte=JORFTEXT000000226318&dateTexte=
https://www.oecd-nea.org/law/nlparis_conv.html
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(Commission Interministérielle des radioéléments artificiels, CIREA), created — as
mentioned above — in 1954 to comply with the Act of 19 July 1952 of the French
Pharmacy Code regulating the production, import and use of man-made radionuclides).
The DGSNR's missions, specified in the decree referred to above, include:

— ‘“preparing and implementing all measures relating to the safety of basic nuclear
installations, in particular by defining the relevant technical regulations and
ensuring they are enforced;

— preparing and implementing, in cooperation with other competent administra-
tions, all measures intended to prevent or mitigate the health risks associated
with exposure to ionizing radiation, in particular by formulating technical regu-
lations on radiation protection (except for regulations on protecting workers
from ionizing radiation) and ensuring they are enforced;

— organizing inspections relating to safety and radiation protection” (for basic
nuclear installations as well as industrial and medical facilities);

— ‘“organizing continuous oversight of radiation protection, particularly radio-
logical monitoring of the environment throughout the entire country;

— monitoring discharges of gaseous effluent, liquid effluent and waste from basic
nuclear installations;

— participating, in cooperation with other competent administrations, especially
civil protection agencies, in the definition and implementation of a technical
emergency response in the event of an accident at a nuclear facility [...], or
more generally any accident likely to affect human health due to exposure to
ionizing radiation, occurring in France or likely to affect French territory;

— contributing to keeping the public informed with regard to nuclear safety and
radiation protection issues.”

In 1976, the CEA units assigned to studies and research in radiological safety and
protection (as well as security) were merged to form the Institute for Protection and
Nuclear Safety (Institut de protection et de sdreté nucléaire, IPSN), whose first director
was Jean Bourgeois, former Chairperson of SCSP (renamed the Pile Safety Commission
[Commission de sireté des piles, CSP]). This institute for research and assessment was
responsible for providing technical support to public authorities, especially to SCSIN
and later DSIN (see below).

IPSN’s autonomy within CEA was reinforced on several occasions to better mark
the independence it exercised when conducting assessment missions involving the
development of nuclear energy, as CEA is both a nuclear operator and a research insti-
tute in this field. In 2002, at the same time the DGSNR was created, the French Insti-
tute for Radiological Protection and Nuclear Safety (Institut de radioprotection et de
sareté nucléaire, IRSN) was founded, bringing together the technical teams from IPSN
(CEA), OPRI and the permanent secretariat of CIREA in a single, independent public
agency.


http://www.cea.fr/english
http://www.cea.fr/english
http://www.cea.fr/english
https://www.irsn.fr/EN/Pages/home.aspx
https://www.irsn.fr/EN/Pages/home.aspx
https://www.irsn.fr/EN/Pages/home.aspx
http://www.cea.fr/english
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IRSN’s missions were defined by Decree 2002-254 of 22 February 2002 and
replaced by Decree 2016-283 of 10 March 2016, which clarified existing missions and
also added new ones. These texts define six main missions, which exclude any nuclear
operator activity:

— conducting assessments, research and analyses, monitoring and dosimetry for
public or private organizations in France and other countries;

— defining research programmes, carried out within IRSN or entrusted to other
French or foreign research organizations, with a view to maintaining and devel-
oping the skills required to perform assessments in its areas of specialization;
this essential mission for maintaining IRSN’s assessment capability will be illus-
trated in Chapter 39;

— contributing to providing radiation protection training to health sector profes-
sionals and workers subject to exposure;

— providing technical support to public authorities and safety authorities, including
in the event of an incident or accident involving ionizing radiation sources, by
proposing technical, health and medical measures to ensure the protection
of the public, workers and the environment and to restore a safe state in the
affected facilities;

— maintaining continuous oversight of radiation protection, in particular by
contributing to environmental radiological monitoring, managing and analysing
dosimetry data pertaining to personnel exposed to ionizing radiation and
managing the inventory of ionizing radiation sources;

— contributing to keeping the public informed.

The Act passed on 13 June 2006 on Nuclear Transparency and Security (TSN Act)
marked an important milestone in the development of regulatory control of nuclear
facilities, creating an independent administrative authority responsible, on behalf of
the State, for regulating and controlling nuclear safety and radiation protection to
protect the public, patients, workers and the environment. It is also responsible for
keeping citizens informed on nuclear safety issues. This entity is the French Nuclear
Safety Authority (Autorité de sdreté nucléaire, ASN), whose missions and organization
are described in Section 2.3.

The TSN Act also specifies the role, missions and operating procedures of the local
information commissions (Commissions locales d’information, CLls), set up begin-
ning in 1981 at sites with one or more basic nuclear installations. The commissions
have joined together to form an association called the French National Association of
Local Information Committees and Commissions (Association nationale des comités et
commissions locales d’information, ANCCLI). There are about thirty local information
commissions that cover civilian basic nuclear installation sites?'.

21. The committees focus on basic nuclear installations that are of interest with regard to national
defence issues.


https://www.irsn.fr/EN/Pages/home.aspx
https://www.legifrance.gouv.fr/affichTexte.do?cidTexte=JORFTEXT000032182273&categorieLien=id
https://www.irsn.fr/EN/Pages/home.aspx
https://www.irsn.fr/EN/Pages/home.aspx
http://www.french-nuclear-safety.fr/References/Regulations/Act-No.-2006-686-of-13-June-2006
http://www.french-nuclear-safety.fr/
http://www.french-nuclear-safety.fr/
http://www.french-nuclear-safety.fr/
http://www.french-nuclear-safety.fr/References/Regulations/Act-No.-2006-686-of-13-June-2006
http://www.anccli.org/
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The TSN Act also created a High Committee for Transparency and Information
on Nuclear Security (Haut comité pour la transparence et l'information sur la sécurité
nucléaire, HCTISN#), an interdisciplinary body for information, consultation and
discussion of the risks associated with nuclear activities and the impact of these
activities on people, the environment and nuclear security. Composed of members??
appointed for six years by decree, it may issue an opinion on any matter in these areas,
including inspections and related information. Its opinions are made public.

Finally, the French Parliamentary Office for Evaluation of Scientific and Techno-
logical Options (Office parlementaire d'évaluation des choix scientifiques et
technologiques, OPECST), described below, plays a role in nuclear safety by organizing
hearings and preparing general and specific reports on nuclear safety and radiation
protection issues.

Facilities and activities related to national defence are organized separately, oper-
ating under a specific safety authority, and therefore are not covered in this book.

The remainder of this chapter will primarily concern the concepts, principles and
regulations applicable to pressurized water reactors in French nuclear power plants.

2.2. A few definitions

Before going any further, a few definitions have been provided as given in French
regulations.

a. Nuclear security

Article L.591-1 of the French Environment Code (which incorporates the provisions
of the TSN Act) defines nuclear security as follows: “Nuclear security encompasses
nuclear safety, radiation protection, prevention of and protection from malicious acts,
as well as civil protection in the event of an accident.”

22. See www.hctisn.fr (in French).
23. Members include:
1. Two members from the National Assembly and two members from the Senate, with each
member appointed from the ranks of these two bodies, respectively;
2. Representatives of local information commissions (CLIs);
3. Representatives of environmental non-profit organizations and other non-profit organizations
mentioned in Article L.1114-1 of the French Public Health Code;
4. Representatives of people responsible for nuclear activities;
5. Representatives of the relevant employee trade unions;
6. People recognized for their competence in dealing with scientific, technical, economic or social
issues, or for their skills in information and communication, including three designated by the
French Parliamentary Office for the Evaluation of Scientific and Technological Options, one
by the French Academy of Sciences and one by the French Academy of Moral and Political
Sciences;
7. Representatives from ASN, relevant government services and IRSN.


http://www.french-nuclear-safety.fr/References/Regulations/Act-No.-2006-686-of-13-June-2006
http://www.hctisn.fr/
https://www2.assemblee-nationale.fr/15/les-delegations-comite-et-office-parlementaire/office-parlementaire-d-evaluation-des-choix-scientifiques-et-technologiques
https://www2.assemblee-nationale.fr/15/les-delegations-comite-et-office-parlementaire/office-parlementaire-d-evaluation-des-choix-scientifiques-et-technologiques
https://www2.assemblee-nationale.fr/15/les-delegations-comite-et-office-parlementaire/office-parlementaire-d-evaluation-des-choix-scientifiques-et-technologiques
https://www.legifrance.gouv.fr/affichCodeArticle.do?idArticle=LEGIARTI000025108609&cidTexte=LEGITEXT000006074220&dateTexte=20120107
http://www.french-nuclear-safety.fr/References/Regulations/Act-No.-2006-686-of-13-June-2006
http://www.hctisn.fr
http://www2.assemblee-nationale.fr/langues/welcome-to-the-english-website-of-the-french-national-assembly
https://www.senat.fr/lng/en/index.html
https://www.legifrance.gouv.fr/affichCodeArticle.do?cidTexte=LEGITEXT000006072665&idArticle=LEGIARTI000006685816&dateTexte=&categorieLien=cid
https://www2.assemblee-nationale.fr/15/les-delegations-comite-et-office-parlementaire/office-parlementaire-d-evaluation-des-choix-scientifiques-et-technologiques
https://www.academie-sciences.fr/en/
https://academiesciencesmoralesetpolitiques.fr/
https://academiesciencesmoralesetpolitiques.fr/
http://www.french-nuclear-safety.fr/
https://www.irsn.fr/EN/Pages/home.aspx
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French regulations are therefore based on a broader definition of nuclear security
than that commonly used internationally, namely in the IAEA glossary. According to
the IAEA, 'nuclear security’ covers the entire range of measures devised to prevent,
detect and respond to theft, sabotage, unauthorized access, illegal transfer or other
malicious acts involving nuclear material, any other radioactive substances and facil-
ities containing these materials. In this sense, international nuclear security therefore
aims to ensure protection against actions of malicious origin, a concept that covers
both the theft or diversion of nuclear materials as well as acts of sabotage that could
lead to radiological consequences for people and the environment.

b. Nuclear safety

Nuclear safety, a subset of nuclear security, is defined by French regulations as
“the set of technical provisions and organizational measures relative to the design,
build, operation, shutdown and decommissioning of basic nuclear installations, and the
transport of radioactive substances that are taken to prevent and mitigate accidents.”

Nuclear safety therefore involves preventing the risk of radiological or non-
radiological accidents related to the operation of basic nuclear installations and miti-
gating accidents that may occur despite the preventive measures implemented.

c. Radiation protection

Radiation protection is another subset of nuclear security, defined as “all the rules,
procedures and means of prevention and monitoring implemented to stop or mitigate
the direct or indirect harmful effects of ionizing radiation on human health, including
through environmental impact.” Radiation protection rules that apply to the public are
defined in the French Public Health Code, while those specific to workers are defined
in the Labour Code.

d. 'Protected interests’

The TSN Act aimed to bring the regulatory regime applicable to basic nuclear
installations as close as possible to the more general regulatory regime applicable to
hazardous facilities, known as ‘Installations Classified for Environmental Protection’,
while including a number of specific features for basic nuclear installations.

In particular, Article L.593-7 of the French Environment Code, in which the TSN Act
was enacted, provides that a construction authorization for a basic nuclear installation
can be issued only if, “taking into account current scientific and technical knowledge,
the operator demonstrates that the technical and organizational measures taken or
envisaged [...] are capable of preventing or sufficiently mitigating the risks and detri-
mental effects that the facility presents for [public security, health, and hygiene and
the protection of nature and the environment — grouped under the notion of ‘protected
interests’]” (this authorization is issued by decree, based on a report from the ministers
responsible for nuclear safety).


https://www.iaea.org
https://www.iaea.org
http://www.french-nuclear-safety.fr/References/Regulations/Act-No.-2006-686-of-13-June-2006
https://www.legifrance.gouv.fr/affichCodeArticle.do?idArticle=LEGIARTI000032044098&cidTexte=LEGITEXT000006074220&dateTexte=20160212
http://www.french-nuclear-safety.fr/References/Regulations/Act-No.-2006-686-of-13-June-2006
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The TSN Act therefore requires that detrimental effects associated with normal
operation, such as noise pollution and any impact on fauna and flora, be addressed
in the context of the construction authorization and subsequent approvals. It led
to extending the historical concept of ‘item important to safety’?, in force since
the Quality Order of 10 August 1984, to include the notion of ‘item important to
protection’ during preparation of the Order of 7 February 2012, which laid down the
general rules applicable to basic nuclear installations (INB Order), and repealed the
Order of 10 August 1984.

2.3. The different contributors to nuclear safety
and their missions

Since the creation of the French Institute for Radiological Protection and Nuclear
Safety (IRSN) as a State public body in the early 2000s and enactment of the TSN Act
in 2006, nuclear safety issues at basic nuclear installations have involved:

— public authorities, particularly ASN,
— facility operators,

— assessment organizations?,

— civil society.

Research work is conducted by facility operators, organizations providing assistance
to designers and operators (such as CEA) and assessment organizations.

a. Public authorities

Parliament intervenes in nuclear safety and radiation protection issues by passing
laws, such as Act 2006-686 of 13 June 2006, known as the TSN Act, and the Act of
28 June 2006 on sustainable management of radioactive materials and waste.

The French Parliament'’s interventions are supported by the Parliamentary Office
for Evaluation of Scientific and Technological Options (Office parlementaire d’évalua-
tion des choix scientifiques et technologiques, OPECST) created by Act 83-609 of 8 July
1983, comprising 18 members from the National Assembly and the Senate, appointed
in proportions representative of the elected political parties, and constitutes a

24. The operator of a basic nuclear installation must ensure that the quality achieved in the design,
build and maintenance of the facility structures, equipment, materials, interconnecting assem-
blies and operating conditions is commensurate with the importance of the corresponding safety
functions. For this purpose, the operator must ensure that a system is implemented to define the
quality of the above elements, to obtain and maintain that quality, to check that it is obtained
and maintained, and to analyse and correct any deviations. This system is applied from the design
phase and extends throughout all subsequent phases of the lifetime of the basic nuclear instal-
lation. This subject will be covered in further detail in Section 7.4.

25. IRSN is usually the main contact, although ASN has occasionally sought advice from other
organizations, such as INERIS, on specific topics.
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https://www.irsn.fr/EN/Pages/home.aspx
https://www.irsn.fr/EN/Pages/home.aspx
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http://www.french-nuclear-safety.fr/
http://www.cea.fr/english
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http://www2.assemblee-nationale.fr/langues/welcome-to-the-english-website-of-the-french-national-assembly
https://www.senat.fr/lng/en/index.html
https://www.irsn.fr/EN/Pages/home.aspx
http://www.french-nuclear-safety.fr/
https://www.ineris.fr/en
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common source of information for the National Assembly and the Senate. The mission
of OPECST is “to inform Parliament of the consequences of scientific and technological
choices so that it can make informed decisions.” To fulfil its mission, OPECST “collects
information, implements study programmes and conducts assessments.” For example,
OPECST has issued reports on nuclear activities involving topics such as State control
of nuclear facility safety and radiation protection, long-term management of radioac-
tive waste, the operating lifetime of nuclear power plants and the development of new
types of reactors. OPECST regularly holds hearings with ASN, IRSN and operators on
subjects under investigation; some hearings involve non-profit organizations (such as
Greenpeace or others).

In the field of nuclear safety, the government formulates general regulations in
application of the TSN Act by passing decrees and orders, issuing construction author-
izations, passing decrees for final shutdown and ‘prescribing’ decommissioning of basic
nuclear installations. The Nuclear Safety and Radiation Protection Mission (Mission de
la sareté nucléaire et de la radioprotection, MSNR) was set up for this purpose within
the Directorate-General for Risk Prevention (Direction générale de la prévention des
risques, DGPR) of the Ministry for Ecological and Inclusive Transition.

In application of the TSN Act, regulatory decisions of a technical nature as well as
certain individual decisions taken by ASN? can only come into force once they have
been approved by the ministers responsible for nuclear safety. Approval takes the form
of a ministerial order.

ASN, created by the TSN Act, is an independent administrative authority which,
on behalf of the State, conducts missions to control nuclear safety and radiation
protection (for workers, the environment and the general public), and keeps the public
informed on these issues. Its missions include the following:

1. ASN contributes to the preparation of regulations by giving its opinion on
draft versions of decrees and ministerial orders within its areas of competence
and by taking the technical regulatory decisions required to enact these decrees
and orders;

2. ASN authorizes commissioning of basic nuclear installations and checks
compliance with the rules and regulations applicable to basic nuclear instal-
lations, often by conducting on-site inspections;

3. ASN is involved in managing radiological emergency response operations: it
makes recommendations to the competent regulatory authorities (government,
prefects, etc.) on medical and health measures, as well as civil security;

4. ASN participates in keeping the public informed, including during emergency
situations.

ASN is led by a Commission formed by five commissioners, appointed for a non-
renewable six-year term, three of whom (including the Commission Chairperson) are

26. This includes decisions on discharge limits for basic nuclear installations.
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appointed by the President of the French Republic, the fourth by the President of the
National Assembly, and the fifth by the President of the Senate. ASN departments
operate under the authority of the ASN Chairperson.

The ASN's Director General is appointed by the Chairperson. He or she organises
ASN'’s activities within various departments. The departments manage the various
areas of ASN's activity at the national level, including granting authorizations for
facility construction and commissioning, performing periodic reviews, approving trans-
port packaging, etc. and participate in establishing general regulations and ASN deci-
sions. At the national level, the departments coordinate the regional offices®’, which
conduct most on-site inspections and review ‘routine’ requests (such as temporary
exemptions from operational limits and conditions) concerning nuclear activities in
their region.

ASN'’s Nuclear Pressure Equipment Department (Direction des équipements sous
pression nucléaires, DEP) deserves special attention. Formerly known as the French
Inspectorate of Nuclear Steam Supply Systems (Bureau de contréle des chaudiéres
nucléaires, BCCN), then as the Nuclear Construction Inspection Agency (Bureau de
contréle de la construction nucléaire), this department, based in Dijon, is responsible®
for inspecting pressure equipment in basic nuclear installations, especially the reactors
in the nuclear power plant fleet. It also participates in drafting regulations on pressure
equipment. The Focus feature at the end of this chapter provides some historical back-
ground on the regulation of pressure equipment as applied in the nuclear field, as well
as the early history and roles of BCCN and then DEP.

In accordance with the TSN Act, ASN issues an annual report that is submitted
to the government, the President of the French Republic and Parliament — where it
is referred to OPECST. At the request of the relevant committees of the National
Assembly, the Senate or OPECST, the ASN Chairperson reports on the authority’s
activities.

27. ASN's eleven regional offices (in 2019), with jurisdiction over one or more administrative regions,
operate under the authority of regional representatives designated by the ASN Chairperson. These
divisions are based in eleven cities in France: Bordeaux, Caen, Chalons-en-Champagne, Dijon, Lille,
Lyon, Marseille, Nantes, Orléans, Paris and Strasbourg.

28. It should be noted that, until 2006, the Regional Industry, Research and Environment Directorates
(Directions régionales de l'industrie, de la recherche et de ['environnement, DRIRE) carried out a
certain number of missions in the field of nuclear safety and radiation protection. Since then,
these missions have come under the responsibility of ASN and its regional offices. The DRIRE
regional directorates have been replaced by the Regional Environment and Housing Directorates
(Directions régionales de l'environnement et du logement, DREAL and DRIEE for the Paris region),
which continue to be in charge of inspection and safety of industrial activities, energy production
and energy control (excluding nuclear power), with a particular focus on non-nuclear pressure
equipment.
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With regard to public information, in the aftermath of the Chernobyl accident,
SCSIN created the Bulletin sur la sireté nucléaire (Nuclear Safety Bulletin), which was
renamed Contréle Review? in 1994.

In an effort to enhance transparency and keep the public informed, ASN now
consults stakeholders when preparing regulatory and individual decisions with an envi-
ronmental impact, or guides and certain other texts in their draft version. In this way,
since its creation in 2006, ASN has been able to collect comments from the public on
the draft version of its general regulatory decisions regarding nuclear safety and radi-
ation protection.

Following the same approach, ASN decided to allow representatives of civil society
to participate in advisory committees (standing groups of experts) (see below under
Subsection d).

On its website, ASN releases information on significant events reported by facility
operators, along with a certain number of decisions, opinions, reports, ‘educational
files’ and ‘information sheets’, including opinions issued by the advisory committees
(see below). It also includes announcements about various public consultations and
draft regulations submitted for public review.

Finally, it may be useful to mention three other entities (not an exhaustive list)
involved in nuclear security issues:

— the Environmental Authority, who releases opinions on environmental issues
when reviewing applications for authorizations to build civilian basic nuclear
installations;

— the Senior Defence and Security Official (Haut fonctionnaire de défense et de
sécurité, HFDS) from the Ministry for Ecological and Inclusive Transition, who is
responsible for implementing measures required to protect and control nuclear
materials®® in order to keep them safe from malicious acts;

— the General Secretariat for Defence and National Security (Secrétariat
général de la défense et de la sécurité nationale, SGDSN), which reports to the
Prime Minister, is in charge of emergency response at the national level. In
February 2014, it issued the French National Emergency Response Plan for a
Major Nuclear or Radiological Accident?!, which describes how emergency
response is organized nationwide, the strategy to be applied and the various
areas in which measures must be taken in the event of a major nuclear or radio-
logical accident. The French National Emergency Response Plan for a Major
Nuclear or Radiological Accident is discussed in greater detail in Chapter 38 on
emergency response management.

29. The news bulletin Contréle Review, published by ASN two or three times a year, presents three
features: ‘Analysis’, covering a technical topic or regulatory issue, ‘Operating Experience Feed-
back’, focused on a technical matter, and ‘At Issue’, addressing technical or societal questions.

30. Plutonium, uranium, thorium, deuterium, tritium and lithium-6.

31. Reference 200/SGDSN/PSE/PSN, February 2014.
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b. Facility operators

As at 31 December 2017, 187 civilian basic nuclear installations were listed in ASN
Decision 2018-DC-0624 dated 30 January 2018, eight of which have been decommis-
sioned since 13 June 2006* (see Figure 2.1).

The operator of a basic nuclear installation is the main person responsible for
facility safety (a principle stated explicitly in the French Environment Code), since at
any given time, only the operator is capable of taking the concrete action required.

In France, there are four main operators of basic nuclear installations:

— Electricité de France (EDF), which operates pressurized water reactors in its
nuclear power plant fleet (56 in service, not including the Flamanville 3 EPR,
which is in the startup phase);

— Areva NC — which became Orano Cycle in 2018 — operates the main fuel cycle
facilities (fuel fabrication, spent fuel treatment, reprocessing);

— the Atomic Energy and Alternative Energy Commission (Commissariat a ['énergie
atomique et aux énergies alternatives, CEA), which mainly operates research
reactors and laboratories;

— the French National Radioactive Waste Management Agency (Agence nationale
pour la gestion des déchets radioactifs, Andra), which operates radioactive waste
storage facilities.

The history and size of these operators means that they are also involved, to a
greater or lesser extent, in designing their facilities, which gives them very exten-
sive experience in safety matters. They are, of course, invited to participate in public
debates conducted by ASN in the process of preparing regulations applicable to opera-
tors or guides on best practices.

In addition to these major operators, there are also smaller operators who work
with systems such as particle accelerators (GANIL), irradiators (lonisos, Synergy
Health), radiopharmaceutical production plants (CIS Bio International), research facil-
ities or those dedicated to experimentation (ITER Organization for the ITER facility at
Cadarache, Institut Laue-Langevin for the high-flux reactor in Grenoble, etc.). These
facilities often have specific risk characteristics that must be taken into account in
the safety demonstration and during review of the safety demonstration by safety
organizations.

32. It does not include facilities no longer considered as basic nuclear installations or those decommis-
sioned prior to 13 June 2006.
33. Taking into account shutdown of Units 1 and 2 at the Fessenheim nuclear power plant in 2020.
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Figure 2.1. Location of NPP-type basic nuclear installations in France (including gas cooled reactors
and sodium fast-neutron reactor SUPERPHENIX, undergoing dismantling). IRSN.

The TSN Act also requires that nuclear facility operators provide information on
any event that may occur within their facilities: “All operators of basic nuclear instal-

lations shall prepare an annual report covering:
— nuclear safety and radiological protection measures taken;

nuclear safety and radiological protection incidents and accidents that must be
officially reported [...] when they occur on the premises of the facility, as well as
the preventive and mitigation measures taken to limit their impact on human

health and the environment;

monitoring systems and the resulting data pertaining to radioactive and non-
radioactive discharges released from the facility into the environment;

the nature and quantity of radioactive waste stored at the facility, and measures
taken to limit the volume and effects of waste on human health and the envi-

ronment, especially in soil and water.”


https://www.irsn.fr/EN/Pages/home.aspx
http://www.french-nuclear-safety.fr/References/Regulations/Act-No.-2006-686-of-13-June-2006
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This report is made public and copies are sent to the local information commis-
sion and the High Committee for Transparency and Information on Nuclear Security
(HCTISN).

A noteworthy commitment was made by the nuclear power plant operator, EDF,
in its document Nuclear Safety Policy of the EDF Group, issued on 20 January 2012:
“Dialogue and transparency are essential to gain everyone's trust by providing clear
and faithful information on events and their possible impact; the aim is to provide
and maintain good communication with employees and their representatives, subcon-
tractors, regulatory authorities, local communities and all other nuclear safety
stakeholders.”

c. IRSN: the assessment and research organization

Within the French system for controlling nuclear facilities, IRSN is recognized as
a state-owned industrial and commercial enterprise (EPIC), specified by Decree 2002-
254 of 22 February 2002 and updated by Decree 2016-283 of 10 March 2016. IRSN
reports to five supervisory ministries (Ecology, Research, Energy, Health and Defence).
It is the primary institutional expert in nuclear and radiological risks, providing support
to public authorities, especially for basic nuclear installations. It assesses exposure of
people and the environment to ionizing radiation and proposes measures to protect
the public, workers and the environment in the event of an accident. It contributes to
defining public policy in its areas of activity, as was the case in 2014-2015, for example,
during preparation of the act on energy transition for green growth (Act 2015-992 of
17 August 2015, known as the TECV Act).

IRSN conducts assessments, studies and research. It has a staff of approximately
1700 people working at about ten sites, including 1200 researchers and experts,
both generalists and specialists (in criticality, neutron physics, mechanics, thermal
hydraulics, statistics and probability, fire protection, earth sciences, medicine, biology,
agronomy, metrology and others).

Since nuclear safety expertise is based on scientific and technical knowledge, IRSN
aims to ensure a continuously high level of expertise by devoting significant resources
to:

— monitoring and learning lessons from incidents and accidents both in France
and in other countries,

— studies and research.

At the request of ASN, IRSN reviews safety cases submitted by operators of basic
nuclear installations (to authorize facility construction, commissioning, changes, peri-
odic review or dismantling, for example), which must include the appropriate support
documentation, commonly referred to as the ‘safety demonstration’, and submits its
opinions and recommendations. IRSN’s assessment provides decision-making support
based on the best available scientific and technical knowledge.
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The safety demonstration3* consists of documents written by the operator, who
must substantiate the safety of the facility under its responsibility and commit to
meeting the conditions provided in these documents. Once IRSN has reviewed the
justifications presented in these documents, it sends a written opinion, accompanied
by the necessary explanations regarding the results of its assessment, to ASN, which
then takes any appropriate action.

It should be emphasized that assessment is not just a question of ensuring compli-
ance with regulations. While the role of IRSN is defined in a regulatory context that
must be taken into account, it aims to provide technical insight based on current
knowledge and in-depth analysis. This requires, on one hand, the availability of exten-
sive and up-to-date knowledge in the various scientific and technical areas concerned
and the ability to draw conclusions through various approaches, and, on the other
hand, continuous technical dialogue, on equal footing with operators.

High-quality technical exchanges with operators, where each party assumes its
own responsibilities, are essential to properly assess the proposals contained in cases
under review and to ascertain whether there are realistic possibilities for improving
safety. In this way, the Institute and operators mutually share their concern for safety.

As the studies and research in which IRSN is involved require significant resources,
they are most often conducted in collaboration with other partners (usually CEA), in
various frameworks (national, European, international), and may also involve univer-
sities or the French National Centre for Scientific Research (Centre national de la
recherche scientifique, CNRS). A few of the major topics covered in studies and research
on the safety of pressurized water reactors include the following:

— the behaviour of the fuel in degraded situations and the resulting transfers of
radioactive substances (incidents, accidents, including the case of fuel melt or
core melt);

- phenomena that may occur in a core-melt accident (such as a steam explosion,
hydrogen explosion or molten corium-concrete interaction);

— various phenomena arising in the event of fire, etc.

The knowledge (data, models, etc.) resulting from these studies and research is
most often integrated into simulation software used to conduct studies, such as ASTEC
for simulating core-melt accidents.

It should also be noted that in terms of studies, since the 1980s IRSN has devel-
oped its own models for probabilistic safety assessments (PSAs, covered in Chapter 14)
for reactors in the French nuclear power plant fleet, to gain acute knowledge on

34. In Analyse de siireté des installations nucléaires — Principes et pratique (Nuclear Facility Safety Anal-
yses — Principles and Practices), Techniques de l'ingénieur BN3810 V1, 10 July 2017, D. Quéniart
notes that this is “a somewhat misleading expression in that it evokes a form of infallibility that
experience refutes on a regular basis.”
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reactor operation and discuss lessons learned with the operator, EDF, comparing the
PSA models used by both parties.

There are three entities that advise IRSN and assess its research, including promi-
nent French and foreign scientists:

— the Nuclear Safety and Radiation Protection Research Policy Committee®,
headed by the Chairperson of IRSN's Board of Directors and composed of
representatives of public authorities, businesses and professional associations,
employees from the nuclear sector, elected officials, non-profit organizations,
research organizations and qualified leading figures from France or other
countries;

— the Scientific Council, whose members (largely from academia) are designated
by the supervisory ministries, headed by a leading figure from the scientific
world;

— the Inspection Committee*¢, composed of experts appointed by IRSN's Director
General, where about half of the members are from foreign organizations®.

The Research Policy Committee and Scientific Council direct IRSN's research work
by setting objectives and priorities (through the Policy Committee), and achieving
these objectives through IRSN's programmes (guided by the Scientific Council).

The Inspection Committee evaluates IRSN's scientific and technical activities based
on their achievements, with a particular focus on the scientific quality of the research
conducted and the results. To this end, work conducted by the Inspection Committee
is performed in cooperation with the external assessment entity of IRSN*, approved
by HCERES®.

IRSN'’s international dimension in the field of nuclear safety is seen in the coop-
eration agreements signed with more than forty countries and its contribution to the
creation and coordination of the European Technical Safety Organisations Network
(ETSON), discussed in Chapter 3%,

35. This Committee (Comité d’orientation des recherches en sdreté nucléaire et en radioprotection) was
established in 2008. Decree 2016-283 of 10 March 2016, founding the Institute for Radiolog-
ical Protection and Nuclear Safety, made this committee official, specifying its composition and
procedures for appointing its members.

36. A committee formed by IRSN, not provided for in the decree of 10 September 2016.

37. This measure is applied to avoid conflicts of interest.

38. This entity is composed of the members of the Inspection Committee and external experts
selected according to the subject matter being assessed.

39. Created by Act 2013-660 of 22 July 2013 on higher education and research, the High Council for
the Evaluation of Research and Higher Education (Haut conseil de ['évaluation de la recherche et de
’enseignement supérieur, HCERES) replaced the Agency for the Evaluation of Research and Higher
Education (Agence d’évaluation de la recherche et de [’enseignement supérieur, AERES).

40. For a fuller understanding of IRSN’s international cooperation work, see ]. Couturier and
M. Schwarz, Current State of Research on Pressurized Water Reactor Safety, Science and Tech-
nology Series, IRSN/EDP Sciences, 2018.
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With regard to scientific and technical information for the general public, IPSN,
in its early days, made a contribution by publishing educational works to be used not
only by professionals, but also a relatively knowledgeable public.

However, Decree 2016-283 of 10 March 2016, issued in application of the Energy
Transition Act of 17 August 2015 (TECV Act), emphasized the importance of IRSN's
mission of communicating with the public; the decree stipulates that “the Institute for
Radiological Protection and Nuclear Safety contributes to transparency and keeping
the public informed on nuclear safety and radiation protection, especially by preparing
and publishing an annual activity report. This report is submitted to the relevant
supervisory ministers and is presented to the High Committee for Transparency and
Information on Nuclear Security, the High Council of Public Health and the Working
Conditions Orientation Council.” In accordance with the provisions of Article L.592-47
of the French Environment Code, IRSN “shall publish its opinions, when they do not
involve national defence, at the request of a public authority or the French Nuclear
Safety Authority (ASN), in conjunction with the relevant authority.”

Since its foundation in 2002, IRSN has implemented a policy of ‘opening up to civil
society’ on nuclear safety and radiation protection issues (involving people and the
environment) by responding, for example, to requests from local information commis-
sions (CLIs) and by participating in interdisciplinary expert assessment groups*' and
joint programmes led with several partners®2. In 2003, IRSN and ANCCLI (presented
later in Subsection e) signed a cooperation agreement committing IRSN to provide
scientific and technical support to Clls in the areas of nuclear safety and radiation
protection. In addition, IRSN regularly publishes various nuclear safety assessment
reports on its website. In this context, from 2008 to 2017 IRSN published its point of
view on the state of the nuclear power plant fleet for each year of operation, high-
lighting a few key points in terms of safety and radiation protection.

It should be noted that, since 2014, discussions*® with civil society have been pursued
on a certain number of subjects involved in periodic review associated to the fourth
ten-yearly inspection outages of 900 MWe reactors (for example, the ageing of reactor

41. An example is the Nord-Cotentin Radioecology Group (Groupe radioécologie Nord-Cotentin,
GRNC), founded in 1997 in a context of controversy following the publication of an epidemio-
logical study by Professor Jean-Francois Viel on the incidence of leukaemia in the Beaumont-La
Hague area, i.e. in an environment close to irradiated-fuel processing plants.

42. IRSN has been involved in a number of safety and radiation protection matters, including:

— the Loire Environmental Pilot Project (Action pilote environnement Loire, APEL), launched in
2005 with the local information commissions of the Loire basin (mainly those of Dampierre-
en-Burly and Saint-Laurent-des-Eaux), which led to the publication of the first joint report by
IRSN and these CLIs in late 2008;

—the Interdisciplinary Approach to Air Quality and Radon Risk in Burgogne-Franche-Comté,
launched in 2011, which aims to assist the inhabitants of this region in managing the risk asso-
ciated with radon and to integrate the management of this risk into home energy renovation
projects.

43. Involving ASN, IRSN and ANCCLI.
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vessels and containment structures), entailed by EDF's request to continue the operation
of these reactors beyond 40 years (the ‘Operating Lifetime’ project*!) — see Section 3.2.

d. Advisory Committees

For certain important technical issues on safety and radiation protection — such
as (from a nuclear safety prospective) licensing, commissioning and periodic review
of basic nuclear installations, or certain draft regulations or quasi-statutory regula-
tions — ASN may need to consult advisory committees*, which first came into exist-
ence in 1972. ASN has created seven advisory committees (Groupes permanents
d’experts, GPE), each with its own area of expertise (reactors [GPR], transport of radio-
active and fissile materials [GPT], laboratories and plants [GPU], radiation protection
(industry, research) and the environment [GPRAD], radiation protection for healthcare
professionals, patients and the public for medical or forensic applications of ionizing
radiation [GPMED], waste [GPD], and nuclear pressure equipment [GPESPN]). An advi-
sory committee on decommissioning was created in 2018 (GPDEM).

The advisory committees are composed of members appointed by ASN in a
personal capacity, based on their competence, according to a procedure that aims to
achieve an appropriate diversity of expertise while limiting any risk of a conflict of
interest given the subjects to be covered. Committee members come from universities
and non-profit organizations as well as French and foreign research and assessment
organizations, including IRSN, but may also come from operational facilities. They may
be currently employed or retired. Since June 2014, the pluralism of these commit-
tees has been enhanced by nominating members from civil society (such as members
of local information commissions and non-governmental organizations). For a given
topic, each advisory committee can also seek assistance from recognized specialists in
specific fields (from France or other countries).

The advisory committees dealing with nuclear safety issues generally discuss cases
submitted by an operator and the assessment of this operator by IRSN, or ASN/DEP
in the case of issues concerning nuclear pressure equipment. They formalize their
conclusions in opinions and recommendations addressed to ASN. The opinions and
recommendations of advisory committees are made public.

For pressurized water reactors in the nuclear power plant fleet, the two most
consulted advisory committees are certainly:

— the Advisory Committee for Reactors (GPR),
— the Advisory Committee for Nuclear Pressure Equipment (GPESPN).

44. This project is described and discussed in Section 30.5.

45.  Similar groups exist, such as the Advisory Committee on Reactor Safeguards (ACRS), which works
in the USA with the NRC, and the Reactor Safety Commission (Reaktorsicherheits-kommission,
RSK) in Germany.
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e. The public and civil society: from information to involvement

In addition to legislation and regulatory bodies, the history of nuclear safety control
would not be complete without taking a brief look at the gradual involvement of civil
society“.

Decree 73-278 of 13 March 1973 created the Central Service for the Safety of
Nuclear Installations (SCSIN) as well as the High Council for Nuclear Safety (Conseil
supérieur de la sireté nucléaire, CSSN). CSSN’s mission covered all technical issues
concerning the safety of nuclear facilities falling within the remit of the Minister for
Industry. It was tasked with assessing the overall results of activities pursued in this
area, especially those conducted by SCSIN. While its members included a significant
proportion of institutional representatives, it also included five leading figures special-
ized in the required subject matters*.

A decree of 10 November 1977 created the Nuclear Energy Information Council
(Conseil de l'information sur l'énergie électronucléaire, CIEE), placed under the authority
of the Prime Minister, with CSSN maintaining its technical role. CIEE's mission was to
ensure that the public had access to technical, health, environmental, economic and
financial information on nuclear energy. In addition to leading figures in various fields
(energy, economics, communication techniques, etc.), it included* six representatives
of environmental non-profit organizations. CIEE issued annual reports on various topics
(such as the health effects of radioactivity and what becomes of facilities and waste)
and worked to ensure that SCPRI reports were made public.

In 1979, however, when the accident at the Three Mile Island nuclear power plant
occurred, extensive feedback was made in France. It was during this time that a decree
dated 29 October 1981 modified the composition of the CSSN, in particular to include
three representatives of environmental non-profit organizations. Consequently, the
CIEE was dissolved.

The 1986 accident at the Chernobyl nuclear power plant was marked in France
by issues in communicating with the public. This led to another reorganization of the
CSSN by a decree of 2 March 1987: the CSSN became the High Council for Nuclear
Safety and Information (Conseil supérieur de la sireté et de l'information nucléaires,
CSSIN), comprising six people specialized in reporting and communication. The jour-
nalist Pierre Desgraupes was appointed Vice Chairman, alongside the High Commis-
sioner for Atomic Energy, the other Vice Chairman. Pierre Desgraupes pushed to create
a nuclear incident severity scale, implemented in 1988, to give the public a better
understanding of the relative importance of different types of incidents. This scale
prefigured the INES scale adopted later by the IAEA and implemented in the early
1990s (see Section 34.10).

46. The work of P. Saint Raymond cited above, particularly chapters 9 and 11, provided significant
material for this section.

47. Its first president was Louis Néel, winner of the Nobel Prize in Physics.

48. It was chaired by Simone Veil, Minister of Health and Social Security at the time.
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https://www.iaea.org
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Moreover, the way the Chernobyl accident was managed in France in 1986 gener-
ated lasting suspicion and mistrust on the part of the public towards the authorities
and public institutions, leading to the creation of assessment organizations such as the
Association for the Control of Radioactivity in the West (Association pour le contréle de
la radioactivité dans ['Ouest, ACRO) and the Commission for Independent Research and
Information on Radioactivity (Commission de recherche et d’information indépendantes
sur la radioactivité, CRIIRAD).

Under the TSN Act of 2006, mentioned above, the CSSIN was replaced by the High
Committee for Transparency and Information on Nuclear Security (HCTISN).

In terms of actual involvement, although civil society has only recently been recog-
nized as a component of the nuclear safety and radiation protection control system,
and even though it was active previously“, it now plays a much more significant role.

Even before the accidents at Three Mile Island (1979) and Chernobyl (1986), the
1970s had marked a turning point. Until then, building and operating nuclear power
plants had raised few questions from the public. However, in 1974, French Prime
Minister Pierre Messmer decided to launch a major nuclear power programme that
called for building thirteen 900 MWe units*® in two years. In late 1974, as part of
this programme, the Minister of Industry sent the prefects a file, which was then
distributed to local authorities (regional councils, etc.), on the location of the planned
nuclear sites. In 1975, EDF was asked to provide environmental impact studies®’ for
these sites.

Following the initiation of this programme, a group of CNRS scientists launched a
petition in February 1975 entitled “Appeal by Scientists Regarding the French Nuclear
Programme”, which was intended as a warning regarding the dangers associated with
the nuclear industry, pointing out that a nuclear accident and radioactive leaks were
possible and that it would also be necessary to manage the waste produced by nuclear
power plants. It questioned whether energy independence could be achieved through
nuclear power, given France’s limited uranium resources. It also called into question
the nuclear safety control system in France and demanded a ‘real debate’ on nuclear
energy. The petition was signed by more than 400 scientists in one week, reaching
over 4000 in three months.

This action led to the creation of associations such as the Group of Scientists for
Information on Nuclear Energy (Groupement de scientifiques pour linformation sur

49. The public was already involved in public inquiries conducted in connection with reviews for various
construction authorizations and decommissioning applications for basic nuclear installations.

50. Reactors have been implemented in ‘plant units’ under successive ‘programme contracts’ (except
for the initial reactors at Fessenheim and Bugey, which only came under a ‘programme contract’,
designated 'CP0’, after the plants had been built). The term ‘unit’ is therefore commonly used
instead of ‘reactor’ in nuclear engineering and safety in France.

51. This was in anticipation of Act 76-629 of 10 July 1976, making it mandatory to conduct an impact
assessment for this type of project.
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’énergie nucléaire, GSIEN), created in late 1975 by a few of the same scientists that
had initiated the February 1975 petition.

At the same time, in November 1975, the nuclear branch of the CFDT trade union
published an initial work, L'électronucléaire en France (Nuclear Power in France), which
was updated and expanded in 1980 and renamed Le dossier électronucléaire (The
Nuclear Power Case®?).

In July 1977, the demonstration held by protesters near the Creys-Malville site,
where a fast-neutron sodium cooled reactor (SUPERPHENIX) was under construction,
was an important moment in the controversy®, as was the power plant planned for
the Plogoff site in Brittany, abandoned three years later.

The role of civil society has developed gradually. To respond to the concerns of
the population living near the Fessenheim nuclear power plant and given the growing
anti-nuclear movement, particularly in Germany and Switzerland, in 1977 the local
government authority (Conseil général) of the Upper Rhine area set up an Oversight
Commission, which included elected officials and non-profit organization repre-
sentatives, to regularly review plant operations and incidents at this facility. Other
commissions of this type were set up, such as the Permanent Special Commission for
Information (Commission spéciale permanente d’information, CSPI) near the La Hague
facility>* in 1981 (replaced, in 2004, by the Local Information Commission near the
Orano facility in La Hague).

Public authorities recognized the expansion of these actions when a circular was
signed by Prime Minister Pierre Mauroy on 15 December 1981. This circular invited
local government authorities (Conseils généraux) to set up a local information commis-
sion (CLI) for each major industrial facility in the country, belonging to the energy
supply chain®*. Some thirty CLls have been created since then.

A Local Information and Monitoring Commission for the Bure Underground Labo-
ratory (Bure CLIS) was likewise created in application of the Act of 30 December 1991
relating to research on radioactive waste management*. Information commissions for
regulated nuclear defence facilities (Installations nucléaires de base secrétes, INBS) were
also created by the Decree of 5 July 2001 pertaining to nuclear safety and radiation
protection in defence nuclear facilities and activities.

At the initiative of a few chairpersons from local information commissions,
the National Association of Local Information Commissions (Association nationale
des commissions locales d’information, ANCLI) was created on 5 September 2000.

52. CFDT (Confédération francaise démocratique du travail), Le dossier électronucléaire, Paris, Le Seuil,
1980.

53.  With, regrettably, one death.

54. Creation of Cogéma, later merged with Areva-NC, and more recently Orano Cycle.

55. This circular specifies that “the infrastructure covered includes thermal, conventional or nuclear
power plants operating at a capacity of more than 1000 MW, irradiated fuel reprocessing plants,
large-scale hydroelectric facilities and underground gas storage facilities.”

56. Act 91-1381 of 30 December 1991, relating to research on radioactive waste management.
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It became the National Association of Local Information Committees and Commis-
sions (Association nationale des comités et commissions locales d’information, ANCCLI)
in 2006, in accordance with provisions of the TSN Act*’, for the purpose of forming a
network to exchange information between CLIs and serving as a resource centre and
contact point with public authorities, as well as national and international organiza-
tions in the nuclear field.

Under the terms of a 2019 decree?, local information commissions currently bring
together elected officials (from local and regional elective bodies), representatives of
environmental non-profit organizations, designated members of representative trade
unions, people appointed on the basis of their expertise in the nuclear field (economic
stakeholders and professional unions), and, if the facility is located on an international
border, an elected regional representative, a non-profit organization representative
and a qualified specialist from each foreign country that lies on this border. A local
information commission must be created, decided by the head of the local government
authority (Conseil départemental)*®, once a construction authorization application has
been filed for a basic nuclear installation. The general mission of the local information
commission is to oversee, provide information and organize consultation on all activi-
ties pertaining to the facility.

Moreover, ASN representatives, other relevant government services and the regional
health agency, as well as operator representatives, may also attend local information
committee meetings in an advisory capacity and have access to the committee’s work.

To keep the public informed on nuclear safety issues, the TSN Act established a
certain number of principles. While the State is responsible for informing the public
on the procedures and results of nuclear safety and radiation protection monitoring,
everyone “has the right to obtain from the basic nuclear installation operator [...]
the information in its possession, whether received or established by the operator,
regarding risks related to exposure to ionizing radiation that may result from the facil-
ity’s activity and the safety and radiation protection measures taken to prevent or

57. TSN Act, Title Ill, Chapter II, Article 22, paragraph VII (“Local information committees may form a
federation, in the form of an association, to represent them before national and European author-
ities and to assist the committees in matters of common interest. The resources of this federation
are to be provided mainly from subsidies paid by the State and from contributions made by the
member commissions.” Governed by the Non-Profit Organization Act of 1 July 1901, ANCCLI
unites 35 CLIs and similar organizations, including 33 ClLIs focused on basic nuclear installations,
the Bure CLIS, and SEIVA, the organization for exchanging information at the CEA Valduc site.

58. Decree 2019-190 of 14 March 2019, enacting the provisions applicable to basic nuclear instal-
lations, the transport of radioactive substances and transparency in nuclear matters.

59. Article L.125-17 of the French Environment Code, in which the TSN Act was later incorporated,
stipulates that “a local information commission must be created for each site that has one or
more basic nuclear installations as defined in Article L.593-2" and that "“this commission has a
general mission to oversee, provide information and organize consultations on matters pertaining
to nuclear safety, radiation protection and the impact of nuclear activities on people and the
environment as regards the site facilities. It disseminates the results of its work broadly, making it
available to as many people as possible.”


https://www.anccli.org/
http://www.french-nuclear-safety.fr/References/Regulations/Act-No.-2006-686-of-13-June-2006
http://www.french-nuclear-safety.fr/
http://www.french-nuclear-safety.fr/References/Regulations/Act-No.-2006-686-of-13-June-2006
http://www.french-nuclear-safety.fr/References/Regulations/Act-No.-2006-686-of-13-June-2006
https://www.anccli.org/
https://clis-bure.fr/
http://info-seiva-sur-valduc.fr/
http://www.cea.fr/english
https://www.legifrance.gouv.fr/affichTexte.do?cidTexte=JORFTEXT000038232601&categorieLien=id
https://www.legifrance.gouv.fr/affichCodeArticle.do?idArticle=LEGIARTI000025107946&cidTexte=LEGITEXT000006074220&dateTexte=20120107
http://www.french-nuclear-safety.fr/References/Regulations/Act-No.-2006-686-of-13-June-2006
https://www.legifrance.gouv.fr/affichCodeArticle.do?cidTexte=LEGITEXT000006074220&idArticle=LEGIARTI000025109678&dateTexte=&categorieLien=cid
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mitigate these risks or exposure, under the conditions defined [in the French Environ-
ment Code].”

The obligations of basic nuclear installation operators with regard to informing the
public are specified in the TSN Act and presented in Section 2.3 b.

The High Committee for Transparency and Information on Nuclear Safety
(HCTISN) was described earlier. It should be noted that, since 2010, the High Council
for the Prevention of Technological Risks (Conseil supérieur de la prévention des risques
technologiques, CSPRT), which succeeded the High Council for Classified Installations,
previously consulted on draft regulations relating to Installations Classified for Environ-
mental Protection®, is also consulted on draft versions of executive orders regarding
basic nuclear installations, and even on certain draft versions of ASN decisions, at the
latter’s request. The CSPRT is made up of representatives from various administrations,
industry, environmental non-profit organizations, trade unions and elected officials.

ASN draft decisions are also subject to public consultation.

Civil society participates in working groups such as the Steering Committee for
Management of the Post-Accident Phase of a Nuclear Accident or Radiological Emer-
gency (Comité directeur pour la gestion de la phase post-accidentelle d’un accident
nucléaire ou d’une situation d’urgence radiologique, CODIRPA, see Chapter 38). Simi-
larly, non-profit organizations and elected officials are involved in the process of devel-
oping the National Plan on Management of Radioactive Materials and Waste (Plan
national de gestion des matiéres et des déchets radioactifs, PNGMDR®").,

Lastly, in 1998 France signed the UNECE Convention on Access to Information,
Public Participation in Decision-Making and Access to Justice in Environmental Matters
(Aarhus Convention). In 2008, at the initiative of ANCCLI and the European Commis-
sion, a study was launched to take stock of the practical implementation of this
convention in the nuclear field in Europe®?.

Further examples of civil society involvement are given in Section 3.2, with a certain
number of safety issues raised in relation to reactors in the French nuclear power plant
fleet.

60. Installation classée pour la protection de ’environnement (ICPE).

61. The PNGMDR is part of the framework set up by the Programme Act of 28 June 2006 on the
sustainable management of radioactive materials and waste. Its main purpose is to establish a
regular review of the management of radioactive materials and waste, identify predictable needs
for storage and disposal facilities, specify the capacity and storage periods required for these facil-
ities, and define needs in terms of studies and research.

62. The Aarhus Convention & Nuclear (ACN) approach, which has given rise to several round tables
at the European level and in several countries. In France, it was the subject of studies conducted
by three working groups, which resulted in a report comprising 13 recommendations. See the final
French report on the ANCCLI website (https://www.anccli.org/wp-content/uploads/2014/07/
Rapport-final-ACN-France-1.pdf).


http://www.french-nuclear-safety.fr/References/Regulations/Act-No.-2006-686-of-13-June-2006
http://www.hctisn.fr/
https://www.ecologique-solidaire.gouv.fr/conseil-superieur-prevention-des-risques-technologiques-csprt
http://www.french-nuclear-safety.fr/
https://www.ecologique-solidaire.gouv.fr/conseil-superieur-prevention-des-risques-technologiques-csprt
http://www.french-nuclear-safety.fr/
https://www.asn.fr/l-asn-informe/post-accident/le-codirpa
http://www.french-nuclear-safety.fr/References/National-plan-on-management-of-radioactive-materials-and-waste-PNGMDR
http://www.french-nuclear-safety.fr/References/National-plan-on-management-of-radioactive-materials-and-waste-PNGMDR
https://ree.developpement-durable.gouv.fr/IMG/pdf/la_convention_d_aarhus.pdf
http://www.anccli.org/
https://ec.europa.eu/info/index_en
https://ec.europa.eu/info/index_en
http://www.french-nuclear-safety.fr/References/National-plan-on-management-of-radioactive-materials-and-waste-PNGMDR
https://www.legifrance.gouv.fr/affichTexte.do?cidTexte=JORFTEXT000000240700
http://www.anccli.org/
https://www.anccli.org/wp-content/uploads/2014/07/Rapport-final-ACN-France-1.pdf
https://www.anccli.org/wp-content/uploads/2014/07/Rapport-final-ACN-France-1.pdf
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2.4. A few basic principles and notions in the field
of nuclear safety

Nuclear activities are carried out in France in compliance with French regulations
(the Charter for the Environment, which is based on the Constitution, and various
codes [environment, public health, labour and defence codes]). These codes must
comply with France’s international commitments or integrate the provisions of Euro-
pean Council directives into French law.

Since these various measures come from different sources, there is often significant
overlapping between them.

The safety of nuclear facilities and activities is based on a certain number of major
principles described in detail below®.

a. Principle of prime responsibility of the operator

As noted earlier, one of the fundamental safety principles in nuclear facilities is the
prime responsibility of operators for safety throughout the lifetime of their facilities.
They must take all measures required in terms of design, construction and operation
of their facilities to prevent and mitigate the risks associated with possible incidents
or accidents. This covers the qualification of personnel, control over changes made to
facilities or their operating procedures, control over subcontracted activities and safe
management of waste.

Of course, the prime responsibility of the operator is applied in association with
the principle of control by the State, responsible for the protection of people and prop-
erty®, which leads to the implementation of regulations, authorization procedures,
inspections, etc.

b. The principles of justification, optimization and limitation

These principles, based on the ICRP recommendations presented in Chapter 1 of
this book, are included in the French Public Health Code (Article L.1333-1), which
states:

63. Note that a number of them are included in the document published by the IAEA in 2006, Safety
Fundamentals No. SF-1. At the international level, general principles and recommendations on
nuclear safety, radiation protection, security and non-proliferation are defined in documents
(called norms or standards) issued by the International Atomic Energy Agency (IAEA), created
in 1957. Other sources include the principles and recommendations defined by the International
Commission on lonizing Radiation Protection (ICRP), created in 1928 and referred to in Chapter 1,
or the safety objectives and ‘reference levels’ drafted by the Western European Nuclear Regula-
tors’ Association (WENRA) created more recently (1999). These various organizations and their
missions are described in Chapter 3.

64. This principle is stated in the Convention on Nuclear Safety. Adopted in 1994 by the Member
States of the IAEA, the Convention was approved by France on 13 September 1995 and entered
into force on 24 October 1996.


https://www.icrp.org/
https://www.legifrance.gouv.fr/affichCodeArticle.do?idArticle=LEGIARTI000032044812&cidTexte=LEGITEXT000006072665&dateTexte=20170701
https://www.iaea.org
https://www-pub.iaea.org/MTCD/publications/PDF/Pub1273_web.pdf
https://www-pub.iaea.org/MTCD/publications/PDF/Pub1273_web.pdf
https://www.iaea.org
https://www.iaea.org
http://www.icrp.org/
http://www.icrp.org/
http://www.icrp.org/
https://www.iaea.org/publications/documents/infcircs/convention-nuclear-safety
https://www.iaea.org
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— "A nuclear activity or an operation may only be undertaken or exercised if it
is justified by the benefits it provides, especially in terms of health, societal
questions, economics or science, when weighed against the risks inherent to
exposing people to ionizing radiation.”

— The application of this principle may lead to prohibiting certain activities
involving radioactive substances if the corresponding benefits (see Chapter 1)
appear insufficient in comparison to the health risks. For example, it was in
application of this principle that France decided, in 2011, to gradually discon-
tinue the use of fire detectors® containing radionuclides, as soon as it was
possible to implement other sufficiently effective technologies.

— “Exposure of persons to ionizing radiation resulting from an [activity or inter-
vention] must be kept to the lowest level that can reasonably be achieved,
considering technical, economic and social factors [...].”

— “Exposure of a person to ionizing radiation resulting from one [of these activi-
ties] must not cause the sum of received doses to exceed limits set by regula-
tions, except when the person is exposed for medical reasons or for biomedical
research.”

c. Principle of prevention

The French Environment Code defines a principle of taking action to prevent and
remedy environmental damage, giving priority to acting at the source, using the "best
available techniques at an economically acceptable cost.”

d. Precautionary principle

The Constitutional Act of 1 March 2005 defines the precautionary principle in
these terms: the absence of certainty, given current scientific and technical knowledge,
shall not delay the adoption of environmental protection measures. It is defined in
the Charter for the Environment as follows: “Where there is the possibility of severe
and irreversible damage to the environment, even though this is not a certainty given
the current state of scientific knowledge, public authorities shall ensure, by applying
the precautionary principle in the areas under their competence, that procedures
are followed to assess the risks and that provisional and proportionate measures are
taken to prevent the postulated technical damage.” According to this principle, the
absence of certainty, given current scientific and technical knowledge, must not delay
the adoption of effective and proportionate measures aimed at preventing a risk of
serious and irreversible damage to the environment at an economically acceptable
cost (Article L.110-1 of the Environment Code).

65. In a period of ten years, given the large number of detectors involved.


https://www.legifrance.gouv.fr/affichCodeArticle.do?idArticle=LEGIARTI000033033501&cidTexte=LEGITEXT000006074220&dateTexte=20160810
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2.5. Statutory and quasi-statutory frameworks
applicable to basic nuclear installations

a. Regulatory Pyramid

Before going any further, in order to better understand the process of developing
the statutory and quasi-statutory framework® applicable to basic nuclear installations
in France, it is necessary to explain what is known as the Regulatory Pyramid, shown
in Figure 2.2.

Regulatory Pyramid Application to Basic
Nuclear Installations

TSN Act
Parliament = Environment Code

Procedures
Decree

Binding Decrees

Executive
power
Orders INB Order

' ASN Decisions

ASN Fund. Safety
Rules/Guides

Regulatory Decisions

Industrial Codes
Non-binding Fund. Safety Rules/Guides/Standards

Figure 2.2. French Regulatory Pyramid. IRSN.

The texts included in this regulatory pyramid must, of course, comply with inter-
national agreements signed by France, for example, the 1957 Euratom Treaty, the 1960
Paris Convention on Third-Party Liability in the Nuclear Field, the 1994 Convention
on Nuclear Safety mentioned above, and European directives, which will be discussed
later. It means transposition work into French law, if necessary.

The pyramid makes a distinction between binding provisions (laws [acts], decrees,
orders, regulatory decisions) and non-binding provisions, consisting of guidelines
(including the fundamental safety rules established before 2006, which were followed
by the ASN Guides), standards, and design or building codes established by industry
that formalize proven practices, thus providing useful references that may be waived,
however, if justified.

66. Also referred to as the ‘regulatory baseline’.


https://www.irsn.fr/EN/Pages/home.aspx
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=LEGISSUM:xy0024
https://www.oecd-nea.org/jcms/pl_31788/paris-convention-full-text
https://www.iaea.org/publications/documents/infcircs/convention-nuclear-safety
https://www.iaea.org/publications/documents/infcircs/convention-nuclear-safety
http://www.french-nuclear-safety.fr/References/Safety-Rules
http://www.french-nuclear-safety.fr/References/ASN-Guides-non-binding
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Directive 2009/71/EURATOM of 25 June 2009 deserves mention here. Its objec-
tives were:

“to establish a Community framework in order to maintain and promote the
continuous improvement of nuclear safety and its regulation;

to ensure that Member States shall provide for appropriate national arrange-
ments for a high level of nuclear safety to protect workers and the general public
against the dangers arising from ionizing radiation from nuclear installations.”

This directive laid down a number of major principles to ensure control of nuclear

safety:

the existence of a regulatory authority;

the functional separation of the regulatory authority from any other body or
organization concerned with the promotion or utilization of nuclear energy;
the regulatory authority shall not seek or take instructions from such bodies or
organizations for the purpose of carrying out its regulatory tasks;

the ability of the regulatory authority to carry out its tasks by employing suffi-
cient staff with the necessary qualifications, experience and expertise; it may
make use of external scientific and technical resources to support its regulatory
functions;

the ability of the regulatory authority to verify that operators (authorization
holders), primarily responsible for nuclear safety in their facilities, take adequate
measures to prevent accidents and mitigate their consequences; that they have
the necessary financial and human resources and have the appropriate qualifi-
cations and competence;

the existence of coercive measures used to discourage operators from commit-
ting any breach of regulations;

providing the public with adequate information on the safety of nuclear
facilities.

Directive 2014/87/EU of 8 July 2014 amended the 2009 directive following the
accident at the Fukushima Daiichi nuclear power plant; it expands on the 2009 regu-
lations with regard to periodic reviews, self-assessment of national frameworks and
regulatory authorities, and international peer reviews.

In addition, the 2014 directive specifies that a regulatory authority can use external
scientific and technical resources to support its regulatory functions; for instance,
IRSN in France and Bel V in Belgium, which are technical safety organizations (TSOs),
provide such support.

In July 2014, each Member State submitted to the European Commission a report
on implementation of the directive in its 2009 version; the revised version calls for a
second report by July 2020.


https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:32009L0071
https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:32009L0071
https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:32014L0087&from=FR
https://www.irsn.fr/EN/publications/thematic-safety/fukushima/Pages/overview.aspx
https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:32014L0087&from=EN
https://www.irsn.fr/EN/Pages/home.aspx
https://www.belv.be/index.php/en/
https://ec.europa.eu/info/index_en
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Finally, the 2014 directive sets a safety objective for nuclear installations that aims
to limit release of radioactive substances into the environment in the event of an acci-
dent, a point that will be developed further in Chapter 18.

b. Development of the Regulatory Pyramid

From 1963 (the year of the first decree on nuclear facilities), French regulations
applicable to basic nuclear installations developed gradually. For example:

— Decree 73-405 of 27 March 1973, amending Decree 63-1228 of 11 December
1963, which specifies, in particular, the procedures applicable to basic nuclear
installations;

— Order of 26 February 1974 relating to the main primary system in pressurized
water reactors;

— Decree 74-945 of 6 November 1974 concerning the discharge of gaseous radio-
active effluent from basic nuclear installations and nuclear facilities located on
the same site;

— Decree 74-1181 of 31 December 1974 on the discharge of liquid radioactive
effluent from nuclear facilities;

— Decree 75-306 of 28 April 1975 relating to the protection of workers from
ionizing radiation hazards in basic nuclear installations;

— Order of 10 August 1984 on the quality of the design, construction and opera-
tion of basic nuclear installations (often referred to as the ‘Quality Order’);

— Order of 26 November 1999 setting out the general technical requirements
concerning the limits and procedures applicable to intakes and discharges
performed by basic nuclear installations and subject to authorization;

— Order of 31 December 1999 setting the general technical regulations for
preventing and reducing the detrimental effects and external hazards resulting
from the operation of basic nuclear installations.

The limited number of documents existing at this time involved mainly procedures
and did not contain detailed technical requirements. This approach was largely guided
by the desire to foster an on-going technical dialogue with operators, which was facil-
itated by the fact that most of the operators of basic nuclear installations in France
were, and still are, ‘major operators’. The drawback was that French practices were not
particularly clear, especially for export markets.

Therefore, from the 1980s onwards, a certain number of technical rules were devel-
oped by SCSIN and then DSIN with support from IPSN — some of which were submitted
to the GPR or GPU — and published in the form of fundamental safety rules (RFS®).
These non-binding documents were intended to specify the conditions to be met in
order to comply with accepted technical practices in France. They took into account

67. Régles fondamentales de sireté.


https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:32014L0087&from=EN
https://www.legifrance.gouv.fr/affichTexte.do?cidTexte=LEGITEXT000006074286&dateTexte=29990101&categorieLien=cid
https://www.legifrance.gouv.fr/affichTexte.do?cidTexte=JORFTEXT000000311388
https://www.legifrance.gouv.fr/affichTexte.do?cidTexte=JORFTEXT000000306569
https://www.legifrance.gouv.fr/affichTexte.do?cidTexte=JORFTEXT000000335020
https://www.legifrance.gouv.fr/affichTexte.do?cidTexte=LEGITEXT000006062309
https://www.legifrance.gouv.fr/affichTexte.do?cidTexte=JORFTEXT000000321244
https://www.legifrance.gouv.fr/affichTexte.do?cidTexte=JORFTEXT000000762255&dateTexte=
https://www.legifrance.gouv.fr/affichTexte.do?cidTexte=JORFTEXT000000567710
http://www.french-nuclear-safety.fr/ASN/Technical-support/The-Advisory-Committees
http://www.french-nuclear-safety.fr/ASN/Technical-support/The-Advisory-Committees
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experience acquired in the relevant subjects, particularly from review of safety anal-
ysis reports, periodic reviews, etc. Operators and designers could, nonetheless, propose
different arrangements if they demonstrated that the required safety objectives were
met to an equivalent degree. The list of fundamental safety rules for pressurized water
reactors is given in Appendix 1.

At the same time, the French nuclear industry began to establish documents
known as Design and Construction Rules (known by their French acronym RCC®),
which formalize technical rules and principles specific to different fields, in partic-
ular for pressurized water reactors, on the basis of proven best practices (relevant to
the process [RCC-P], metal structures and components [RCC-M, or RCCM-MRx for
fast-neutron reactors, research reactors and nuclear fusion installations], civil works
[RCC-C], fuel [RCC-C], electrical equipment [RCC-E] and fire protection [RCC-I]). The
preparation and distribution of these detailed documents was not conducted under the
authority of safety organizations. In the 1980s, the SCSIN officially agreed to imple-
ment certain design and construction rules through specific fundamental safety rules®
(see Appendix 1).

c. Regulatory development since 2006

In order to be fully applicable, the TSN Act required official documents to enact
these provisions. The regulations mentioned below also reinforced measures previously
in effect, for example, by allowing sanctions to be applied.

The amended Decree of 2 November 20077, or ‘Procedures Decree’, thus spec-
ified certain procedures (level of authorization required, mandatory consultations,
review deadlines, etc.) applicable to the construction, commissioning and operation,
modification”!, decommissioning and dismantling of civilian basic nuclear installations.
It also specifies the documents that must be submitted by the operator at each stage
of the facility's ‘lifetime’ (design, construction, commissioning, modifications, decom-
missioning, etc.) as well as the content required in these documents (such as technical
capability, financial capacity, support documents to substantiate the manner in which
any risks and drawbacks of the facility are to be managed, as well as technical and
organizational measures associated with operation).

68. Régles de conception et de construction.

69. Along with these rules, another document entered into effect, the SIN 3130/84 Report dated
13 June 1984, based on conclusions drawn after review of a document covering design and
construction rules for PWR-based NPPs, pertaining to rules on processes for 900 MWe plant units
(Régles de conception et de construction des centrales nucléaires PWR [Recueil de régles relatives aux
procédés —tranches de 900 MWe, RCC-P 900)).

70. Decree 2016-846 of 28 June 2016 makes significant amendments to the 2007 decree on issues
involving modification of basic nuclear installations, final shutdown, decommissioning and
subcontracting (use of service providers).

71.  This includes changes made to structures, systems and components and to authorized operating
procedures of the basic nuclear installation.


http://www.french-nuclear-safety.fr/References/Regulations/Act-No.-2006-686-of-13-June-2006
https://www.legifrance.gouv.fr/affichTexte.do?cidTexte=JORFTEXT000032790726&categorieLien=id
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The Order of 7 February 2012, known as the ‘INB Order’, defined the general
rules applicable to basic nuclear installations, particularly in terms of operator organ-
ization and responsibility, with support documents demonstrating how risks, facility
drawbacks, waste management and emergency situations are to be managed in a
controlled manner. With the exception of a few articles, it presents a general approach,
i.e. its requirements are applicable to all basic nuclear installations, from the design
stage to delicensing’?. However, “their application is based on an approach commen-
surate with the risks and drawbacks presented by the installation. It takes into account
all relevant technical aspects, organizational factors and human factors.” This leaves
adequate room for technical dialogue and case-by-case assessment of facility safety.

ASN has also undertaken to develop technical regulations, prompted by the Euro-
pean harmonization work of WENRA, created in 1999, which revealed the very limited
nature of France's technical regulations compared with those of most other European
countries, even though practices in the various countries appeared to be fairly similar.

In this respect, about twenty of ASN's regulatory decisions apply or will apply the
INB Order; they concern, for example, the content of safety analysis reports, periodic
reviews, management of fire, flood or criticality risks, modifications to basic nuclear
installations, to name a few. The establishment of non-binding guides, which may or
may not constitute a supplement to regulatory decisions, has also been initiated. Their
purpose is similar to that of the fundamental safety rules, which they may come to
replace, under certain circumstances.

It should be noted that the INB Order repeals:
— the ‘Quality Order’ of 10 August 1984, cited above;

— the Order of 26 November 1999, setting out the general technical requirements
concerning the limits and procedures for intakes and discharges subject to
authorization, carried out by basic nuclear installations;

— the Order of 31 December 1999, setting the general technical regulations for
preventing and reducing the detrimental effects and external hazards resulting
from the operation of basic nuclear installations.

The list of existing statutory and quasi-statutory regulations”™ is given in
Appendix 2. ASN Guide No. 22 (18 July 2017), written jointly with IRSN, is a partic-
ularly noteworthy document. This guide presents a certain number of recommenda-
tions for the design of pressurized water reactors (PWRs), with a view to preventing

72. ‘“Delicensing [in France] is an administrative operation that aims to permanently withdraw the
facility from the list of basic nuclear installations, in which case the facility is no longer regu-
lated under the nuclear regulatory framework and all related legal duties end as a result. This can
happen only after the completion of the decommissioning works and the demonstration by the
licensee that the end state has been achieved.” (ASN Guide No. 6 — Final Shutdown, Decommis-
sioning and Delicensing of Basic Nuclear Installations in France, 2016).

73. The programme for preparing regulations is available on ASN's website using the following link
https://www.asn.fr/Reglementer/Tableaux-de-suivi-INB.


http://www.french-nuclear-safety.fr/References/Regulations/Order-of-7-February-2012
http://www.french-nuclear-safety.fr/
http://www.french-nuclear-safety.fr/
http://www.french-nuclear-safety.fr/References/Regulations/Order-of-7-February-2012
http://www.french-nuclear-safety.fr/References/Regulations/Order-of-7-February-2012
https://www.legifrance.gouv.fr/affichTexte.do?cidTexte=JORFTEXT000000321244
https://www.asn.fr/Professionnels/Installations-nucleaires/Guides-de-l-ASN/Guide-de-l-ASN-n-22-Conception-des-reacteurs-a-eau-sous-pression
https://www.irsn.fr/EN/Pages/home.aspx
https://www.asn.fr/Professionnels/Les-Guides-de-l-ASN/Guide-de-l-ASN-n-6-Arret-definitif-demantelement-et-declassement-des-installations-nucleaires-de-base
http://www.french-nuclear-safety.fr/
https://www.asn.fr/Reglementer/Tableaux-de-suivi-INB
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radiological incidents or accidents and mitigating the consequences if they do occur™.
The targeted public is future designers and operators of PWRs in France, but it can also
be used as a reference when seeking to improve existing reactors, for example in the
framework of the periodic reviews. It will be referred to extensively in Part 2 of this
book, which covers the safety issues to be taken into account in designing pressurized
water reactors.

The development of national technical regulations is based on a process of prepa-
ration, then consultation, involving all the entities concerned, with, lastly, a public
consultation via the Internet on ASN’s website (see Figure 2.3).
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Figure 2.3. Simplified diagram showing the main stages in the development of regulatory texts in
France and the involvement of stakeholders. Georges Goué/IRSN.

74. This guide "was written on the basis of knowledge established following technical reviews
conducted on nuclear power reactors in operation, under construction or planned in France. It
takes into account knowledge gained in reviewing technical cases submitted to ASN by industry,
which revealed the relevance of certain practices. It will be updated regularly to take into account
developments in knowledge, operating experience feedback [...], recommendations issued by
international organizations and new practices.”


http://www.french-nuclear-safety.fr/
https://www.irsn.fr/EN/Pages/home.aspx
http://www.french-nuclear-safety.fr/
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d. The main procedures involved in operating a basic nuclear
installation: from design to decommissioning

Decree 2007-1557 of 2 November 2007, as amended (most recently by
Decree 2016-846 of 28 June 20167°), adopted pursuant to the TSN Act and the
TECV Act, pertains to administrative procedures applicable to basic nuclear instal-
lations. In particular, it indicates the authorizations required for construction, commis-
sioning, modification, final shutdown and decommissioning & dismantling of a basic
nuclear installation and the documents that the operator must submit to obtain these
authorizations.

The diagram shown in Appendix 3 presents the various procedures applicable
to basic nuclear installations, including pressurized water nuclear reactors, and the
corresponding articles of the Decree of 2 November 2007. A few points should be
emphasized:

— construction or decommissioning of this type of facility is subject to a public
inquiry and a decree;

— commissioning of the facility is subject to authorization by ASN;

— modifications to a basic nuclear installation that do not comply with the
construction authorization delivered will require renewal of the authorization
from the ministers responsible for nuclear safety (change of operator or scope
of the basic nuclear installation, ‘substantial’ modifications);

— changes to the basic nuclear installation that do not require renewal of the
authorization from the ministers responsible for nuclear safety but that are
‘'significant’ (see Decision 2017-DC-0616 of 30 November 2017) must either
be authorized by ASN or declared formally’. The time required to review
the request for authorization is six months. ASN may extend this period if it
judges that it is necessary to carry out further investigations or issue additional
prescriptions. If ASN does not issue a response by the end of this period, the
application is considered to be rejected;

— a 10-yearly review must be carried out by the operator, including for basic
nuclear installations that are in the final shutdown or decommissioning phase.

e. Key documents associated with nuclear safety procedures

The expected content of some of the documents referred to below is, or will be,
specified by ASN regulatory decisions (such as Decision 2015-DC-0532 on safety
analysis reports for basic nuclear installations).

75. This concerns modification, final shutdown and decommissioning of basic nuclear installations as
well as subcontracting.

76. Changes that do not significantly affect the safety analysis report or the impact assessment of the
facility are covered by filing a (simple) declaration.


https://www.legifrance.gouv.fr/affichTexte.do?cidTexte=JORFTEXT000000469544
https://www.legifrance.gouv.fr/affichTexte.do?cidTexte=JORFTEXT000032790726&categorieLien=id
http://www.french-nuclear-safety.fr/References/Regulations/Act-No.-2006-686-of-13-June-2006
https://www.legifrance.gouv.fr/affichTexte.do?cidTexte=JORFTEXT000031044385&categorieLien=id
https://www.legifrance.gouv.fr/affichTexte.do?cidTexte=JORFTEXT000000469544
http://www.french-nuclear-safety.fr/
https://www.asn.fr/Reglementer/Bulletin-officiel-de-l-ASN/Installations-nucleaires/Decisions-reglementaires/Decision-n-2017-DC-0616-de-l-ASN-du-30-novembre-2017
http://www.french-nuclear-safety.fr/
http://www.french-nuclear-safety.fr/
http://www.french-nuclear-safety.fr/
http://www.french-nuclear-safety.fr/
https://www.asn.fr/Reglementer/Bulletin-officiel-de-l-ASN/Installations-nucleaires/Decisions-reglementaires/Decision-n-2015-DC-0532-de-l-ASN-du-17-novembre-2015
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As indicated previously, the general conditions for issuing a construction author-
ization for a basic nuclear installation are based on ‘protected interests’ (security in
the sense of French regulations, public health and hygiene, protection of nature and
the environment). Thus, the information that the operator must submit to obtain
a construction authorization is not limited to accident risk management, but also
concerns limiting drawbacks inherent to operation (discharges, water intake, waste
production, impact on flora and fauna, etc.). Moreover, the operator's ability to
operate a facility is assessed not only on the basis of technical competence, but also
on organizational, structural and financial aspects. The operator of a pressurized water
reactor must envisage not only the operating phase of the facility, but also the future
decommissioning phase and the financial provisions required.

The supporting information to be provided by the operator is described in a set of
documents specified in Decree 2007-1557 of 2 November 2007 as amended’’, which
identifies the purpose and content of each document. Most of these documents are
analysed by IRSN at the request of ASN.

The various procedures to be applied from the initial design stage to decommis-
sioning of a basic nuclear installation such as a pressurized water reactor are described
in detail in Appendix 3.

P Safety Options Report

Prior to initiating the licensing process, any entity planning to operate a basic
nuclear installation is offered the opportunity to request an opinion from ASN on all
or some of the options it has selected to ensure the safety of the facility. EDF thus
requested an opinion from ASN for the project known as the New Model European
Pressurized Water Reactor (NM EPR)’®. The submitted application, completed during
IRSN'’s review, was examined at a meeting of the Advisory Committee for Reactors
(Standing Group of Experts for Nuclear Reactors) in January 2018 and ASN issued its
opinion in 2019.

P Safety Analysis Report

A safety analysis report, in a preliminary version, must accompany any construction
authorization application for a basic nuclear installation. The operator must demon-
strate that the project achieves the lowest possible level of risk under economically

77. Amendments introduced by Decree 2016-846 of 28 June 2016 pertain to the following:
— framework for the use of subcontracting in the operation of basic nuclear installations,
— reform of the framework applicable to decommissioning basic nuclear installations,
— the implementation of more proportionate control of issues involved in significant changes to
basic nuclear installations.
These amendments provide the regulatory stipulations required to incorporate the provisions of
the TECV Act.
78. Safety option reports have also been submitted to the safety authority for the Jules Horowitz
Reactor and the ITER nuclear fusion project, two facilities under construction at Cadarache, as well
as for the centralized storage pool that EDF plans to build by 2030 to accommodate spent fuel.


https://www.legifrance.gouv.fr/affichTexte.do?cidTexte=JORFTEXT000000469544
https://www.irsn.fr/EN/Pages/home.aspx
http://www.french-nuclear-safety.fr/
http://www.french-nuclear-safety.fr/
https://www.edf.fr/en/meta-home
http://www.french-nuclear-safety.fr/
https://www.irsn.fr/EN/Pages/home.aspx
http://www.french-nuclear-safety.fr/ASN/Technical-support/The-Advisory-Committees
http://www.french-nuclear-safety.fr/
https://www.legifrance.gouv.fr/loda/id/JORFTEXT000032790726/
https://www.legifrance.gouv.fr/affichTexte.do?cidTexte=JORFTEXT000031044385&categorieLien=id
http://www.cea.fr/english/Pages/research-areas/nuclear-energy/jules-horowitz-research-reactor-JHR.aspx
http://www.cea.fr/english/Pages/research-areas/nuclear-energy/jules-horowitz-research-reactor-JHR.aspx
https://www.iter.org/
https://www.edf.fr/en/meta-home
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acceptable conditions, taking into account the current state of knowledge, prac-
tices and vulnerability of the environment at the facility location. This implies that
the report must include an inventory of all risks of any origin that may exist within
the planned facility; an analysis of the measures taken to prevent these risks; and a
description of the means provided to reduce the probability of accidents and their
consequences.

A 'design study’ for the ‘on-site emergency plan’ (PUI)7® must be submitted as part
of the preliminary version of the safety analysis report. ASN Decision 2015-DC-0532
of 17 November 2015 (Safety Analysis Report Decision) indicates that this study:

— aims to identify, “among the accidents postulated in the safety demonstra-
tion”®, those which, “despite preventive and mitigation measures, could lead
to emergency situations and require protective measures on or off the site [...]"”
and “which must be brought to the attention of public authorities for the imple-
mentation of risk management policies within their jurisdiction [...];

— explains the principles for triggering the on-site emergency plan;

— identifies areas where the radiological emergency response levels specified in
Article R.1333-80 of the Public Health Code or the thresholds for the effects of
hazardous phenomena in Annex Il of the Order of 29 September 2005 [...] could
be exceeded;

- contains [...] the information needed to prepare the off-site emergency plan
(PPI®") [...]; for this purpose, in scenarios requiring that public authorities take
action immediately to protect the population, it specifies how the consequences
will evolve within six hours after the beginning of the accident.”

In practice, however, other information sources define the actual human and mate-
rial resources associated with the on-site emergency plan, which are generally provided
in the support documents that accompany this plan.

The safety analysis report is updated to obtain a fuel-loading permit®? (i.e. for active
commissioning, where nuclear or radioactive substances are used for the first time in
the facility). The resulting updated safety analysis report serves to ensure that the
facility complies with the construction authorization decree and any ASN prescriptions
to be met in order to enact this decree, which authorizes facility design and construc-
tion. This implies that the safety analysis report must be based on the ‘as-built’ state
of the facility.

The safety analysis report is also updated when the ‘end-of-startup’ report is
submitted for final commissioning. It “describes any incidents and accidents reported

79. Pland’urgence interne.

80. This does not include ‘excluded’ situations (see Chapters 6 and 17).

81. Plan particulier d’intervention.

82. ASN may authorize delivery of fuel within the boundary of the facility, without allowing fuel to
be loaded into the reactor, by issuing a decision that authorizes what is referred to as ‘partial
commissioning’.


http://www.french-nuclear-safety.fr/
https://www.asn.fr/Reglementer/Bulletin-officiel-de-l-ASN/Installations-nucleaires/Decisions-reglementaires/Decision-n-2015-DC-0532-de-l-ASN-du-17-novembre-2015
https://www.legifrance.gouv.fr/codes/article_lc/LEGIARTI000037017211/
https://www.legifrance.gouv.fr/loda/id/JORFTEXT000000245167/
http://www.french-nuclear-safety.fr/
http://www.french-nuclear-safety.fr/
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[...] since the operating authorization process began for the basic nuclear instal-
lation, as well as any curative, preventive and corrective actions taken, and summa-
rizes any significant events that occurred, describing the manner in which each event
was processed, from the beginning of startup until submission of the ‘end-of-startup’
report” This update must of course take into account the results of 'startup tests’
(required for reactors in the French nuclear power plant fleet, which will be discussed
in Chapter 19).

According to Subsection VII of Article 20 of the Procedures Decree, the safety anal-
ysis report shall be kept up to date, particularly in the following situations:

— if there is a change in the basic nuclear installation operator, or the operator’s
scope of responsibility, or if ‘substantial’ changes are made, i.e. changes that call
into question compliance with the applicable decrees;

— when periodic reviews are conducted, which generally result in significant
changes (see paragraph above), and when studies presented in the safety anal-
ysis report are updated.

P Risk Management Study

The risk management study presents the information contained in the preliminary
version of the safety analysis report in a form appropriate for the local consultations
and public inquiry called for in the construction authorization procedure.

» Impact Assessment

The impact assessment, which is part of the support documentation that accompa-
nies any application for a construction authorization, describes how construction and
normal operation of the facility will affect people and the environment. It is defined
in Article 9 of Decree 2007-1557 mentioned above, and covers at least the following
points:

— the radiological state of the site environment and its surroundings;

— an analysis of direct and indirect effects of the facility on the environment,
which may be temporary (during the construction phase) or permanent;

— an assessment of the exposure of members of the public to ionizing radiation
caused by the facility, taking into account irradiation caused directly by the
facility and transfers of radionuclides through various pathways, including food
chains. The planned water intake and discharge of liquid effluent into the envi-
ronment or gaseous effluent into the atmosphere must be presented;

— the volume, type, detrimental effects and methods of disposal of radioactive
and non-radioactive waste must also be described.

The impact assessment is also updated when the application for the operating
authorization is submitted.


https://www.legifrance.gouv.fr/affichTexte.do;jsessionid=B28C3E894D09945C7B384295D960FC90.tplgfr29s_3?cidTexte=JORFTEXT000000469544&dateTexte=20190529
https://www.legifrance.gouv.fr/loda/id/JORFTEXT000000469544/
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» Dismantling Plan

At the end of their operating lifetime, nuclear facilities are brought to the final
shutdown state and must undergo preparatory and full dismantling operations before
the site can be reused for another activity. The term ‘dismantling’ covers all activi-
ties carried out after final shutdown of a facility in order to reach a predefined end
state. These operations typically include dismantling of equipment, cleanup of struc-
tures, possible destruction of civil works, cleanup of soil, and sorting, characterization,
conditioning, removal and disposal of the waste produced (radioactive or otherwise).
Following decommissioning, and under certain conditions, a basic nuclear installation
is ‘delicensed’, meaning that it is removed from the list of basic nuclear installations.

Article L.593-25 of the French Environment Code stipulates that "When operation
of a basic nuclear installation or part of such an installation is definitively stopped,
the operator shall proceed with dismantling as soon as possible, under economically
acceptable conditions and in compliance with the principles set out in Article L.1333-1
of the French Public Health Code and Section Il of Article L.110-1 of the Environment
Code."” This strategy avoids placing the technical and financial burden of dismantling
on future generations. It also makes it possible to take advantage of the knowledge
and skills of the teams present during facility operation, which is essential during initial
dismantling operations.

The dismantling plan, included in the support documents that accompany any
construction authorization application for a basic nuclear installation, sets out the
methodological principles and the stages envisaged for facility dismantling, remedi-
ation and subsequent monitoring of the site. In general, (see ASN Guide No. 6), the
Dismantling Plan:

— ‘“explains the methods envisaged for dismantling the facility and, if applicable,
the methods for the remediation and monitoring of the site;

— details and substantiates the dismantling strategy chosen by the licensee [...]
and describes the expected duration between the final shutdown of the facility
and the end of its dismantling. This duration covers the time between final
shutdown and the start of the dismantling operations as well as the duration of
the operations themselves;

— defines and substantiates the state of the plant, both at the moment of final
shutdown and when dismantling operations begin (initial state). It also defines
and substantiates the expected end state of the site once dismantling of the
plant has been completed [...];

— describes the measures taken by the licensee to preserve the history of the facility,
including relevant information pertaining to its subsequent dismantling (i.e. radio-
active and hazardous substances used, radiological maps, events, etc.) [...].”

After the construction authorization application has been submitted for a basic
nuclear installation, the dismantling plan is updated in compliance with the Basic
Nuclear Installation Order:


https://www.legifrance.gouv.fr/codes/article_lc/LEGIARTI000032044212/
https://www.legifrance.gouv.fr/codes/article_lc/LEGIARTI000032044812/
https://www.legifrance.gouv.fr/codes/article_lc/LEGIARTI000033033501/2016-08-10/
http://www.french-nuclear-safety.fr/References/ASN-Guides-non-binding/ASN-Guide-No.-6
http://www.french-nuclear-safety.fr/References/Regulations/Order-of-7-February-2012
http://www.french-nuclear-safety.fr/References/Regulations/Order-of-7-February-2012
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— when the facility is set into operation;
— whenever a change is made to the construction authorization;
— if necessary, when any change is made to the facility;

— each time a periodic review report is submitted (including during the
decommissioning phase).

Specific safety issues related to dismantling operations will not be addressed in this
book®3.

» Technical and Financial Capacity Statement

In order to obtain a construction authorization, the operator must provide a state-
ment presenting its technical and financial resources. This statement, which is not
made available to the public during the public inquiry, is intended in particular to
substantiate the applicant’s ability to exercise its responsibilities as a nuclear licensee
on a long-term basis.

P General Operating Rules

The purpose of the General Operating Rules (RGE®*) is to present the technical
and organizational provisions adopted by the operator in line with the safety anal-
ysis report. Together with the safety analysis report, on-site emergency plan and
waste management study, general operating rules are included in the documents to
be submitted when applying for the facility operating authorization. They are updated
as necessary to take into account changes, or evolving operating practices, as well as
modifications in operations conducted from the beginning of decommissioning to the
end of delicensing.

P On-site Emergency Plan

An on-site emergency plan (PUI) must also be submitted in order to authorize
operation of a basic nuclear installation. This plan defines the organizational measures,
intervention methods and means to be implemented by the operator® in emergency
situations to protect personnel, the public and the environment from ionizing radiation
and to maintain or restore facility safety.

ASN Decision 2017-DC-592 of 13 June 2017 sets out obligations regarding emer-
gency preparedness and response and the content of the on-site emergency plan. This
will be discussed in further detail in Section 17.9.

83. For further information, see the CEA monograph L'assainissement-démantélement des installations
nucléaires (Cleanup and Dismantling of Nuclear Facilities), Editions du Moniteur, 2018.

84. Reégles générales d’exploitation.

85. The measures implemented outside the facility site where the accident occurred in order to
protect the public and the environment are the responsibility of the prefect of the département
concerned and are covered in the Off-site Emergency Plan, established to be coherent with the
operator’s On-site Emergency Plan (see Chapter 38 on emergency response management).


https://www.asn.fr/Reglementer/Bulletin-officiel-de-l-ASN/Installations-nucleaires/Decisions-reglementaires/Decision-n-2017-DC-0592-de-l-ASN-du-13-juin-2017
http://www.cea.fr/english
http://boutique.lemoniteur.fr/assainissement-demantelement-des-installations-nucleaires.html
http://boutique.lemoniteur.fr/assainissement-demantelement-des-installations-nucleaires.html
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P Waste Management Study

A waste management study is part of the file to be submitted by the operator when
applying for the facility operating authorization. It states the objectives set by the
operator to limit the volume and radiological, chemical and biological toxicity of waste
generated at the basic nuclear installation and to reduce the volume and activity of
the final waste for disposal by applying appropriate recovery and treatment processes.
This study describes all waste management solutions to be used at the facility, all the
way to disposal.

f. Conclusion

The regulatory framework (or ‘baseline’®) of a facility thus includes legally binding
texts. Failure to comply with any regulatory provision constitutes a deviation that
may result in an administrative or criminal penalty®’. This can be illustrated as follows
(Figure 2.4):

Specific regulations applicable
to a given basic nuclear installation:

General regulations applicable

to basic nuclear installations:
Support documentation

= Construction authorization decree and submitted with any authorization

= Environment Code

= Procedures Decree

= INB Order

= ASN regulatory decisions
= etc.

decommissioning decree

= Fuel loading authorization

= ASN decisions specific to the INB
(discharges, construction, operation,
etc.)

applications filed by the basic
nuclear installation

Figure 2.4. Regulatory framework for a basic nuclear installation. Georges Goué/IRSN.

As discussed earlier, a decree must be passed to authorize construction or
decommissioning of a basic nuclear installation; it also authorizes discharges (subject
to compliance with the impact assessment). The decree mentions certain details such
as the maximum capacity of the facility, the maximum duration of commissioning and
the ‘essential elements to safeguard protected interests’ (public security, health and
hygiene, protection of nature and the environment): these elements are sufficiently
important to constitute essential conditions for issuing an authorization; if any of
these elements are jeopardized, a new application must be submitted for authori-
zation. The identification of these elements takes into account the specific characteris-
tics of the facility, its risks and drawbacks.

86. The term ‘baseline’ is widely used in the field of nuclear safety. It designates the codes and docu-
ments considered, particularly by operators and safety organizations, as safety requirements
that must be met by the operator (the regulatory ‘baseline’) or requirements that the operator
proposes and that become binding once they have been approved by safety organizations.

87. For example, Areva was fined in October 2010 for failing to comply with the regulatory obligation
to report an event without delay; the event involved a uranium leak that occurred on 8 July 2008
at the Socatri plant at Areva’s Tricastin site. Similarly, for an event that occurred at the Plutonium
Technology Plant (ATPu) at the Cadarache centre (underestimation of plutonium retention) in
October 2009, CEA was fined in March 2012.


https://www.irsn.fr/EN/Pages/home.aspx
http://www.cea.fr/english
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88. The ASN news bulletin Contréle Review No. 186, February 2010, (particularly the article by

89.
90.

In addition to general regulations, ASN may also apply individual technical prescrip-
tions to a basic nuclear installation, with regard to:

— incident and accident prevention,

— waste management,

— the need for the operator to obtain a specific authorization before conducting

certain operations, in view of their importance,

— the procedures applied for water intake and consumption, liquid and gaseous

effluent discharge into the environment and environmental monitoring.

Since compliance with regulations is not sufficient to demonstrate facility safety
and, moreover, since regulatory requirements are formulated in terms of objectives to
be achieved, assessing the management of risks and drawbacks is based on a contin-
uous technical dialogue between the operator and safety organizations, with a case-
by-case analysis of the organizational and technical measures that have been adopted.

#FOCUS

From the 1926 and 1943 decrees
to the Nuclear Pressure Equipment Order:
regulation of nuclear pressure equipment
and state control of enforcement®®

Pressurized water reactors, like other nuclear reactors, feature equipment
(tanks or vessels, piping, etc.) containing reactor coolant (water, steam) at high
pressure or temperature. This includes equipment such as the reactor vessel, the
main primary system, main secondary system, pressurizer and steam generators.
In the main primary system, for example, pressure reaches 155 bars and temper-
ature about 300°C. These operating conditions obviously require special require-
ments to minimize the risk of loss of integrity by giving due consideration to
possible alterations in the materials used.

Before construction of the first nuclear power reactors in France (gas-cooled
reactors), equipment containing pressurized fluids was regulated by two
texts: a decree of 2 April 1926 for ‘steam pressure equipment’® and a decree
of 18 January 1943 for ‘gas pressure equipment’®. The 1926 decree applied

Sébastien Limousin) as well as Chapter 6 of P. Saint Raymond'’s book Une longue marche vers
l'indépendance et la transparence. L histoire de [’Autorité de sireté nucléaire francaise (La Documen-
tation francaise, 2012) served as the main sources for this Focus feature.
Subsequently amended by decrees issued in 1928, 1929, 1961 and 1967.
Subsequently amended by decrees issued in 1948, 1961, 1967 and 1977.


http://www.french-nuclear-safety.fr/
https://www.legifrance.gouv.fr/affichTexte.do?cidTexte=LEGITEXT000021236266
http://www.french-nuclear-safety.fr/
http://www.french-nuclear-safety.fr/Information/Publications/Controle-review/Controle-review-No.-186-Inspection-of-pressurised-nuclear-reactor-equipment
https://www.asn.fr/Informer/Actualites/L-histoire-de-l-Autorite-de-surete-nucleaire
https://www.asn.fr/Informer/Actualites/L-histoire-de-l-Autorite-de-surete-nucleaire
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91.

92.

93.

94.

particularly to steam ‘generators’ (or ‘boilers’) and ‘vessels’, where pressure
could exceed 0.5 bar and capacity could reach more than 25 litres (for generators)
or 100 litres (for vessels). To ensure safe operation of this equipment®', each item
was subjected to a hydraulic test at a pressure that exceeded the normal operating
pressure (generally 1.5 times the service pressure).

The application of these decrees to nuclear power reactors raised problems,
first for GCRs, then for the first pressurized water reactor plant units under licence
from Westinghouse: for PWRs®, pressure vessels (especially those in the main
primary system) needed to comply with US regulations, which, in turn, were
based on the design and construction rules of the ASME code; whereas French
decrees were based on another approach, which is still in force. This approach
does not establish prescriptive technical instructions, but instead, stipulates that
those responsible for designing and manufacturing pressure equipment must
demonstrate that any potential risks that could apply to the equipment (such as
the risk of sudden rupture), have been precluded. The decrees therefore do not

prescribe compliance with any particular design and construction code®.

The problem posed for pressurized water reactors® led to the Order of
26 February 1974 from the Minister for Industrial and Scientific Development,
enacting application of pressure equipment regulations to nuclear steam supply
systems — specifically to the main primary system (annexed by a circular dated
the same day commenting on the provisions of the order). This order made certain
adjustments to the 1926 decree in terms of test pressure. Precautions to be taken
with regard to certain damage mechanisms were also introduced in the form of
safety coefficients, which must be applied to the design loads calculated for the
equipment item concerned. The 1974 order was prepared by a working group
of industry specialists (in design, manufacture and inspection of pressure equip-
ment, including Framatome, EDF and CEA) and the Technical Service of Mines
(Service technique des mines), which in 1970 became the Directorate of Tech-
nology, Industrial Environment and Mines (Direction de la technologie, de I’envi-
ronnement industriel et des mines, DITEIM).

In addition to the 1974 order, it was later considered necessary to extend the
regulatory framework with fundamental safety rule 11.3.8 of 8 June 1990 relative

In addition to a few restrictions on the choice of materials and the need to equip ‘boilers’ with at
least two safety valves.

For GCRs, the two decrees of 1926 and 1943 appeared unsuitable for prestressed concrete
containment structures, as they were written for metal tanks.

These differences can be illustrated, for example, by the practice in the USA of affixing the ASME
‘N-stamp’ on equipment, which does not come under the responsibility of the U.S. NRC, whereas
in France, a mark referred to as the ‘horse-head’ stamp was for a long time the sign that State
inspection bodies recognized the equipment as being in compliance with regulations. As of 2019,
the Nuclear Pressure Equipment Order no longer requires a horse-head stamp as in the past (see
change in Section Il of Article 6).

The problem encountered for GCRs led to the publication of the decree of 15 June 1970 concerning
prestressed concrete nuclear reactor structures.


http://westinghouse.com/
https://www.asme.org/about-asme/standards
https://www.legifrance.gouv.fr/loda/id/LEGITEXT000006069384/
https://www.legifrance.gouv.fr/loda/id/LEGITEXT000006069384/
https://www.legifrance.gouv.fr/loda/id/LEGITEXT000006069384/
https://www.framatome.com/EN/home-57/home-framatome.html
https://www.edf.fr/en/meta-home
http://www.cea.fr/english
https://www.legifrance.gouv.fr/affichTexte.do?cidTexte=LEGITEXT000006069384&dateTexte=20000204
https://www.asme.org/about-asme/standards
https://www.asme.org/about-asme/standards
https://www.nrc.gov/
https://www.legifrance.gouv.fr/loda/id/LEGITEXT000021236266/

Organization of Nuclear Safety Control and Regulation for Nuclear Facilities and Activities in France

63

to “the construction and operation of the main secondary system” of pressurized
water reactors, which covers a certain number of aspects related to the design
itself (choice of materials, rules and criteria of the RCC-M code to be applied
with regard to the different loading situations, etc.). This fundamental safety rule
was applied when reactor design for the N4 power plant series began.

In the 1990s, reactor operating experience feedback and international tech-
nical advances, particularly in non-destructive testing, led to a revision of require-
ments applicable to operation of reactor systems. Since it appeared that the
main secondary system played a role just as important to nuclear safety as the
main primary system, specific requirements, common to both the main primary
system and the main secondary system, were then defined in an order issued on
10 November 1999, “on monitoring operation of the main primary system and
main secondary system of pressurized water reactors” (referred to as the ‘Opera-
tion Order’).

In 1997, at the European level, Directive 97/23/EC, “on the approxima-
tion of the laws of Member States concerning pressure equipment” prescribed
a new European approach to the regulation of ‘conventional’ pressure equip-
ment, excluding from its scope equipment specially designed for nuclear appli-
cations. The three pillars of this European directive are the concept of ‘essential
safety requirements’ for pressure equipment; the assessment of compliance
with these requirements; and the existence of a body that conducts this assess-
ment. This directive was initially transposed into French law by a new decree,
Decree 99-1046 of 13 December 1999 (the Pressure Equipment Decree), relating
to pressure equipment — with the exception of equipment designed for nuclear
applications — which includes the concept of essential safety requirements intro-
duced by the European directive.

The French government then decided, however, to use the 1997 European
directive as a basis for reforming all its regulations on pressure equipment used in
basic nuclear installations. This led to the Order of 12 December 2005 relative to
nuclear pressure equipment, known as the Nuclear Pressure Equipment Order. The
new order places this equipment in the same context as ‘conventional’ pressure
equipment, but adapts it to the nuclear safety and radiation protection context,
given the risks involved due to the radioactivity contained in the equipment.

The Nuclear Pressure Equipment Order contains not only the essential safety
requirements for ‘conventional’ pressure equipment from the 1999 Pressure
Equipment Decree, but also features additional provisions reinforcing risk anal-
yses, qualification procedures, inspections and checks for nuclear pressure
equipment. The Nuclear Pressure Equipment Order implements a unified approach
commensurate with the relevant risks for all nuclear pressure equipment, taking
into account, for each item of equipment:

— the pressure and volume of the fluid(s) contained in the equipment,

— the type of fluid(s) contained,


https://www.legifrance.gouv.fr/loda/id/LEGITEXT000021233786/
https://www.legifrance.gouv.fr/loda/id/LEGITEXT000021233786/
https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:31997L0023
https://www.legifrance.gouv.fr/affichTexte.do?cidTexte=JORFTEXT000000580255
https://www.legifrance.gouv.fr/loda/id/LEGITEXT000021236266/
https://www.legifrance.gouv.fr/loda/id/LEGITEXT000021236266/
https://www.legifrance.gouv.fr/loda/id/JORFTEXT000000580255/
https://www.legifrance.gouv.fr/loda/id/JORFTEXT000000580255/
https://www.legifrance.gouv.fr/loda/id/LEGITEXT000021236266/
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— the radiological inventory contained or likely to be contained in the equipment
in operation,

— whether or not failure of the item has been taken into account in the safety
demonstration of the facility in question.

The Nuclear Pressure Equipment Order thus defines a certain number of
essential safety requirements for equipment, commensurate with the inherent
risks, whereas equipment subject to less risk must simply comply with rules of
the trade or professional guidelines.

The Nuclear Pressure Equipment Order makes certain additions or modi-
fications to the Operation Order of 10 November 1999, and to the Decree of
13 December 1999 mentioned above. It replaces the Order of 26 February 1974
and the associated enactment circular.

The above-mentioned European directive was subsequently reformed by
Directive 2014/68/EU of 15 May 2014 “on the harmonization of the laws of the
Member States relating to the making available on the market of pressure equip-
ment”. The new directive has led to incorporation of the Pressure Equipment
Decree in the French Environment Code and an update of the Nuclear Pressure
Equipment Order by the Order of 30 December 2015 (pertaining mainly to design
and manufacture), amended in a supplementary order (involving mainly in-service
monitoring”®) dated 3 September 2018. Essentially, these new orders are intended
to leave current legislation unchanged, except for the 2015 order which, in appli-
cation of the Environment Code, introduces a possible concession (Article 9)
and a new transitional provision for application of the order (Article 12), and the
2018 order, which adds two new requirements resulting from recent feedback on
component manufacturing®.

Another text of interest is Decree 2015-799 concerning hazardous products
and equipment, adopted on 1 July 2015 to transpose several European Union
directives into national law, including the 2014 directive mentioned above, with
a view to tightening regulations on hazardous products and equipment, such
as explosive products, protective equipment and systems intended for use in a
potentially explosive atmosphere, pressure equipment, and equipment and mate-
rials required for the use of combustible gases. This decree lays down the condi-
tions for manufacturing and marketing these products and equipment, as well as
rules for overseeing the market and in-service operations. In particular, it defines

The 2018 order thus modifies the Nuclear Pressure Equipment Order and the Order of 10 November
1999.

The Order of 3 September 2018 introduced new requirements related to feedback from recent
cases. Two new requirements are noteworthy: conducting tests in accredited laboratories and the
preservation of materials. The first results from tests performed inappropriately in the laboratories
of certain manufacturers and recognition of the risk of fraud. The second comes in response to
problems encountered with certain support documents that had to be based on ‘representative’
specimens rather than on material kept by the manufacturer from the part that was actually in
service.


https://www.legifrance.gouv.fr/loda/id/LEGITEXT000021236266/
https://www.legifrance.gouv.fr/loda/id/LEGITEXT000021236266/
https://www.legifrance.gouv.fr/loda/id/LEGITEXT000021233786/
https://www.legifrance.gouv.fr/loda/id/JORFTEXT000000580255/
https://www.legifrance.gouv.fr/loda/id/JORFTEXT000000580255/
https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:32014L0068&from=FR
https://www.legifrance.gouv.fr/loda/id/JORFTEXT000000580255/
https://www.legifrance.gouv.fr/loda/id/JORFTEXT000000580255/
https://www.legifrance.gouv.fr/loda/id/LEGITEXT000021236266/
https://www.legifrance.gouv.fr/loda/id/LEGITEXT000021236266/
https://www.legifrance.gouv.fr/loda/id/JORFTEXT000031742222/
https://www.legifrance.gouv.fr/loda/id/JORFTEXT000030829769/
https://europa.eu/european-union/index_en
https://www.legifrance.gouv.fr/loda/id/JORFTEXT000037422260/
https://www.legifrance.gouv.fr/loda/id/LEGITEXT000021236266/
https://www.legifrance.gouv.fr/loda/id/JORFTEXT000037422260/
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the responsibilities of the various economic operators, such as manufacturers,
agents, distributors and importers. Decree 2015-799 of 1 July 2015 repeals the
decrees of 1926 and 1943.

In the current situation, with the provisions for operation and in-service moni-
toring of pressure equipment and nuclear pressure equipment incorporated in
the French Environment Code in 2016%7, the requirements applicable to design,
manufacture, operation and in-service monitoring of pressure equipment are
included in the following (see Figure 2.5):

— the French Environment Code, Chapter VII of Title V, Book V relating to
‘hazardous products and equipment’ in Section 9 (new pressure equipment),
Section 12 (new nuclear pressure equipment) and Section 14 (operation and
in-service monitoring of nuclear and non-nuclear pressure equipment);

— the Operation Order (1999) and the Nuclear Pressure Equipment Order (2015),
amended in 2018, as well as the Order of 20 November 2017 ‘on in-service
monitoring of pressure equipment and simple pressure vessels’.

Design and
Manufacture

Operation

and

In-Service <
Monitoring

N
Order on Main Primary System

| & Main Secondary System [ |
V V
Nuclear Pressure Nuclear Pressure Equipment/
Equipment Simple Pressure Vessels

Figure 2.5. Regulatory framework for pressure equipment, simple pressure vessels and nuclear
pressure equipment. ASN/DEP.

97. These provisions were incorporated in Decree 2016-1925 of 28 December 2016 relevant to
in-service monitoring of pressure equipment.


https://www.legifrance.gouv.fr/loda/id/JORFTEXT000030829769/
https://www.legifrance.gouv.fr/affichTexte.do?cidTexte=LEGITEXT000021233786
https://www.legifrance.gouv.fr/affichTexte.do?cidTexte=JORFTEXT000031742222&categorieLien=id
https://www.legifrance.gouv.fr/affichTexte.do?cidTexte=JORFTEXT000036128632&categorieLien=id
http://www.french-nuclear-safety.fr/
https://www.legifrance.gouv.fr/loda/id/JORFTEXT000033734813/
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98.

99.

ASN Decision 2016-DC-0571 of 11 October 2016, called for by the 2015
Nuclear Pressure Equipment Order, includes adjustments to certain points in the
2014 European directive and details concerning the Environment Code.

ASN has released two guides:

— ASN Guide No. 8 of 4 September 2012, which sets out the principles and
procedures for the intervention of inspection agencies and bodies approved*
by ASN for assessing compliance of nuclear pressure equipment and assem-
blies containing pressure equipment. It sets out the actions to be taken by
manufacturers and operators of nuclear pressure equipment to ensure that the
provisions concerning inspection agencies and bodies are applied correctly;

— ASN Guide No. 19 of 21 February 2013, which, after the first years of appli-
cation of the Nuclear Pressure Equipment Order of 12 December 2005, sets
out enactment procedures for achieving the objectives defined by the order,

in response to needs expressed by manufacturers, operators and inspection
bodies.

Furthermore, the French Association for Rules Governing the Design,
Construction and In-service Monitoring of Equipment for Nuclear Steam Supply
Systems (Association frangaise pour les régles de conception, de construction et
de surveillance en exploitation des matériels des chaudieres électronucléaires,
AFCEN) has issued several professional guides® for pressure equipment used in
nuclear steam supply systems.

Further details about nuclear pressure equipment design are discussed in
Section 8.6 and in-service monitoring is approached in the introduction to
Chapter 26.

Application of the 1926 and 1943 decrees was historically the responsibility
of the Service des mines, represented in France by district administrative offices
that could either carry out the regulatory tests themselves or delegate them to
independent experts such as the Association of Owners of Steam and Electrical
Devices (Association des propriétaires d’appareils a vapeur et électriques, Apave).
In 1974, the Director of DITEIM decided to entrust all inspections required by the
1974 order to the head of the Dijon district, since the most important components
of nuclear reactors were built in the Burgundy region, and a dedicated agency was
created for this purpose, the French Inspectorate of Nuclear Steam Supply Systems
(Bureau de contréle des chaudieres nucléaires, BCCN). Later, with the creation of
ASN in 2006, BCCN became the Nuclear Pressure Equipment Department (Direc-
tion des équipements sous pression nucléaires, DEP) within ASN.

In Decree 2015-799 of 1 July 2015, the expression used is ‘organismes habilités’ (state-approved
conformity assessment bodies).

They are part of the AFCEN Technical Publications series. AFCEN also distributes RCC codes,
including RCC-M (Design and Manufacturing) and RSE-M (In-service Inspection Rules) for
mechanical equipment.


https://www.asn.fr/Reglementer/Bulletin-officiel-de-l-ASN/Installations-nucleaires/Decisions-reglementaires/Decision-n-2016-DC-0571-de-l-ASN-du-11-octobre-2016
https://www.legifrance.gouv.fr/affichTexte.do?cidTexte=JORFTEXT000031742222&categorieLien=id
http://www.french-nuclear-safety.fr/
https://www.asn.fr/Reglementer/Guides-de-l-ASN/Guide-de-l-ASN-n-8-Evaluation-de-la-conformite-des-equipements-sous-pression-nucleaires
http://www.french-nuclear-safety.fr/
https://www.asn.fr/Professionnels/Les-Guides-de-l-ASN/Guide-de-l-ASN-n-19-Application-de-l-arrete-du-12-decembre-2005-relatif-aux-equipements-sous-pression-nucleaires
https://www.legifrance.gouv.fr/affichTexte.do?cidTexte=LEGITEXT000021236266
https://afcen.com/en
https://afcen.com/en
https://afcen.com/en
https://www.afcen.com/en/
https://www.apave.com/en
https://www.apave.com/en
https://www.apave.com/en
http://www.french-nuclear-safety.fr/
http://www.french-nuclear-safety.fr/
https://www.legifrance.gouv.fr/affichTexte.do?cidTexte=JORFTEXT000030829769&categorieLien=id
https://afcen.com/en
https://afcen.com/en
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The scope of control by the above bodies has expanded over time. Origi-
nally limited to the inspection of the design and construction of the main primary
system on pressurized water reactors, it was extended in 1990 to include the main
secondary system and then in 1994 to in-service monitoring of these two systems.
The Nuclear Pressure Equipment Order extended the scope of inspection even
further, covering not only the shell of nuclear pressure equipment, but also all the
other parts.

DEP is responsible for:

— developing applicable regulations and the ASN doctrine adopted to enforce
them;

— checking that regulations are applied (by manufacturers, designers, opera-
tors, etc.) in the construction of nuclear pressure equipment, principally by
conducting inspections on the premises of equipment manufacturers (and
their subcontractors) and verifying that equipment design and manufacturing
documents comply with regulations;

— checking regulatory compliance of standard maintenance files for in-service
equipment;

— supporting the efforts of ASN’s regional divisions during unit outages, espe-
cially with regard to maintenance on main systems that are important to safety
in nuclear power plants.

DEP establishes the conformity of the most important items of nuclear pressure
equipment (belonging to level N1 according to the Nuclear Pressure Equipment
Order). For other nuclear pressure equipment, this task comes under the respon-
sibility of state-approved conformity assessment bodies. For this purpose, DEP
reviews applications from organizations wishing to carry out regulatory inspections
on nuclear pressure equipment and decides on their certification, particularly by
conducting audits.


https://www.legifrance.gouv.fr/affichTexte.do?cidTexte=LEGITEXT000021236266
http://www.french-nuclear-safety.fr/
http://www.french-nuclear-safety.fr/
https://www.legifrance.gouv.fr/affichTexte.do?cidTexte=LEGITEXT000021236266
https://www.legifrance.gouv.fr/affichTexte.do?cidTexte=LEGITEXT000021236266
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I-2-a

I-2-b

I-2-d

|1-2-e

1-3-b
1-3-c

1I-2-2-a

Il.4.1.a

IV-1-a

Appendix 1. Fundamental safety rules

Fundamental safety rules for Pressurized Water Reactors

Prise en compte des risques liés aux chutes d’avion (Taking into Account Risks
Associated with Aeroplane Crashes), 5 August 1980

Prise en compte des risques d’émission de projectiles par suite de [’éclatement
des groupes turboalternateurs (Taking into Account the Risk of Projectile
Generation Following the Explosion of Turbine Generator Units), 5 August
1980

Détermination des mouvements sismiques a prendre en compte pour la sireté
des installations (Determination of the Seismic Motion to be Taken into
Account for the Safety of Major Nuclear Facilities), 1 October 1981, replaced
by RFS-2001-01, in French

Prise en compte des risques liés a [’environnement industriel et aux voies de
communication (Taking into Account Risks Related to the Industrial Environ-
ment and Transport Corridors), 7 May 1982

Prise en compte du risque d’inondation d’origine externe (Taking into Account
the Risk of Flooding from External Sources), 12 April 1984, replaced by
ASN Guide No. 13, Protection of Basic Nuclear Installations Against External
Flooding, 8 January 2013

Utilisation du critére de défaillance unique dans les analyses de sireté (Using
Single-Failure Criterion in Safety Analysis), 5 August 1980

Instrumentation sismique (Seismic Instrumentation), 8 June 1984

Etudes géologiques et géotechniques du site ; détermination des caractéris-
tiques des sols et études du comportement des terrains (Geological and
Geotechnical Site Studies; Determination of Soil Characteristics and Study
of Soil Behaviour), 1 August 1985

Conception du systéme d’aspersion de [’enceinte, (Containment Spray
System), Revision 1, 31 December 1985

Logiciels des systémes électriques classés de siireté (Software for Safety-Grade
Electrical Systems), 15 May 2000

Classement des matériels mécaniques, systémes électriques, structures et
ouvrages de génie civil (Classification of Mechanical Equipment, Electrical
Systems, Civil Works and Structures), 21 December 1984


https://www.asn.fr/l-asn-reglemente/rfs/rfs-relatives-aux-rep/rfs-i.2.a.-du-05-08-1980
https://www.asn.fr/l-asn-reglemente/rfs/rfs-relatives-aux-rep/rfs-i.2.b.-du-05-08-1980
https://www.asn.fr/l-asn-reglemente/rfs/rfs-relatives-aux-rep/rfs-i.2.b.-du-05-08-1980
http://www.french-nuclear-safety.fr/References/Safety-Rules/Basic-safety-rule-I.2.c.-of-1st-october-1981
http://www.french-nuclear-safety.fr/References/Safety-Rules/Basic-safety-rule-I.2.c.-of-1st-october-1981
https://www.asn.fr/l-asn-reglemente/rfs/rfs-relatifs-aux-inb-autres-que-rep/rfs-2001-1-rfs-i.1.c.-du-31-05-2001
https://www.asn.fr/l-asn-reglemente/rfs/rfs-relatives-aux-rep/rfs-i.2.d.-du-07-05-1982
https://www.asn.fr/l-asn-reglemente/rfs/rfs-relatives-aux-rep/rfs-i.2.d.-du-07-05-1982
http://www.french-nuclear-safety.fr/References/ASN-Guides-non-binding/ASN-Guide-No.-13
https://www.asn.fr/l-asn-reglemente/rfs/rfs-relatives-aux-rep/rfs-i.3.a.-du-05-08-1980
https://www.asn.fr/l-asn-reglemente/rfs/rfs-relatives-aux-rep/rfs-i-3.b.-du-08-06-1984
https://www.asn.fr/l-asn-reglemente/rfs/rfs-relatives-aux-rep/rfs-i.3.c.-01-08-1985
https://www.asn.fr/l-asn-reglemente/rfs/rfs-relatives-aux-rep/rfs-i.3.c.-01-08-1985
https://www.asn.fr/l-asn-reglemente/rfs/rfs-relatives-aux-rep/rfs-ii.4.1.a-du-15-05-2000
https://www.asn.fr/l-asn-reglemente/rfs/rfs-relatives-aux-rep/rfs-iv.1.a.-du-21-12-1984
https://www.asn.fr/l-asn-reglemente/rfs/rfs-relatives-aux-rep/rfs-iv.1.a.-du-21-12-1984
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IV-2-a

IV-2-b

V-1-a

V-1-b

V-2-b

V-2-c

V-2-d

V-2-e

V-2-f

V-2-g

V-2-h

V-2-j

Exigences a prendre en compte dans la conception des matériels mécaniques
classés de sureté, véhiculant ou contenant un fluide sous pression et classés
de niveau 2 et 3 (Requirements to Be Taken into Account in Designing
Safety-Grade Mechanical Equipment that Conveys or Contains a Pressurized
Fluid and Is Classified as Level 2 or Level 3), 21 December 1984

Exigences a prendre en compte dans la conception, la qualification, la mise en
ceuvre et l'exploitation des matériels électriques appartenant aux systémes
électriques classés de sireté (Requirements to Be Taken into Account in the
Design, Qualification, Implementation and Operation of Electrical Equip-
ment Belonging to Safety-Grade Electrical Systems), 31 July 1985

Détermination de ['activité relachée hors du combustible a prendre en compte
dans les études de sdreté relatives aux accidents (Determination of the
Activity Released from Fuel for Use in Safety Studies on Accident Situa-
tions), 18 January 1982

Moyens de mesures météorologiques (Meteorological Instrumentation),
10 June 1982

Régles générales applicables a la réalisation des ouvrages de génie civil
(General Rules for the Construction of Civil Works — Conditions for Using
RCC-G, January 1981 edition), 30 July 1981

Reégles générales applicables a la réalisation des matériels mécaniques (General
Rules for the Construction of Mechanical Equipment — Conditions for Using
RCC-M, July 1984 edition), Revision 1, 12 September 1986

Régles générales applicables a la réalisation des matériels électriques (General
Rules for Manufacturing Electrical Equipment — Conditions for Using RCC-E,
Revision June 1984), Revision 1, 23 September 1986

Régles générales applicables a la réalisation des assemblages combustibles
(General Rules for Fabrication of Fuel Assemblies — Conditions for Using
RCC-C, September 1989 edition), Revision 2, 14 December 1990

Régles générales relatives a la protection contre l'incendie (General Rules
for Fire Protection — Conditions for Using RCC-I, May 1982 Revision),
28 December 1982

Calculs sismiques des ouvrages de génie civil (Seismic Design of Civil Works),
31 December 1985, superseded by ASN Guide No. ASN/2/01 (2006)

Régles générales applicables a la réalisation des ouvrages de génie civil
(General Rules for the Construction of Civil Works — Conditions for Using
RCC-G, October 1985), 4 June 1986

Régles générales relatives a la protection contre l'incendie (General Rules
for Fire Protection — Conditions for Using RCC-I, October 1987 Revision),
21 November 1988


https://www.asn.fr/l-asn-reglemente/rfs/rfs-relatives-aux-rep/rfs-iv.2.a.-du-21-12-1984
https://www.asn.fr/l-asn-reglemente/rfs/rfs-relatives-aux-rep/rfs-iv.2.a.-du-21-12-1984
https://www.asn.fr/l-asn-reglemente/rfs/rfs-relatives-aux-rep/rfs-iv.2.a.-du-21-12-1984
https://www.asn.fr/l-asn-reglemente/rfs/rfs-relatives-aux-rep/rfs-iv.2.b.-du-31-07-1985
https://www.asn.fr/l-asn-reglemente/rfs/rfs-relatives-aux-rep/rfs-iv.2.b.-du-31-07-1985
https://www.asn.fr/l-asn-reglemente/rfs/rfs-relatives-aux-rep/rfs-iv.2.b.-du-31-07-1985
https://www.asn.fr/l-asn-reglemente/rfs/rfs-relatives-aux-rep/rfs-v.1.a.-du-10-06-1982
https://www.asn.fr/l-asn-reglemente/rfs/rfs-relatives-aux-rep/rfs-v.1.a.-du-10-06-1982
https://www.asn.fr/l-asn-reglemente/rfs/rfs-relatives-aux-rep/rfs-v.1.b.-du-10-06-1982
https://www.asn.fr/Informer/Actualites/Guide-relatif-a-la-prise-en-compte-du-risque-sismique
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2001-01 Détermination du risque sismique pour la sireté des installations nucléaires

de base de surface (Calculating Seismic Risk for the Safety of Surface Basic
Nuclear Installations), 31 May 2001

2002-1 Développement et utilisation des études probabilistes de sareté (Development
and Utilization of Probabilistic Safety Assessments), 26 December 2002


https://www.asn.fr/l-asn-reglemente/rfs/rfs-relatifs-aux-inb-autres-que-rep/rfs-2001-1-rfs-i.1.c.-du-31-05-2001
https://www.asn.fr/l-asn-reglemente/rfs/rfs-relatifs-aux-inb-autres-que-rep/rfs-2001-1-rfs-i.1.c.-du-31-05-2001
https://www.french-nuclear-safety.fr/asn-regulates/safety-rules/basic-safety-rule-2001-01-of-31-may-2001
https://www.french-nuclear-safety.fr/asn-regulates/safety-rules/basic-safety-rule-2001-01-of-31-may-2001
https://www.asn.fr/l-asn-reglemente/rfs/rfs-relatives-aux-rep/rfs-2002-1-du-26-12-2002
http://www.french-nuclear-safety.fr/References/Safety-Rules/Basic-safety-rule-2002-1-of-26th-december-2002
http://www.french-nuclear-safety.fr/References/Safety-Rules/Basic-safety-rule-2002-1-of-26th-december-2002
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Appendix 2. Main Regulatory and Quasi-regulatory Texts
Applicable to Pressurized Water Reactors
(Excluding Pressure Equipment)

(as at December 2019)

— TSN Act of 13 June 2006 (enacted in the French Environment Code)

— Programme Act of 28 June 2006: On the Sustainable Management of Radio-
active Materials and Waste (enacted in the French Environment Code)

— Decree 2007-830 of 11 May 2007: Nomenclature of Basic Nuclear Installations

— Decree 2007-1557 of 2 November 2007 as amended: Procedures for Basic
Nuclear Installations

— Order of 7 February 2012 as amended: General Rules Applicable to Basic
Nuclear Installations

— ASN Decision 2008-DC-0106 of 11 July 2008: Internal Authorization Systems

— ASN Decision 2012-DC-0236 of 3 May 2012: Spare Parts for Main Primary
System and Main Secondary System

— ASN Decision 2013-DC-0360 of 16 July 2013: On the Control of Detrimental
Effects and the Impact of Basic Nuclear Installations on Health and the Environ-
ment (as amended by Decision 2016-DC-0569 mentioned below)

— ASN Decision 2014-DC-0417 of 28 January 2014: Fire Risk Control

— ASN Decision 2014-DC-0420 of 13 February 2014: Changes to Basic Nuclear
Installation Equipment

— ASN Decision 2014-DC-0444 of 15 July 2014: PWR Outage and Restart
— ASN Decision 2014-DC-0462 of 7 October 2014: Criticality

— ASN Decision 2015-DC-0508 of 21 April 2015: Waste Management Study and
Report on Waste Generated in Basic Nuclear Installations

— ASN Decision 2015-DC-0523 of 29 September 2015: Classification of Basic
Nuclear Installations with Regard to the Risks and Detrimental Effects They
Represent for the Protected Interests Mentioned in Article L.593-1 of the French
Environment Code


http://www.french-nuclear-safety.fr/References/Regulations/Act-No.-2006-686-of-13-June-2006
http://www.french-nuclear-safety.fr/References/Regulations/Programme-Act-No.-2006-739-of-28-june-2006
https://www.legifrance.gouv.fr/affichTexte.do?cidTexte=JORFTEXT000000428384
http://www.french-nuclear-safety.fr/References/Regulations/Decree-No-2007-1557-of-2-November-2007
http://www.french-nuclear-safety.fr/References/Regulations/Order-of-7-February-2012
https://www.asn.fr/Reglementer/Bulletin-officiel-de-l-ASN/Installations-nucleaires/Decisions-reglementaires/Decision-n-2008-DC-0106-du-11-juillet-2008-de-l-ASN
https://www.asn.fr/Reglementer/Bulletin-officiel-de-l-ASN/Installations-nucleaires/Decisions-reglementaires/Decision-n-2012-DC-0236-de-l-ASN-du-3-mai-2012
https://www.asn.fr/Reglementer/Bulletin-officiel-de-l-ASN/Installations-nucleaires/Decisions-reglementaires/Decision-n-2013-DC-0360-de-l-ASN-du-16-juillet-2013
https://www.asn.fr/Reglementer/Bulletin-officiel-de-l-ASN/Installations-nucleaires/Decisions-reglementaires/Decision-n-2016-DC-0569-de-l-ASN-du-29-septembre-2016
https://www.asn.fr/Reglementer/Bulletin-officiel-de-l-ASN/Installations-nucleaires/Decisions-reglementaires/Decision-n-2014-DC-0417-de-l-ASN-du-28-janvier-2014
https://www.asn.fr/Reglementer/Bulletin-officiel-de-l-ASN/Installations-nucleaires/Decisions-reglementaires/Decision-n-2014-DC-0420-de-l-ASN-du-13-fevrier-2014
https://www.asn.fr/Reglementer/Bulletin-officiel-de-l-ASN/Installations-nucleaires/Decisions-reglementaires/Decision-n-2014-DC-0444-de-l-ASN-du-15-juillet-2014
https://www.asn.fr/Reglementer/Bulletin-officiel-de-l-ASN/Installations-nucleaires/Decisions-reglementaires/Decision-n-2014-DC-0462-de-l-ASN-du-7-octobre-2014
https://www.asn.fr/Reglementer/Bulletin-officiel-de-l-ASN/Installations-nucleaires/Decisions-reglementaires/Decision-n-2015-DC-0508-de-l-ASN-du-21-avril-2015
https://www.asn.fr/Reglementer/Bulletin-officiel-de-l-ASN/Installations-nucleaires/Decisions-reglementaires/Decision-n-2015-DC-0523-de-l-ASN-du-29-septembre-2015
https://www.legifrance.gouv.fr/codes/article_lc/LEGIARTI000035244896/
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ASN Decision 2015-DC-0532 of 17 November 2015: Safety Analysis Report

ASN Decision 2016-DC-0569 of 29 September 2016: Management of Detri-
mental Effects and the Impact of Basic Nuclear Installations on Health and the
Environment

ASN Decision 2017-DC-588 of 6 April 2017: Procedures for Water Intake and
Consumption, Effluent Discharge and Environmental Monitoring of Pressurized
Water Reactors

ASN Decision 2017-DC-592 of 13 June 2017: Obligations of Basic Nuclear
Installation Operators Regarding Emergency Preparedness and Response and
the Content of the On-site Emergency Plan

ASN Decision 2017-DC-0616 of 30 November 2017: Significant Changes to
Basic Nuclear Installations

ASN Guide 2/01 of 26 May 2006: Considering Seismic Risk for Civil Works
Design at Basic Nuclear Installations

ASN Guide No. 3: Preparation of Annual Reports for Public Information

ASN Guide No. 6: Final Shutdown, Decommissioning and Delicensing of Basic
Nuclear Installations in France

ASN Guide No. 9: Defining the Boundary of a Basic Nuclear Installation

ASN Guide No. 11: Guide to the Declaration Procedure and Coding System for
Criteria Concerning Significant Events

ASN Guide No. 13: Protection of Basic Nuclear Installations Against External
Flooding

ASN Guide No. 14: Complete Post-operational Cleanup Methodologies Accept-
able in Basic Nuclear Installations in France

ASN Guide No. 15: Control of Activities in the Vicinity of Basic Nuclear
Installations

ASN Guide No. 21: Processing Non-compliance with a Requirement Defined for
an Item Important to Protection on PWRs

ASN Guide No. 22: Pressurized Water Reactor Design
ASN Guide No. 23: Preparing and Amending the Waste Zoning Plan

ASN Guide No. 24: Management of Soils Contaminated by the Activities of a
Basic Nuclear Installation in France

ASN Guide No. 34: Regulatory Requirements Applicable to On-site Transport
Operations


https://www.asn.fr/Reglementer/Bulletin-officiel-de-l-ASN/Installations-nucleaires/Decisions-reglementaires/Decision-n-2015-DC-0532-de-l-ASN-du-17-novembre-2015
https://www.asn.fr/Reglementer/Bulletin-officiel-de-l-ASN/Installations-nucleaires/Decisions-reglementaires/Decision-n-2016-DC-0569-de-l-ASN-du-29-septembre-2016
https://www.asn.fr/Reglementer/Bulletin-officiel-de-l-ASN/Installations-nucleaires/Decisions-reglementaires/Decision-n-2017-DC-0588-de-l-ASN-du-6-avril-20172
https://www.asn.fr/Reglementer/Bulletin-officiel-de-l-ASN/Installations-nucleaires/Decisions-reglementaires/Decision-n-2017-DC-0592-de-l-ASN-du-13-juin-2017
https://www.asn.fr/Reglementer/Bulletin-officiel-de-l-ASN/Installations-nucleaires/Decisions-reglementaires/Decision-n-2017-DC-0616-de-l-ASN-du-30-novembre-2017
https://www.asn.fr/Informer/Actualites/Guide-relatif-a-la-prise-en-compte-du-risque-sismique
https://www.asn.fr/Professionnels/Les-Guides-de-l-ASN/Guide-de-l-ASN-n-3-Recommandation-pour-la-redaction-des-rapports-annuels-d-information-du-public-relatifs-aux-INB
http://www.french-nuclear-safety.fr/References/ASN-Guides-non-binding/ASN-Guide-No.-6
https://www.asn.fr/Professionnels/Les-Guides-de-l-ASN/Guide-de-l-ASN-n-9-Determiner-le-perimetre-d-une-INB
http://www.french-nuclear-safety.fr/References/ASN-Guides-non-binding/Guide-to-the-declaration-procedure-and-coding-system
http://www.french-nuclear-safety.fr/References/ASN-Guides-non-binding/ASN-Guide-No.-13
http://www.french-nuclear-safety.fr/References/ASN-Guides-non-binding/ASN-Guide-No.-14
http://www.french-nuclear-safety.fr/References/ASN-Guides-non-binding/ASN-Guide-No.-15
https://www.asn.fr/Professionnels/Les-Guides-de-l-ASN/Guide-de-l-ASN-n-21-Traitement-des-ecarts-de-conformite-a-une-exigence-definie-pour-un-element-important-pour-la-protection-EIP
https://www.asn.fr/Professionnels/Installations-nucleaires/Guides-de-l-ASN/Guide-de-l-ASN-n-22-Conception-des-reacteurs-a-eau-sous-pression
https://www.asn.fr/Professionnels/Les-Guides-de-l-ASN/Guide-de-l-ASN-n-23-Etablissement-et-modification-du-plan-de-zonage-dechets-des-installations-nucleaires-de-base
http://www.french-nuclear-safety.fr/References/ASN-Guides-non-binding/ASN-Guide-No.-24
http://www.french-nuclear-safety.fr/References/ASN-Guides-non-binding/ASN-Guide-No.-34
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Chapter 3

The International Dimension
and the Social Dimension

3.1. International dimension

3.1.1. Introduction

This chapter does not aim to develop all the international aspects of nuclear safety
and radiation protection, but simply presents a few noteworthy aspects, particularly
concerning the safety of power reactors. For international aspects of security — in the
sense of protection against malicious acts — and non-proliferation, the reader may
refer to IRSN’s book on these subjects ™.

Before exposing these highlights, however, a brief historical review appears
necessary.

The first nuclear research and development programmes were carried out inde-
pendently in several countries, sometimes combining research on nuclear power gener-
ation with developments focused on military applications. Confidentiality was thus the
rule for strategic, political and commercial reasons.

The International Atomic Energy Agency (IAEA) was founded in 1957 by the United
Nations with the main objective of promoting the peaceful use of nuclear energy and

100. J. Jalouneix, Elements of Security and Non-Proliferation, Science and Technology Series, IRSN/
EDP Sciences, 2017.


https://www.irsn.fr/EN/Pages/home.aspx
https://www.iaea.org
https://www.iaea.org
https://www.un.org/en
https://www.un.org/en
https://www.irsn.fr/EN/Research/publications-documentation/Scientific-books/Documents/SNP_english_WEB.pdf
https://www.irsn.fr/EN/Research/publications-documentation/Scientific-books/Pages/Collection-sciences-et-techniques-4628.aspx
https://www.irsn.fr/EN/Pages/home.aspx
https://www.edpsciences.org/en
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assisting Member States in this area by ensuring that IAEA support was not diverted
towards military purposes. It was in the context of pressure from the USA to impose
its regulations and practices, and thus its nuclear power industry, that lengthy discus-
sions took place to define an organizational structure for the IAEA that would ensure
the balance between nations in the ensuing developments. For those countries in the
process of deciding to build nuclear power reactors, this did not in any way reduce
the major contribution of the USA in the technical treatment of a certain number of
nuclear safety issues, as will be seen several times in the rest of this book.

With regard to safety, in 1974, the IAEA began to develop a series of documents,
known as ‘standards’, for the design and operation of thermal neutron reactors. For
this purpose, it has gradually built a complete organizational structure in which repre-
sentatives of designers, operators and safety organizations participate.

At the beginning of 2019, the IAEA had 171 Member States.

In 1958, the Nuclear Energy Agency (NEA) was also established within the Organ-
isation for Economic Co-operation and Development (OECD) " to assist the Member
Countries of the OECD in maintaining and further developing the scientific, techno-
logical and legal bases for a safe, peaceful and environmentally friendly use of nuclear
energy. Within the NEA, a Committee on the Safety of Nuclear Installations (CSNI)
was set up to deal with aspects relating to safety assessments and research.

As will be seen in Chapter 32, one of the consequences of the 1979 accident at
Three Mile Island Unit 2 has been that incident analysis now takes a much broader view
and has shown the value of asking how any given incident may become the precursor
of a more severe accident. Following this accident, the NEA decided to set up a system
for collecting, analysing and disseminating information among its members on partic-
ularly significant incidents affecting their nuclear facilities. The system has since been
extended to the IAEA, which invites all nuclear countries in the world to participate.

In addition, more detailed discussions on safety matters have gradually devel-
oped between countries, either in the context of bilateral relations or in a broader
framework.

For example, starting in 1972, France established relations with German safety
organizations, since there were nuclear power plants in both countries located at a
short distance from their common border.

Bilateral and multilateral relations have also multiplied to conduct studies and
research in the field of safety. Those concerning pressurized water reactors in partic-
ular are covered in a separate IRSN publication 2

101. The OECD now includes all the countries of Western Europe, as well as the USA, Canada,
Australia, South Korea and Japan.

102. See J. Couturier and M. Schwarz, Current State of Research on Pressurized Water Reactor Safety,
Science and Technology Series, IRSN/EDP Sciences, 2018.


https://www.iaea.org/
https://www.iaea.org
https://www.iaea.org
https://www.iaea.org
https://oecd-nea.org/general/about/
https://oecd-nea.org/general/about/
http://www.oecd.org/
http://www.oecd.org/
http://www.oecd.org/
http://www.oecd.org/
https://oecd-nea.org/general/about/
http://www.oecd-nea.org/nsd/csni/
http://www.oecd-nea.org/nsd/csni/
https://oecd-nea.org/general/about/
https://www.iaea.org
https://www.irsn.fr/EN/Pages/home.aspx
http://www.oecd.org/
https://www.irsn.fr/EN/newsroom/News/Documents/IRSN_Book_Current-State-of-Research-on-Pressurized-Water-Reactor-Safety_2018.pdf
https://www.irsn.fr/EN/Research/publications-documentation/Scientific-books/Pages/Collection-sciences-et-techniques-4628.aspx
https://www.irsn.fr/EN/Pages/home.aspx
https://www.edpsciences.org/en
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Starting in the mid-1980s, the IAEA began to expand its nuclear safety activities by
offering services closer to the facilities, particularly in developing countries, creating
international teams ‘on request’. At the invitation of a Member State, these teams
directly examine how safety is effectively ensured during operation at the site selected
by that State. These were first the Operational Safety Review Team (OSART) services,
which deal with all the safety components in facility operation, followed by ASSET %3
services, which focus on incident analysis. Other services were developed subsequently
and will be discussed later. These services do not constitute inspections; they provide
an opportunity for discussions among peers that highlight satisfactory practices and
recommendations for improvement. The reports are sent to the countries concerned,
which decide whether or not to make them public.

The Chernobyl disaster in 1986 led to serious questions about the safety of nuclear
facilities in former Soviet Union countries. In the 1990s, the political changes in these
countries made it possible to visit their facilities, which led to a better understanding
of their strengths and weaknesses, followed up by programmes to provide aid and
transfer methods and technologies from Western countries.

Following the international conference on the Safety of Nuclear Energy — Strategy
for the Future held in 1991 at the IAEA in Vienna, an international Convention was
drawn up and adopted in June 1994. The Convention could only enter into force
after ratification by a fixed number of Member States. Nearly 80 States signed the
Convention. It has been effectively applied in France since it was ratified by the French
Parliament on 26 June 1995. The Convention is devised to ensure that the individual
IAEA Member States fulfil their safety responsibilities appropriately. Oversight is
carried out by a Conference of the Parties (to the Convention) which meets regul-
arly to review the reports provided by the various States under the Convention. The
binding provision of the Convention is that each country must explicitly state how it
implements the articles of the Convention.

Starting from the end of the 1990s, cooperation between countries grew quickly
within a European framework (sometimes enlarged beyond European borders),
between safety regulators (ENSREG 4, WENRA), and between Technical Safety Organ-
izations (TSOs) with the EUROSAFE Forum and the ETSON network (these different
entities will be described in greater detail later).

Of course, these international developments do not in any way reduce the respon-
sibility of operators and national safety bodies.

Created after the Chernobyl accident, the activities carried out by WANO, which
brings together the world's power reactor operators, will be briefly presented further
on. Activities conducted by the INPO'>, however, as well as larger groups of elec-
tricity producers and distributors such as UNIPEDE™ and EURELECTRIC, will not be

103. Assessment of Safety-Significant Events Team.

104. European Nuclear Safety Regulators Group (an advisory group of independent experts).
105. Institute of Nuclear Power Operations.

106. International Union of Producers and Distributors of Electrical Energy.


https://www.iaea.org
https://www.iaea.org/services/review-missions/operational-safety-review-team-osart
https://www.iaea.org/services/review-missions/operational-safety-review-team-osart
https://www.irsn.fr/EN/publications/thematic-safety/chernobyl/Pages/overview.aspx
https://www.iaea.org
https://www.iaea.org/topics/nuclear-safety-conventions/convention-nuclear-safety
https://www.iaea.org/topics/nuclear-safety-conventions/convention-nuclear-safety
https://www.iaea.org/topics/nuclear-safety-conventions/convention-nuclear-safety
https://www.iaea.org/topics/nuclear-safety-conventions/convention-nuclear-safety
https://www.iaea.org
https://www.iaea.org/topics/nuclear-safety-conventions/convention-nuclear-safety
https://www.iaea.org/topics/nuclear-safety-conventions/convention-nuclear-safety
https://www.iaea.org/topics/nuclear-safety-conventions/convention-nuclear-safety
https://www.iaea.org/topics/nuclear-safety-conventions/convention-nuclear-safety
http://ensreg.eu/
http://www.etson.eu/eurosafe
http://www.etson.eu/
https://www.irsn.fr/EN/publications/thematic-safety/chernobyl/Pages/overview.aspx
https://www.wano.info/
http://www.inpo.info/
https://www.eurelectric.org/about-us/about-eurelectric/
http://ensreg.eu/
http://www.inpo.info/
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discussed here. These organizations are concerned, of course, with facility availability
and production, but also, to a very large extent, with safety, and provide mutual assis-
tance among operators.

3.1.2. IAEA standards

To promote the safe use of nuclear energy for peaceful purposes, the IAEA began in
1974 to draft a series of safety documents for its technical cooperation needs and to
serve as a worldwide reference.

The legal status of the IAEA does not allow it to impose the application of these
texts (except in return for its assistance). This would also be contrary to the prime
responsibility of States, which is a fundamental principle in terms of safety.

The documents published by the IAEA follow a structure that has evolved over
time. The current structure, shown below (see Figure 3.1), is pyramid-shaped.

« Safety Fundamentals

General Safety Requirements
Applicable to all facilities and activities

GSRs
Specific Safety Requirements
/ js F%S \ “— Applicable to specified facilities or activities
General Safety Guides
G SG S \ Applicable to all faZIities and activities
SG \_ Specific Safety Guides
Applicable to specified facilities or activities

Figure 3.1. Architecture of IAEA safety standards (Safety Standards Series). IRSN (source: AIEA).

The top level' presents the Safety Fundamentals based on a general objective
and principles of protection and safety that form the basis of Safety Requirements.
Located at the second level of the pyramid, these requirements aim to protect people
and the environment. The Safety Fundamentals and Safety Requirements are the result
of an international consensus. At the bottom of the pyramid, safety guides provide
recommendations and guidelines. Requirements and guides (see Figure 3.2) may be
general in scope (General Safety Requirements/Guides), or specific to certain facilities
(Specific Safety Requirements/Guides).

107. Three documents in the Safety Fundamentals series were initially established by the IAEA between
1993 and 1995: the first on the safety of nuclear facilities, the second on waste management,
and the third on radiation protection and the safety of radioactive sources. A new joint text was
then drawn up in 2006, entitled Fundamental Safety Principles.


https://www.iaea.org
https://www.iaea.org
https://www.iaea.org
https://www.iaea.org
https://www.iaea.org
https://www.iaea.org/resources/safety-standards/search
https://www.irsn.fr/EN/Pages/home.aspx
https://www.iaea.org
https://www.iaea.org/publications/7592/fundamental-safety-principles
https://www.iaea.org/resources/safety-standards/search
https://www.iaea.org/publications/7592/fundamental-safety-principles
https://www.iaea.org/resources/safety-standards/search
https://www.iaea.org/resources/safety-standards/search
https://www.iaea.org/resources/safety-standards/search
https://www.iaea.org/publications/7592/fundamental-safety-principles
https://www.iaea.org
https://www.iaea.org/publications/7592/fundamental-safety-principles
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Safety Fundamentals

Fundamental Safety Principles

General Safety Requirements Specific Safety Requirements

Part 1. Governmental, Legal and 1. Site Evaluation
Regulatory Framework for Safety for Nuclear Installations

Part 2. Leadership and Management

for Safety 2. Safety of Nuclear Power Plants

2.1. Design and Construction

Part 3. Radiation Protection 2.2. Commissioning and Operation

and the Safety of Radiation Sources

3. Safety of Research Reactors
Part 4. Safety Assessment
for Facilities and Activities

- 4. Safety of Nuclear
Part 5. Predisposal Management Fuel Cycle Facilities
of Radioactive Waste

Part 6. Decommissioning 5. Safety of Radioactive Waste
and Termination of Activities Disposal Facilities

Part 7. Emergency Preparedness
annges;onsz 6. Safe Transport of Radioactive Material

Collection of Safety Guides

Figure 3.2. Summary presentation of the fundamentals, requirements and guides issued by the IAEA.
IAEA.

The differences in the design of facilities built by various manufacturers around the
world did not simplify the preparation of these documents. It was indeed important
that documents published under the auspices of an international organization should
not, in fact, be mere descriptions of solutions adopted for a specific type of facility or
a particular country. Any bias of this type would obviously have distorted competi-
tion on the relevant markets. The documents are intended to reflect an international
consensus, not a catalogue of possible practices'®.

France, like other countries, was heavily involved in ensuring that the safety
approaches it had adopted and developed were fully recognized.

Preparation and approval procedures have evolved over time, resulting in the
current process: draft texts, prepared by small working groups, pass an internal quality
control check and are reviewed by the IAEA Safety Standards Committees before being
sent to Member States for formal consultation (only for Safety Fundamentals and

108. Even though practices that are recognized as acceptable with regard to the set objectives may
be mentioned or even described in certain documents, such as Guide SSG-25 on periodic safety
reviews.


https://www.iaea.org
https://www.iaea.org
https://www.iaea.org
https://www-ns.iaea.org/committees/
https://www.iaea.org/publications/7592/fundamental-safety-principles
https://www-pub.iaea.org/MTCD/Publications/PDF/Pub1588_web.pdf

82 Elements of nuclear safety — Pressurized water reactors

Safety Requirements) and are then approved by the IAEA Board of Governors'®. There
are four Committees that review the various IAEA draft texts and the comments made
by Member States:

— the Nuclear Safety Standards Committee (NUSSC) for facility safety,

— the Radiation Safety Standards Committee (RASSC) for radiation protection,
— the Transport Safety Standards Committee (TRANSSC) for transport,

— the Waste Safety Standards Committee (WASSC) for waste.

These Committees are composed of high-level representatives of regulatory authori-
ties, as well as other organizations that have observer status.

The draft texts are then submitted to the Commission on Safety Standards (CSS)
before being approved by the Board of Governors.

The corpus of IAEA standards is gradually growing, and older texts are updated
when necessary.

Another series of documents is also published by the IAEA, but within in a different
framework. Following the Chernobyl accident, the IAEA Director General set up a high-
level advisory group, the International Nuclear Safety Advisory Group (INSAG), which
has about 15 members from various entities (industry — including both manufac-
turers and operators — regulatory authorities and technical organizations). It publishes
recommendations that it prepares on subjects usually suggested by the IAEA, under its
sole responsibility (INSAG experts do not represent their countries of origin).

As at late January 2019, INSAG has published 27 reports. The most widely known
are INSAG-12, Basic Safety Principles for Nuclear Power Plants (a revision of INSAG-3),
INSAG-10, Defence in Depth in Nuclear Safety, and INSAG-4 Safety Culture, supple-
mented by INSAG-13, which develops issues concerning organizations, and INSAG-15,
which delves further into practical measures to improve safety culture.

INSAG, which initially dealt only with safety, has extended its scope to include
radiation protection and other topics (INSAG 9: Potential Exposure in Nuclear Safety,
INSAG 11: The Safe Management of Sources of Radiation: Principles and Strategies,
INSAG 25: A Framework for an Integrated Risk-Informed Decision-Making Process, etc.).

INSAG-10 contributed largely to the presentation on defence in depth in Chapter 6
and INSAG-7 to analysis of the Chernobyl accident in Chapter 34 of this book.

3.1.3. International Reporting System for Operating Experience
(IRS)
As mentioned above, in 1980, following the Three Mile Island accident, the NEA

set up the Incident Reporting System (IRS) for the collection and dissemination of
information on incidents occurring in the nuclear power reactors of its member coun-

109. Which implies that the Member States agree to apply them (checks performed according to the
Convention).


https://www.iaea.org/resources/safety-standards/search
https://www.iaea.org
https://www.iaea.org/about/governance/board-of-governors
https://www-ns.iaea.org/committees/
https://www.iaea.org
http://www-ns.iaea.org/committees/nussc/
http://www-ns.iaea.org/committees/nussc/
http://www-ns.iaea.org/committees/rassc/
http://www-ns.iaea.org/committees/rassc/
http://www-ns.iaea.org/committees/transsc/
http://www-ns.iaea.org/committees/transsc/
http://www-ns.iaea.org/committees/wassc/
http://www-ns.iaea.org/committees/wassc/
https://www-ns.iaea.org/committees/
https://www-ns.iaea.org/committees/
https://www-ns.iaea.org/committees/
https://www.iaea.org/about/governance/board-of-governors
https://www.iaea.org
https://www.iaea.org
https://www.irsn.fr/EN/publications/thematic-safety/chernobyl/Pages/overview.aspx
https://www.iaea.org/
https://www.iaea.org/topics/nuclear-safety-and-security/committees/insag
https://www.iaea.org/topics/nuclear-safety-and-security/committees/insag
https://www.iaea.org
https://www.iaea.org/topics/nuclear-safety-and-security/committees/insag
https://www.iaea.org/topics/nuclear-safety-and-security/committees/insag
https://www-pub.iaea.org/MTCD/Publications/PDF/P082_scr.pdf
https://www-pub.iaea.org/MTCD/Publications/PDF/Pub1013e_web.pdf
https://www-pub.iaea.org/MTCD/publications/PDF/Pub882_web.pdf
https://www-pub.iaea.org/MTCD/Publications/PDF/P083_scr.pdf
https://www-pub.iaea.org/MTCD/Publications/PDF/Pub1137_scr.pdf
https://www.iaea.org/topics/nuclear-safety-and-security/committees/insag
https://www.iaea.org/publications/4762/potential-exposure-in-nuclear-safety
https://www-pub.iaea.org/MTCD/Publications/PDF/Pub1080e_web.pdf
https://www-pub.iaea.org/MTCD/Publications/PDF/Pub1499_web.pdf
https://www-pub.iaea.org/MTCD/Publications/PDF/Pub1013e_web.pdf
https://www-pub.iaea.org/MTCD/Publications/PDF/Pub913e_web.pdf
https://www.irsn.fr/EN/publications/thematic-safety/chernobyl/Pages/overview.aspx
https://www.iaea.org/resources/databases/irsni
https://www.iaea.org/resources/databases/irsni
https://oecd-nea.org/general/about/
https://www.iaea.org/topics/nuclear-safety-conventions/convention-nuclear-safety
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tries and likely to be of interest to these countries. The 33 countries belonging to the
OECD/NEA (as of 2019) cover about 85% of the world’s nuclear power capacity. In
1995, responsibility for management of the system was transferred to the IAEA and
the system was opened to all countries that had signed the Convention on Nuclear
Safety. Later, in 2009, to reflect the growing use of the system, the IRS became the
International Reporting System for Operating Experience.

This process does not require that France submit to the IAEA and OECD/NEA
information relating to all events declared to ASN, nor for France to receive and
examine the equivalent information provided by other countries. That would submerge
everyone in a mass of information of little importance from a safety point of view.
Each country appoints a national coordinator for the IRS, who selects those incidents
that they consider of sufficient interest to constitute lessons learned that can benefit
other countries. In France, this mission is entrusted to IRSN.

At the end of January 2019, the IRS database contained 4332 reports; 421 of these
were submitted by France, 1433 by the USA, 363 by Japan, 216 by Canada and 133
by Germany. The database also contained 171 documents issued by the former Soviet
Union and 200 documents from the Russian Federation.

Regular meetings of national coordinators oversee the development of the system,
the quality of the information submitted and technical improvements to the informa-
tion systems used. They also focus on the lessons learned by each country from the
challenges faced by other countries.

For example, a solution for treating the following problems was developed for
French nuclear power plant reactors using information acquired through IRS:

— insufficient functional capacity of motorized valves,

— risk of clogging in sump filters,

— risk of corrosion and leakage on safety injection pipes,

— risk of cracking on the reactor coolant pump ‘thermal barriers’ .

The NEA, for its part, can set up working groups bringing together specialists from
member countries to carry out studies on problems of general interest, based on a
series of incident reports recorded in the joint IAEA-NEA RS database, involving tech-
nical as well as human and organizational aspects. Several studies have been carried

110. Leaktightness between the shaft of a reactor coolant pump and its motor is ensured by a system
of several seals, into which water is injected at high pressure (from the chemical and volume
control system, CVCS) in order to prevent water leakage from the reactor coolant system (RCS).
Part of the water injected into the seals enters the RCS; the other part is collected and returned
to specific systems (including CVCS). The seals are designed to function at temperatures that
are lower than the coolant temperature in the RCS when the reactor is in operation. The thermal
protection of these seals is ensured primarily by the water from the CVCS, which is injected at
low temperature (by means of CVCS/CCWS [Component Cooling Water System] exchangers)
and, in the event of failure of cold water injection, by a system referred to as the ‘thermal barrier’.
This system cools the coolant flowing through the thermal barrier to a temperature compatible
with the maximum admissible temperature for the seals (90°C).
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out in this manner, for example on incidents occurring during unit outages for refuel-
ling and maintenance. More recently, following the Fukushima Daiichi nuclear power
plant accident, the NEA conducted a review on a number of incidents and accidents
considered to be precursors to possible core-melt accidents™".

The IAEA also manages two other international databases relevant to incidents
affecting research reactors (IRSRR — Incident Reporting System for Research Reactors)
and fuel cycle installations (FINAS — Fuel Incident Notification and Analysis System).

The IRS, IRSRR and FINAS databases are accessible only to the Member States that
supply them with data. All Member States do not necessarily submit their data in a
uniform format.

A joint IAEA and NEA report from 2006'"? emphasizes that sharing operating
experience requires constant efforts and vigilance: “Almost all of the events reported
during that period [2002-2005] had already occurred earlier in one form or another.
This shows that despite the existing exchange processes in place at both national and
international levels, corrective measures, which are generally well-known, may not
reach all end-users, or are not always applied strictly or in due time.”

3.1.4. Services developed by the IAEA

Among the many services developed by the IAEA, two types of safety reviews
conducted on the basis of IAEA standards are described below:

- reviews conducted by Operational Safety Review Teams (OSART), which consist
of auditing the operational safety of nuclear facilities and activities,

— Integrated Regulatory Review Service (IRRS) reviews, which concern the regula-
tory systems for controlling nuclear activities (safety and radiation protection).

These safety reviews are carried out at the explicit request of the Member State
concerned and are conducted by international teams formed specifically for the
purpose of the corresponding mission.

3.1.4.1. OSART reviews

The principle of OSART reviews was adopted in 1982.

An OSART review team usually consists of 10 to 15 experienced people. Two thirds
of them are external consultants, executives from nuclear power plants or safety
organizations, some of whom may have already participated in this type of mission;
the others are IAEA staff members. Some observers from developing nuclear countries

111.  From the Working Group on Operating Experience (WGOE): Report on Fukushima Daiichi NPP
Precursor Events, NEA/CNRA/R(2014)1, January 2014.

112. OECD Report 2006/NEA No. 6150 Nuclear Power Plant Operating Experiences from the |IAEA/
NEA Incident Reporting System, 2002-2005.
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are associated with these missions. As a matter of principle, the experts on the team
do not include anyone from the country being reviewed.

The external consultants selected, who vary from one mission to another, are
chosen on the basis of their knowledge (type of reactor or technical speciality) and
experience. The agency staff involved in these missions has similar professional experi-
ence. They ensure the consistency of mission objectives, criteria and results.

The team leader is an IAEA staff member. He or she is responsible for overall coor-
dination, initial training of team members in the methodology used and overall orien-
tation, as well as external media liaison.

An OSART review team typically spends three weeks at a facility.

The investigation programme is generally subdivided into several areas, explored in
parallel:

— management, organization and administration of the facility,

— training, qualification and certification of personnel,

— control and operation of the facility,

— equipment maintenance,

— operating experience feedback, periodic testing, fuel management and handling,
— radiation protection,

— chemistry,

— emergency preparedness,

— managing core-melt accidents.

Technical exchanges between the members of an OSART review team and their
counterparts at the nuclear power plant under inspection not only help to identify any
problems, but also provide the opportunity to make comparisons with safety practices
in other countries. This approach contributes to the dissemination of lessons learned
and reflections on safety. Good practices may also be highlighted.

The report written by the review team at the conclusion of an OSART mission is
sent to the country concerned, where the operator and regulatory authority are organ-
ized to make appropriate use of lessons learned. The report is usually made public by
the regulator.

A follow-up inspection may be organized one or two years later to assess how the
mission recommendations have been taken into account.

OSART reviews began in 1983. By the end of 2018, 204 missions had been carried
out (covering 36 countries and 116 nuclear power plants), in addition to the 141
follow-up inspections.
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In 1985, France hosted the first OSART review mission carried out in a developed
nuclear country (on Unit 1 at the Tricastin power plant). Six French experts were part
of the team (as required by France for this prototype experiment). Another OSART
review was held in 1988 at the Saint-Alban-Saint-Maurice nuclear power plant.

EDF quickly realized the very positive impact of these reviews, due not only to the
results of the reviews themselves and the benefit of an outsider’s view of French prac-
tices, but also to the considerable involvement of all members of personnel throughout
the preparation phase, a period particularly conducive to a more in-depth investigation
of safety issues by the operator.

From its foundation, the French safety authority (DSIN) was in favour of this prac-
tice, demonstrating its willingness to open up the national nuclear safety control
system to greater transparency.

France then decided to host an OSART review mission once every year in one of
the country’s nuclear power plants. Thus, from 1985 through 2017, 30 OSART reviews
(and 24 follow-up inspections) were carried out in the nuclear power plant fleet
(by the end of 2014, 26 OSART reviews had been conducted in France, 8 in the USA
and 5 in Japan). The main findings of OSART reviews are generally available on the
IAEA website'®,

The overall conclusions of the missions carried out in French nuclear power plants
have always been favourable, but most often accompanied by a few questions, remarks
or suggestions.

In the early years (1980s), the review teams frequently asked questions about the
relatively centralized structure of EDF and the sharing of responsibilities and resources
between the nuclear power plant sites and centralized corporate services. This question
is partly explained by the fact that there is no other operator in the world with such
a large-scale nuclear power plant fleet. The experts in the OSART review teams were
therefore often surprised by the way EDF functioned when they inspected just one
reactor.

Suggestions for improvement included, for example:

— better communication between management and personnel from operations
and maintenance, as well as the presence of field supervisors,

— continuing education programmes and training evaluation procedures,

— ensuring plant sites are involved in corporate analysis of operating experience
feedback,

- root-cause analysis of significant events (this continued to be recommended in
the conclusions of OSART reviews conducted after 2011),

113.  They are also available on the ASN website for French nuclear power plants.
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— follow-up on maintenance activities and their results,
— follow-up on temporary changes.

French engineers, usually from EDF and IRSN, have also participated as experts
in OSART reviews in other countries, which, again, enlarges dissemination of lessons
learned and stimulates reflection on safety issues.

Pre-Operational Safety Review Team (Pre-OSART) reviews may also be conducted
during the construction and licensing phases of a nuclear facility.

3.1.4.2. IRRS reviews

A review by IRRS (corresponding to what was formerly known as the International
Regulatory Review Team, IRRT) can be conducted at the request of a Member State
who wishes to compare its own nuclear safety control system with IAEA standards.
These reviews aim to improve the performance of safety control systems by encour-
aging authorities to share their experience with each other, while promoting good
practices.

At France's request, a team of international auditors consisting of 24 experts coor-
dinated by the IAEA visited ASN in 2006 to conduct the first comprehensive IRRS
review in France. The purpose of the mission was:

— on one hand, to examine, according to the peer review principle, the national
nuclear safety and radiation protection control systems with regard to the stan-
dards issued by the IAEA;

— on the other hand, to share knowledge and compare experiences between the
auditors and all stakeholders in France involved in the governance of nuclear
and radiological risks.

The auditors mainly examined regulatory, inspection and public information prac-
tices. They met with ASN teams, including those from its regional divisions, and
IRSN teams, and assessed ASN's inspections by examining about ten that had been
conducted in the field.

In 2014, a second IRRS mission took place in France™* with the same objectives,
according to new procedures implemented by the IAEA (self-assessment based on a
questionnaire developed by the IAEA) and on a broader technical scope than the 2006
audit (which covered medical exposure, worker radiation protection, environmental
protection and connections between safety and security).

Each of these IRRS reviews was accompanied by a follow-up mission, in 2006 and
2017, respectively ™.

114. After the reorganization that led to the creation of ASN.
115.  IRRS mission reports are available on the ASN website.
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3.1.4.3. Other services and study frameworks set up by the IAEA

The IAEA has established other services and frameworks for studies in addition to
those described above.

Among these, a service associated with OSART reviews, called ISCA (Independent
Safety Culture Assessment'’®), specializes in safety culture and its assessment.
The INSAG-4 safety culture report served as the basis for a detailed guide (IAEA-
TECDOC"7-743), published in 1994, that set out to assess safety culture awareness
and corresponding attitudes in the various organizations concerned. Given that this
is a sensitive subject, the service initially focused on having the IAEA set up a training
programme on how to use the safety culture guide and carry out the self-assessment.

Development of another service, SALTO (Safety Aspects of Long-Term Opera-
tion), began in 2005. The purpose of this service is to assist Member States in dealing
with issues raised by ‘long-term’ operation of a nuclear facility, for example, in the
case of extending the operating lifetime of a reactor. A certain number of aspects are
addressed in the corresponding missions:

— managerial aspects,
- the safety 'baseline’ (safety reference documents),

— ageing management of structures, systems and components (civil works, metal
structures, mechanical components, instrumentation and control equipment,
etc.),

— knowledge and human resource management.

In the context of extending the operating lifetime of Unit 1 up until 2025 at the
Tihange nuclear power plant in Belgium (reactor commissioned in 1975), a SALTO
mission was carried out in December 2015. A similar mission was also carried out for
Doel Units 1 and 2 in February 20178

Lastly, the IAEA has in the past'® offered a service called the Assessment of
Safety-Significant-Events Team (ASSET) to provide assistance in the in-depth analysis
of safety-significant incidents occurring in nuclear power plants. Particular emphasis
was placed on investigating the root causes of incidents, whether they were due to
equipment, procedures, personnel or organization. These investigations showed that
periodic tests were not conducted systematically or were not representative; that
operating and maintenance documents were not approved and updated; and that the
training of operating and maintenance personnel and even management was insuffi-
cient. Emphasis was also placed on corrective measures, which were not always taken
adequately or promptly, and lessons learned were not distributed appropriately.

116. This independent safety culture assessment service replaced the Assessment of Safety Culture in
Organizations Team (ASCOT).

117. TECDOCs are technical documents approved only by their authors.

118. Mission reports are available at https://afcn.fgov.be.

119. This service is no longer available.
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The first ASSET mission took place in 1986, with several missions carried out in
Eastern European countries.

In France, a team of this type was received at Gravelines 1 in 1990 following a
maintenance anomaly that occurred in 1989 in this reactor'?’; another was received in
1992 at the Fessenheim nuclear power plant to examine the impact of feedback after
ten years of operation; a third team visited the Paluel nuclear power plant in 1993
after an incident that led to diagnostic problems followed by reporting issues''.

The ASSET teams had fewer experts than the OSART review teams and the
inspection lasted only two weeks; the team members were selected in a way similar to
that of the OSART review teams.

The overall conclusions of the ASSET missions conducted in France were generally
favourable, with some remarks and suggestions that were usually similar to those made
during the OSART reviews. Certain noteworthy suggestions included the following:

a policy should be defined to maintain long-term efforts to promote a
questioning attitude on the part of teams and individuals;

— site management should be more involved in setting priorities for equipment
and organizational changes;

— training programmes should be revised to develop knowledge among relevant
personnel members with regard to facility design and its effect on control
operations;

— greater assistance should be provided to less experienced personnel, with better
monitoring of each person’s skills;

— more attention should be given to addressing the root causes of incidents;

— greater resources should be available on sites to solve certain recurring prob-
lems more quickly.

In 2000, a new service, called PROSPER (Peer Review of Operational Safety Perfor-
mance Experience Review) was established, broadening the scope of ASSET reviews.
This type of review is now conducted within the context of OSART missions.

The IAEA has also established various frameworks for studies and research, including
Coordinated Research Projects (CRPs) and International Collaborative Standard Prob-
lems (ICSPs). This work has led to the preparation of technical documents called Safety
Reports, Technical Documents (TECDOCs). TECDOCs have been published on subjects
such as the assessment of ‘passive systems’''?, approaches for managing equipment
ageing, comparison of assessments by calculating the seismic behaviour of power reac-
tors, evaluating ‘advanced’ thermal-hydraulic simulation software, etc.

120. See Section 22.2.
121. See Section 23.1.3.
122. See Chapters 7 and 18.
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3.1.5. WANO'*

Created in 1989 following the accident at the Chernobyl nuclear power plant, the
World Association of Nuclear Operators (WANO) is the international industry associa-
tion exclusively dedicated to nuclear safety. WANO brings together the world's power
reactor operators, and is also open to operators of spent fuel reprocessing plants.

Its purpose is to improve safety through exchanges and mutual support between
operators via peer reviews, sharing operating experience feedback, dissemination of
good practices, training and support missions.

Peer reviews form the backbone of WANO's action: each plant must undergo a peer
review once every four years. For each review, about 25 operations specialists spend
nearly three weeks on site to assess the quality and discipline exercised in operations,
facility management, safety culture and operational management in the fundamental
areas of safety. The review teams are international.

Based on field observations, fact gathering and interviews, the review identi-
fies deviations from standards and best practices as well as the strengths and weak-
nesses of the site and indicates areas for improvement. An overall assessment of the
site is finally pronounced and reported to corporate management. Following a review,
the operator draws up an action plan and sends it to WANO; its concrete effects
are checked two years later by a follow-up review. The action plan is supported by
WANQO's technical assistance missions. Nuclear power plants with safety deficiencies
receive specific support and are monitored individually, with progress reported regu-
larly to the WANO Board of Governors.

Each operator sends reports to WANO on incidents that may be of interest to the
community. They are available to all members through a secure database and intranet
site. The most important incidents, or topics derived from them, are written up in
specific reports and recommendations issued by the association. Implementation of
these recommendations is assessed in peer reviews.

WANQO's staff consists of about 450 permanent employees, most of whom are
seconded by operators for a few years. Peer reviews, technical missions and seminars
are carried out by seconded employees with support from non-seconded members
of the association, who intervene for the occasion. In addition to its headquarters in
London, WANO is set up to cover four operational regions: Atlanta, Paris, Moscow and
Tokyo.

WANO was significantly reinforced after the Fukushima Daiichi nuclear power
plant accident: its workforce has tripled, peer reviews are conducted more frequently
and cover a broader scope (preparedness for severe accidents, emergency response,
certain elements involving facility design), operating crews are observed in simulated
accident situations, corporate peer reviews are implemented, general coordination and

123. Contribution by Bertrand de Buchére de ['Epinois, EDF, member of the Advisory Committee for
Reactors.


https://www.wano.info/
https://www.irsn.fr/EN/publications/thematic-safety/chernobyl/Pages/overview.aspx
https://www.wano.info/
https://www.wano.info/
https://www.wano.info/
https://www.wano.info/
https://www.wano.info/
https://www.wano.info/
https://www.wano.info/
https://www.wano.info/
https://www.wano.info/
https://www.wano.info/
https://www.wano.info/
https://www.irsn.fr/EN/publications/thematic-safety/fukushima/Pages/overview.aspx
https://www.irsn.fr/EN/publications/thematic-safety/fukushima/Pages/overview.aspx
https://www.edf.fr/en/meta-home
http://www.french-nuclear-safety.fr/ASN/Technical-support/The-Advisory-Committees
http://www.french-nuclear-safety.fr/ASN/Technical-support/The-Advisory-Committees

The International Dimension and the Social Dimension 91

consistency between regions has increased, and a new centre was opened in Shanghai,
becoming WANOQO's second branch office in Asia.

WANO is a rather unique international organization in terms of the transparency
achieved between potential competitors in electrical power generation and the ability
to hold discussions without complacency. This openness has developed because confi-
dentiality is guaranteed and members are convinced that collective responsibility for
stimulating each other and advancing together has become an integral part of the indi-
vidual responsibility of each operator. Through its presence in the field, its moral influ-
ence and the commitment of utility companies at corporate level, WANO has become
a kind of ‘internal regulator’ or ‘professional organization’ for nuclear operators.

3.1.6. NEA

As mentioned previously, the mission of the NEA is to assist OECD member count-
ries that join the NEA in maintaining and further developing the scientific, technolog-
ical and legal bases required for a safe, environmentally friendly and economical use
of nuclear energy for peaceful purposes. It provides reference documents and brings
differing views to a consensus on important issues, which can be used by governments
in defining their nuclear policies, and contributes to more general studies conducted by
the OECD on issues such as energy and sustainable development.

The NEA’s scope of action includes nuclear safety, radioactive waste management,
radiation protection, nuclear science, economic and technological aspects of the fuel
cycle, nuclear law and liability, and public information.

The NEA has set up technical standing committees, mainly composed of experts
and technicians from member countries. These committees constitute the unique char-
acter and driving force of the NEA, as they provide the flexibility required to address
new issues and reach a consensus. There are seven technical standing committees:

— Committee on the Safety of Nuclear Installations (CSNI): its mission is to help
member countries maintain and develop the scientific and technical knowl-
edge needed to assess the safety of nuclear reactors and fuel cycle facilities.
Its members consist of scientists and engineers with major responsibilities in
various areas of technology and safety research (including experts from IRSN),
as well as representatives of safety authorities;

- Committee on Nuclear Regulatory Activities (CNRA): it consists of represent-
atives of nuclear safety authorities. Its mission is to lead the NEA’s programme
concerning regulations, licensing processes, inspection of nuclear facilities with
regard to safety, and operating experience feedback (NEA's involvement in
incident analysis, an activity assigned to the Working Group on Operating Expe-
rience (WGOE), was mentioned above);

- Radioactive Waste Management Committee (RWMC): its mission is to
contribute to international cooperation in the management of radioactive
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materials and waste from facilities, including facility decommissioning and
waste management over the long term;

Committee on Radiological Protection and Public Health (CRPPH): the CRPPH is
composed of representatives of radiation protection authorities and radiation
protection experts. Its mission is to identify emerging issues in the field, analyse
their possible implications and recommend or undertake action to address these
issues and advance the regulation and implementation of radiation protection;

Nuclear Science Committee (NSC): its mission is to assist member countries in
identifying, collecting, developing and disseminating the scientific and technical
knowledge necessary to ensure the safe, reliable and economical operation of
existing nuclear facilities and to develop new-generation nuclear systems;

Committee for Technical and Economic Studies on Nuclear Energy Development
and the Fuel Cycle (or Nuclear Development Committee, NDC): its mission
is to provide the governments of member countries with reliable information
on nuclear energy technologies, economics, strategies (such as different fuel
cycle strategies'?*) and resources, thus contributing to policy analysis and deci-
sions, as well as the future role of nuclear energy in a sustainable development
perspective and in the national and international context of energy policies;

Nuclear Law Committee (NLC): its mission is to assist in the development of
the national and international legal regimes required for the peaceful use of
nuclear energy — including international trade in nuclear materials and equip-
ment —, to address issues of liability and compensation for nuclear damage, and
to serve as a centre for nuclear law information and education.

Nuclear safety is the main focus of CSNI's activities and part of those of NSC,

which cover the following technical areas: neutron physics, criticality, thermal hydrau-
lics, in-reactor fuel behaviour, accident physics (including core melting), behaviour
of uranium-235 fission products contained in fuel, external ‘hazards’''?*, human and
organizational factors and risk analyses. These activities involve exchanging tech-
nical knowledge, producing state-of-the-art reports, comparing analysis methods or
different types of simulation software (based on benchmarks), and achieving consensus
or shared views on identified research and development needs.

The NEA also manages a database that constitutes an international reference

centre for member countries, providing basic tools used in the field of nuclear energy,
such as simulation software and nuclear data. The centre provides direct services to its

124.

125.

The fuel cycle refers to all operations involved in supplying fuel to nuclear reactors and then
managing spent fuel, i.e. from ore extraction to radioactive waste management.

As will be seen and developed in the rest of this book, the term ‘hazards’ covers events occurring
inside or outside a facility that are not foreseen malfunctions of process-related systems in the
facility, but rather situations corresponding either to external natural events (such as earthquake
or flooding), events related to human activity (external explosion, etc.), or internal events such
as fire, a dropped load, flooding caused by a pipe break, and others.
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users by developing, enhancing and approving these tools and making them available
on request.

Lastly, the NEA provides member countries with a framework for funding and
implementing major international research programmes. As mentioned previously, the
NEA was founded in 1958 to facilitate the implementation of such programmes and
its early achievements were quite large-scale projects: Halden (beginning in 1958%%),
Dragon (1959-1976) and Eurochemic (1959-1975). Since 1980, the NEA has organized
more than 50 joint projects (nearly 20 are on-going'?’) in the field of nuclear safety,
including two-phase thermal hydraulics, fuel behaviour in accident situations, core-
melt accidents and fires.

3.1.7. Organizations dedicated to radiation protection
and health

So far we have seen that radiation protection and the impact of ionizing radiation
on human health are part of the concerns and scope of activity of both the IAEA and
NEA. But two other leading international organizations must also be mentioned: ICRP,
the International Commission on Radiological Protection, and UNSCEAR, the United
Nations Scientific Committee on the Effects of Atomic Radiation.

Introduced in Chapter 1, the ICRP, founded in 1928'%, before the IAEA and NEA
existed, has played a leading role in establishing the major principles of radiation
protection. Since the 2000s, the ICRP has extended the scope of its recommendations
to environmental radiation protection, thereby including plants and animals. Experts
from France, including IRSN staff, participate in the Main Commission, the governing
body, as well as each of the four ICRP committees dealing respectively with radiation
effects, doses from radiation exposure, radiological protection in medicine, application
of recommendations on radiation protection principles and environmental protection.
The director of the French Centre for the Study of Assessment of Nuclear Protection
(Centre d’étude sur ’évaluation de la protection dans le domaine nucléaire, CEPN)'® is a
member of the Main Commission.

The United Nations General Assembly established UNSCEAR in 1955. The
committee is mandated to collect, analyse and synthesize data from around the world
on exposure levels and the effects of ionizing radiation. Its summary reports provide
a scientific basis for assessing the risks associated with ionizing radiation and defining

126. The final shutdown of the Halden reactor was decided in June 2018. Post-irradiation examina-
tions and experiments on irradiated materials performed in ‘hot’ cells will nonetheless continue.

127. Late January 2019.

128. The ICRP, officially established in 1950 under this name, came from the International Committee
for X ray and Radium Protection, established in 1928.

129. This is an organization created in France 1976, whose partners are CEA, EDF and IRSN. This
non-profit organization is a research and study centre in the nuclear field that assesses measures
taken to protect people from the risks of ionizing radiation, taking into consideration technical,
health, economic and social aspects.
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protective measures. An important contribution of UNSCEAR involved work on the
consequences of the 1986 Chernobyl power plant accident. Reference will be made to
a number of its publications in Chapter 34, devoted to this accident. Along the same
lines, UNSCEAR published a report in 2013 on the 2011 Fukushima Daiichi nuclear
power plant accident ™.

The important activities of these two organizations will not be described further,
given that the focus of this book is nuclear safety.

3.1.8. From bilateral Franco-German cooperation to
European structures for the exchange and capitalization
of knowledge and practices, training
and assessment services

Since the 1970s, Franco-German cooperation has instigated the gradual devel-
opment of European structures for sharing experience, conducting joint projects and
harmonizing practices in safety assessment.

Relations between the German and French safety organizations began in 1972,
shortly after the decision to build the Fessenheim nuclear power plant on the French
side of the Rhine. They then intensified over time™".

In 1976, a joint working group conducted a comparison between Fessenheim 1 and
Neckarwestheim 1 and published their conclusions in 1977, before Neckarwestheim 1
was commissioned and shortly after commissioning of Fessenheim 1. These conclusions
clearly express the novelty and, at the time, the difficulty of this type of exercise: “The
study has shown that it is difficult to make a detailed, point-by-point, safety compar-
ison in all areas when the systems themselves or their design bases are different. In
both countries, the objectives set to ensure a high level of safety in nuclear power
plants are generally similar. The safety of a nuclear power plant is ensured by a
multitude of technical and organizational measures, not to mention quality assurance
and control in the construction phase. In conclusion, it can be said that the technical
safety requirements for the two facilities are comparable, but that the methods estab-
lished to address safety issues are sometimes different. The means used to achieve
similar objectives may legitimately vary, but are equally valid.”

A report with similar conclusions, relating to the higher-power Cattenom and
Philippsburg units, was issued in 1982.

130. UNSCEAR 2013 Report — Scientific Annex A: Levels and Effects of Radiation Exposure due to the
Nuclear Accident after the 2011 Great East-Japan Earthquake and Tsunami.

131. From 1993 onwards, a representative of the German safety organizations was invited on a
permanent basis to meetings of the French Advisory Committee for Reactor Safety (GPR) and,
as of 1994, a French expert was appointed to its German counterpart, RSK (Reactor-Sicherheits-
kommission, the Reactor Safety Commission).
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Such comparisons have examined, for example, how to ensure the best reliability of
safety functions by using high levels of redundancy or functional diversification; or the
detailed assumptions used in France and Germany to calculate the radiological conse-
quences of accidents studied in safety analysis reports.

Franco-German cooperation continued with the creation of the Deutsche-
Franzésische Kommission (DFK) 32 for questions involving the safety of nuclear facilities
and, in 1990, the Deutsche-Franzdsischer Direktionausschuss (DFD)'®, providing a
national institutional framework for these collaborative efforts.

Then the Western nuclear countries gradually mobilized to improve safety in power
plants located in Eastern European countries (see Figure 3.3), working both individually
and through international action and financing.

The first joint assessments were carried out on reactor projects in East Germany
(for the Greifswald power plant, already equipped with four 440 MWe VVER reactors
from the 230 series, with four more reactors planned from the more recent 213 series,
and the Stendal power plant, which was to have four 1000 MWe VVER reactors), proj-
ects which reunited Germany ultimately decided to abandon.

Next, following an IAEA mission in Bulgaria that had revealed the unsatisfactory
state of operation of the Kozlodouy power plant, consisting of four first-generation
440 MWe VVER-type reactors (230 series), the decision was taken to help this country
address the safety issues raised by the plant, as the Bulgarian government considered
that continuing to operate these reactors was essential for the economic and social
survival of the country, with the Russian designer supporting the idea that they were
fit for operation.

IPSN was heavily involved in this support mission, together with GRS™*, working
through the European economic interest group, RISKAUDIT IRSN/GRS Inter-
national'®, a non-profit organization set up in 1992, while EDF helped the oper-
ator via WANO, in addition to a twinning arrangement set up between the nuclear
power plants at Kozloduy (Bulgaria) and Bugey (France). While it was recognized
that the 440 MWe VVER reactors featured some favourable safety aspects (such
as high thermal inertia due to large amounts of reactor and secondary coolant,

132. A Franco-Luxembourg commission and a Franco-Swiss commission have also been set up.

133. Since the DFK (Franco-German Commission) was a regional structure (at least on the German
side), it seemed necessary to create an organization to deal with general safety problems at the
national level, which became the role of the DFD (Franco-German Management Committee) in
1990. DFD was a small group (excluding Lander representatives on the German side) for polit-
ical reasons, as both governments were seeking to achieve close cooperation from an industrial
viewpoint, between Framatome and Siemens, and from the assessment viewpoint, by bringing
together experts from IPSN and GRS. The topics to be covered included, for example, nuclear
safety in Eastern European countries and the European Pressurized water Reactor.

134. Supported by European funding.

135. Hereafter referred to as RISKAUDIT.
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Figure 3.3. Nuclear power plants in the former USSR and Eastern Europe in the mid-1990s. Georges
Goué/IRSN.

low linear power density fuel, and the ability to manually isolate the reactor coolant
loops in the event of steam generator tube rupture, etc.), the experts identified several
areas of concern, including:

— a risk of sudden vessel rupture due to irradiation embrittlement of the weld
metal, particularly for certain VVER 440/230 reactors. This was due to signifi-
cantly higher levels of impurities (especially copper and phosphorus) in this
material than in western pressurized water reactors. Annealing, which had
already been performed, was again necessary to ‘erase’ the defects created by
irradiation of the weld metal;

— design of the VVER 440/230 plant units, characterized as having ‘limited’
defence in depth, since the breaks postulated in the design phase were small,
the containment capacity limited, etc,;

— failure to take seismic risk into account in the design phase;

— failure to qualify equipment for accident conditions.


https://www.irsn.fr/EN/Pages/home.aspx

The International Dimension and the Social Dimension 97

The support provided by RISKAUDIT then increased and broadened considerably in
scope. RISKAUDIT now offers services in the context of international projects financed
by the European Commission, the EBRD '* and the EIB', and also works through bilat-
eral contracts going well beyond Eastern European countries alone. These services,
which involve nuclear reactors as well as fuel cycle facilities, decommissioning, and
nuclear waste management, are mainly provided by the parent institutes, IRSN'* and
GRS, with support from European safety authorities and TSOs. The type of activities
performed by RISKAUDIT can be summarized as follows:

providing technical support during the review and authorization process
required to implement safety improvements on power reactors or other nuclear
facilities. This type of support operates through the European TACIS and INSC
programmes, in a ‘2 + 2’ manner: on one hand, the local safety authority and
its technical support teams, and on the other hand a European safety authority
supported by RISKAUDIT;

providing support with regard to regulations, organization of a safety authority,
and emergency response preparedness;

transferring knowledge and know-how (such as using simulation software for
safety analyses), or sharing methods, to reinforce the capabilities of local safety
organizations and develop their safety culture;

performing safety assessments by multinational teams in compliance with
internationally accepted practices;

contributing to the harmonization of practices and approaches;

building and maintaining an independent centre of qualified expertise.

Among the many work programmes carried out by RISKAUDIT since 1992, the
following are particularly noteworthy:

136.
137.
138.

139.

for those funded by the European Commission:

* TACIS (Technical Assistance to the Commonwealth of Independent
States and Georgia — 1992-2006),

- PHARE™ (1989-2006),

+ INSC (Instrument for Nuclear Safety Cooperation — 2007-2013 and then
2013-2020).

European Bank for Reconstruction and Development.

European Investment Bank.

The headquarters of RISKAUDIT are in Fontenay-aux-Roses, France. A branch office has also been
set up in Kiev, Ukraine.

This acronym stands for Poland and Hungary Assistance for Restructuring their Economies, a
support programme that began in 1989, but was later extended to other countries wishing to
become members of the European Union: the Czech Republic, Estonia, Lithuania, Latvia, Slovakia,
Slovenia, then Bulgaria and Romania.
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Within the framework of these programmes, apart from work designed
to improve power-reactor safety, a large part of RISKAUDIT's activities
is devoted to: assessing the safety of legacy waste storage facilities,
particularly on the Chernobyl power plant site and in the surrounding
exclusion zone; safety assessments conducted on new facilities for the
recovery, treatment, conditioning, storage and final disposal of waste;
and providing assistance for the preparation of regulatory documents;

— for those financed by the EBRD:

+ providing support for decommissioning the four VVER 440/230 reactors
at the Kozloduy nuclear power plant in Bulgaria, which were definitively
shut down between 2002 and 2006,

» providing assistance in the safety assessment of the new dry-storage
facility for irradiated fuel at the Chernobyl power plant in Ukraine,

» providing support for dismantling the damaged Chernobyl reactor
(sarcophagus, waste treatment units).

The main beneficiaries of RISKAUDIT assistance have been Russia and Ukraine and,
to a lesser extent, Bulgaria, Lithuania and Armenia.

Gradually, in the context of the European INSC programmes, RISKAUDIT's assis-
tance has evolved into cooperation with safety authorities and expert bodies in various
countries, particularly those where it has previously provided support (such as Ukraine).
In addition, the INSC has extended its scope of activity to countries bordering the
Mediterranean Sea, the Far East and the Americas, etc.

RISKAUDIT has carried out and continues to carry out work under bilateral
agreements:

— with the Lithuanian safety authority VATESI: decommissioning of the two
1500 MWe RBMK reactors at the Ignalina plant (shut down in 2004 and 2009
respectively), in parallel with the construction of several facilities for waste
treatment and storage, and dry storage of spent fuel;

— with the Bulgarian safety authority BNRA: cooperation involved reviewing the
preliminary safety analysis report in 2006 for two 1000 MWe Russian VVER
reactors to be built at the Belene site in northern Bulgaria. The project was
abandoned in 2013;

- with the Joint Research Centre (JRC) in Petten for analyses of operating experi-
ence feedback.

The 1990s were also largely marked by the joint Franco-German project’ that
led, after seven years of discussions, to the Technical Guidelines for the Design and
Construction of the Next Generation of Nuclear Power Plants with Pressurized Water

140. The initial purpose was not to establish technical guidelines, but to prepare DFD positions on
issues raised by the EPR designers.
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Reactors, which served as the basis for designing the EPR. This subject will be further
developed in Chapter 18.

Since 1999, three technical safety organizations — each providing support to the
national safety authority — IRSN for France, GRS for Germany and Bel V (formerly
AVN) for Belgium, have been involved in the EUROSAFE initiative, particularly through
discussion forums aimed at sharing information and converging practices in areas
relating to safety, radiation protection and security in general.

Aiming for greater commitment, however, ETSON (European Technical Safety
Organisations Network), was created in 2006, bringing together European members
(in 2019: IRSN, GRS, Bel V, as well as VTT [Finland], MTA EK [Hungary], ENEA [ltaly],
LEI [Lithuania], CVR [UJV] [Czech Republic], VUJE [Slovakia], JSI [Slovenia], PSI [Switzer-
land], RATEN ICN [Romania] and Wood [UK]), as well as three associate members from
outside the European Union: SSTC NRS (Ukraine), SEC NRS (Russia) and NRA (Japan).

ETSON membership is obtained by invitation from its members and is limited to
organizations that conduct safety assessments to assist their national safety authori-
ties or that hold this function. They must display a comprehensive view of the regula-
tory function and conduct assessments on a regular basis, while covering a wide range
of subjects. Membership is open to organizations from the European Union and the
European Free Trade Association (such as Switzerland and Norway), provided they
meet the membership requirements defined by the ETSON partners and specified in
their statutes. Other organizations outside the above-mentioned geographical area
may apply as associate members.

The purpose of ETSON is to promote the exchange of information on safety assess-
ments, methods and research in the field of nuclear safety and security. With a view to
harmonization, ETSON members prepare assessment guides, available on the website
www.etson.eu. They include:

- a general document, the Safety Assessment Guide (SAG), which outlines the
methodology used in Europe for safety assessments. It presents the various
conditions necessary™' to assess nuclear safety in keeping with the set objec-
tives and applicable requirements, as well as the technical elements essential to
conducting an assessment;

— a series of technical guides, called the Technical Safety Assessment Guides
(TSAGs), on various topics of interest for assessors. Noteworthy subjects that
have been published in guides include:

+ analysis of events and precursors to a severe accident,
+ deterministic analysis of core-melt accidents,

* human and organizational factors in the design and modification of
nuclear facilities,

141. Independence, competence, traceability and transparency.


http://www.french-nuclear-safety.fr/Inspections/Supervision-of-the-EPR-reactor/Resources/Technical-guidelines-for-the-design-and-construction-of-the-EPR
https://www.irsn.fr/EN/Pages/home.aspx
https://www.grs.de/en
https://www.belv.be/index.php/en/
https://www.avn.be/
http://www.etson.eu/eurosafe
http://www.etson.eu/about
http://www.etson.eu/about
http://www.etson.eu/about
https://www.irsn.fr/EN/Pages/home.aspx
https://www.grs.de/en
https://www.belv.be/index.php/en/
https://www.vttresearch.com/
https://www.energia.mta.hu/en
https://www.enea.it/en
https://www.lei.lt/en/
http://cvrez.cz/en/
https://www.vuje.sk/home
https://www.ijs.si/ijsw/JSI
https://www.psi.ch/en
https://www.nuclear.ro/en/index.php
https://www.woodplc.com/
https://europa.eu/european-union/index_en
https://www.secnrs.ru/en/
http://www.nsr.go.jp/english/
http://www.etson.eu/about
https://europa.eu/european-union/index_en
http://www.etson.eu/about
http://www.etson.eu/about
http://www.etson.eu/about
http://www.etson.eu/about

100 Elements of nuclear safety — Pressurized water reactors

» studies on thermal-hydraulic transients associated with design-basis
(reference) operating conditions 2.

These technical guides are prepared by working groups whose participants must
have solid knowledge of the nuclear safety assessment methods implemented in their
country. The purpose of these guides is to promote and disseminate best practices for
the assessment of nuclear safety at European level. Each member of ETSON can thus
use methods harmonized at the European level, apply them in their safety analyses
and share feedback.

In 2011, ETSON also prepared a position document™® on the safety topics to be
considered in future research programmes for current and next-generation power
reactors'*, with the associated priorities. These topics were addressed in the European
research agendas defined by the NUGENIA™ association created in 2011, following
the reflections and work carried out within the context of the SNETP platform™%.

Lastly, European TSOs have set up training courses within the framework of a dedi-
cated institute, ENSTTI (European Nuclear Safety Training & Tutoring Institute '),
created in 2010. These courses aimed at promote European know-how in nuclear
safety and safety assessment. ENSTTI courses were taken over by IRSN in 2020.

3.1.9. Nuclear regulator associations

In 1999, an association bringing together the heads of Western European safety
authorities was created: the Western European Nuclear Regulators Association
(WENRA). André-Claude Lacoste, then Director of Nuclear Facility Safety in France,
was the initiator and first president. The initial aims of this association were to:

— create an organization capable of reviewing the level of nuclear safety achieved
in the candidate countries for accession to the European Union. WENRA's initial
work thus led in 2000 to an assessment of nuclear safety control as organized
in Bulgaria, the Czech Republic, Hungary, Lithuania, Romania, Slovakia and
Slovenia, and a safety assessment of the power generating reactors in these
countries;

— develop a common approach to nuclear safety.

142. This concept is explained in Chapter 8.

143. Position Paper of the Technical Safety Organisations: Research Needs in Nuclear Safety for
GEN 2 and GEN 3 NPPs — ETSON/2011-001, October 2011.

144. See Chapter 18.

145. NUclear GENeration Il & IIl Alliance (international association dedicated to the safety of Gener-
ation Il and Il reactors).

146. Sustainable Nuclear Energy Technology Platform.

147. Training and tutoring organization specialized in nuclear safety. It was a European economic
interest grouping, EEIG.
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https://www.irsn.fr/EN/Pages/home.aspx
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http://www.etson.eu/publications
http://www.etson.eu/publications
http://www.etson.eu/about
https://snetp.eu/nugenia/
http://www.snetp.eu/
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Composed of ten members when it was created, WENRA now has™® 18 members
and 13 observers (although the name remains the same, many of these countries
are not from Western Europe). Beyond the development of harmonized approaches,
WENRA can express its opinion on regulatory issues or other safety aspects.

Several working groups, usually attended by representatives of technical support
organizations, including IRSN, have issued reference documents that take into account
IAEA standards and best practices in the relevant countries.

For power reactors, WENRA established ‘reference levels' ™ for reactors in opera-
tion and safety objectives for future reactors. The reference levels include regulatory
and technical aspects. The commitment made by WENRA members was to introduce
the notion of reference levels into their regulations by 2017 and ensure their imple-
mentation. In France, this led to the publication of documents such as the ASN Guide
No. 22 mentioned in Chapter 2.

In July 2007, a European Commission decision created a European group called
the European Nuclear Safety Regulators Group, or ENSREG. It includes representatives
of safety authorities from across the European Union'™°, as well as representatives
of the European Commission. Switzerland, Norway and the IAEA also have observer
status. This group, whose mission is to advise the European Commission, aims in a very
general way to reach a common understanding of safety issues and to establish the
conditions for continuous improvement of safety, while also improving transparency.

ENSREG advises and assists the European Commission either at the request of the
Commission or on its own initiative. It is obliged to consult stakeholders and the rele-
vant public audience in an open and transparent manner. It must submit regular prog-
ress reports to the European Commission, including recommendations as appropriate,
to be forwarded to the European Parliament and the Council.

Based on positions defined by the Council of the European Union, ENSREG initiated
discussions on safety, radioactive waste and spent fuel management, and transpar-
ency in the nuclear sector at European level. This work contributed to the adoption
of the Nuclear Safety Directive 2009/71/EURATOM of 25 June 2009, establishing a
Community framework for nuclear safety in nuclear facilities, as amended by Directive
2014/87/EU of 8 July 2014, both referred to in Chapter 2.

The above shows the growing role of the European Commission, which initially had
little power in terms of assessment, but financial resources for research and develop-
ment work (through Framework Programmes).

148. As at January 2019.

149. These ‘reference levels’ are discussed in Chapter 6.

150. France has two representatives in this organization: the ASN Chairman and a representative of
the DGEC.
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https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:32014L0087&from=FR
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https://ec.europa.eu/commission/index_en
http://www.french-nuclear-safety.fr/
https://www.ecologique-solidaire.gouv.fr/direction-generale-lenergie-et-du-climat-dgec
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3.2. The social dimension

3.2.1. Introduction —the context in France

The growing involvement of civil society in France on issues relating to the safety
of nuclear activities and facilities is developed in Section 2.3. Significant milestones are
indicated, from the formation of non-profit organizations to the recognition by public
authorities of the importance of civil society, with a description of its involvement
and concrete initiatives, especially in the context of local information commissions
(CLls, active at all French nuclear power plants) and the National Association of Local
Information Committees and Commissions (ANCCLI).

To illustrate the involvement of civil society, a few examples of initiatives and
issues raised by civil society concerning reactor safety in French nuclear power plants
are described below in chronological order. The parts of this book dealing with topics
related to these issues are mentioned and will help to enlighten the reader.

3.2.2. Examples of initiatives and issues raised concerning
reactor safety in the French nuclear power plant fleet

In 1989, the local government authority (Conseil général) of the Upper Rhine set up
a group of experts to assess the results of the first ten-yearly periodic review of Unit 1
at the Fessenheim nuclear power plant, which started up™' in 1977. The members of
this group were selected to ensure a broad diversity of expertise. It included scien-
tists and members of non-profit organizations from Germany, France and Belgium. The
group was also to benefit from the expertise of scientists from Strasbourg who had
followed operation of the reactor from startup, along with a study undertaken on the
environment surrounding the Fessenheim plant.

At the end of their mission, while experts regretted a lack of time and means, as well
as the intermittent nature of the information they had received, three distinct subjects
seemed to them to deserve special attention: checks performed before restarting the
reactor, worker protection, and ‘beyond-design-basis’ accidents (i.e. accidents studied,
even though their characteristics are not included in the reactor design basis — see
chapters 8 and 13). They expressed concern about the postponement of certain
safety improvements and issued criticism regarding radioecology around the site, also
deploring that they had not received information on the substances discharged from
the facility. Their report exposed debates that had taken place within the group itself.
They considered that special attention should be given to protecting the facility from
aeroplane crashes and core-melt accident scenarios. Regarding core melting, hydrogen
risks were a subject of debate ™2

151.  This refers to the moment when it was connected to the power grid. Actual commissioning took
place in 1978.
152. They were based mainly on experiments carried out in the PHEBUS research reactor.


http://www.anccli.org/
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Later, during analysis of the generic aspects of the safety review for the third
ten-yearly inspection outage for 900 MWe reactors, ANCCLI experts and CLI represent-
atives from nuclear power plants at Fessenheim, Gravelines, Blayais and Dampierre-en-
Burly asked to hold discussions with the safety organizations. These experts met on
five occasions between December 2009 and November 2010. The topics covered both
internal and external hazards (subjects treated at greater length in chapters 11 and 12,
such as fire, floods, earthquakes, aeroplane crashes, etc.), core-melt accidents (exam-
ined in Chapter 17) and equipment ageing (in Chapter 27). The CLIs were particularly
interested in knowing how changes in the industrial environment of a basic nuclear
installation were generally taken into account, as was the case with the project to
build a liquefied natural gas (LNG) terminal near the Gravelines nuclear power plant (a
subject discussed in Section 12.9). CLIs approached other subjects not specific to peri-
odic reviews that they found worthy of attention: human and organizational aspects,
such as skills management and oversight of subcontracted activities (see Chapter 25),
and analysis of ‘significant events’ (a concept explained in Chapter 21). CLls also
emphasized their interest in being allowed to consult the responses given by operators
when questioned by ASN on given subjects.

At the same time, the CLIS™ at Fessenheim asked the Scientific Group for Infor-
mation on Nuclear Energy (Groupement de scientifiques pour l'information sur ['énergie
nucléaire, GSIEN) for an assessment of the third ten-yearly periodic review of the
reactors at the Fessenheim nuclear power plant™“. This study suggested areas for
improvement concerning maintenance, setting up construction sites and worker
training. The CLIS also raised concerns on several other points: the strength of the
basemat in the event of a core-melt accident (these basemats have been thick-
ened — see sections 17.1.5 and 30.4.5), waste with no disposal solutions, increased
tritium discharges to the environment correlated with the changeover to Cyclades fuel
management (fuel management is presented in the Focus feature in the introduction to
Chapter 28), leading to greater use of boron as a neutron absorber, and the combined
use of equipment designed in the 1960s and 1970s with other more recent equipment.

Following the 2011 Fukushima Daiichi NPP accident, and as further developed
in Section 36.6 of this book, public authorities asked operators to conduct Comple-
mentary Safety Assessments (CSAs) in compliance with specifications that had been
extended to include a section on issues relative to subcontracting, subsequent to
discussions with the HCTISN. In this context, ANCCLI and the CLIs sought to become
more involved in the safety analysis of facilities, particularly nuclear reactors.

Dialogue began in September 2011 among all interested parties, before the meetings
of the advisory committees responsible for giving an opinion on the complementary

153. Local Information and Oversight Commission for the Fessenheim nuclear power plant.

154. GSIEN experts have had access to documents written by EDF, IRSN and ASN subsequent to an
agreement among the various parties. They produced the Rapport sur la visite décennale n° 3 du
réacteur 1 du CNPE de Fessenheim (Report on the Third Ten-yearly Periodic Review of Unit 1 at
the Fessenheim Nuclear Power Plant), GSIEN, June 2010, https://www.anccli.org/wp-content/
uploads/2014/06/Rapport-final-1-VD3-FSH-1.pdf.


http://www.anccli.org/
http://www.french-nuclear-safety.fr/
https://www.haut-rhin.fr/content/la-clis
https://www.haut-rhin.fr/content/la-clis
http://www.gazettenucleaire.org/
http://www.gazettenucleaire.org/
http://www.gazettenucleaire.org/
https://www.irsn.fr/EN/publications/thematic-safety/fukushima/Pages/overview.aspx
http://www.hctisn.fr/
http://www.anccli.org/
http://www.french-nuclear-safety.fr/ASN/Technical-support/The-Advisory-Committees
https://www.haut-rhin.fr/content/la-clis
http://www.gazettenucleaire.org/
https://www.edf.fr/en/meta-home
https://www.irsn.fr/EN/Pages/home.aspx
http://www.french-nuclear-safety.fr/
https://www.anccli.org/wp-content/uploads/2014/06/Rapport-final-1-VD3-FSH-1.pdf
https://www.anccli.org/wp-content/uploads/2014/06/Rapport-final-1-VD3-FSH-1.pdf
http://www.gazettenucleaire.org/
https://www.anccli.org/wp-content/uploads/2014/06/Rapport-final-1-VD3-FSH-1.pdf
https://www.anccli.org/wp-content/uploads/2014/06/Rapport-final-1-VD3-FSH-1.pdf

104 Elements of nuclear safety — Pressurized water reactors

safety assessments carried out by operators. All the documents produced — operator
reports, IRSN reports, advisory committee opinions, reports and decisions issued by
ASN - for the first time on this type of subject matter, were made public immedi-
ately after their release (on the ASN and IRSN websites). These documents and the
associated discussions allowed the CLls, non-profit organizations and non-institu-
tional experts to conduct and present their own analysis of the subject at meetings
(Figure 3.4 illustrates one presentation). In this manner, several non-institutional
experts conducted critical analyses of the assessments conducted by the operators.
Among the more noteworthy were the analysis conducted by the Institute for Energy
and Environmental Research (IEER) and WISE-Paris for Greenpeace'”, and the study
carried out by GSIEN for ANCCLI™®. The IEER report, for example, pointed out that
the proposed approach for checking facility compliance with applicable requirements
appeared insufficient to report on the true state of facilities, citing a certain number
of ‘generic deviations'' (see Chapter 29). The GSIEN report indicated that the subject
on subcontracting was not dealt with appropriately to address emergency response
situations. It raised the question of what action should be taken so that subcontractors
present on site when an accident occurs can be included in the company's in-house
teams, after receiving appropriate training so that they can respond effectively and
stay informed of any possible risks.

The local information commissions in the Manche area (in northwest France, in
Normandy) showed a particular interest in this subject by setting up a working group
bringing together several local information commissions to form the ‘Inter-CLI" group. In
2012, after analysing the available documents, the group prepared a survey containing
nearly 200 questions relating to facility safety, emergency response, and population and
environmental monitoring. They then interviewed various entities concerned, including
EDF, CHSCTs ™8, ASN, IRSN and others. At the end of 2013, they issued a white paper'>®
compiling all the responses received, as well as a summary analysis of their results.

155. Sdreté nucléaire en France post-Fukushima : Analyse critique des évaluations complémentaires de
sareté (ECS) menées sur les installations nucléaires francaises aprés Fukushima (Nuclear Safety
in Post-Fukushima France: Critical Analysis of Complementary Safety Assessments on French
Nuclear Facilities after Fukushima), A. Makhijani, Institute for Energy and Environmental Research
(IEER) and Y. Marignac, WISE-Paris (World Information Service on Energy-Paris), February 2012.

156. Analyse et commentaire des rapports d’évaluation complémentaire de la siireté des installations
nucléaires au regard de 'accident de Fukushima (Analysis and Comments on Complementary
Safety Assessments of Nuclear Facilities Following the Fukushima Accident), M. and R. Sené,
GSIEN, November 2011.

157. Deviations affecting or likely to affect several reactors in the nuclear power plant fleet.

158. Health, safety and working conditions committees (CHSCT) from Areva (including subcontractor
representatives) and EDF.

159. Livre blanc sur la sdreté des installations nucléaires civiles de la Manche post-Fukushima (White
Paper on the Safety of Civil Nuclear Facilities in the Manche Area after Fukushima), Inter-CLI,
Manche Local Information Commissions (December 2013).
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Figure 3.4. Picture taken during a seminar held by ANCCLI and IRSN in June 2013, during which
two representatives of Greenpeace presented an analysis of the complementary safety assessments
conducted following the Fukushima Daiichi nuclear power plant accident (covered in Section 36.6).
Grégoire Maisonneuve/IRSN Media Library.

In the case of reactors, for example, the white paper raised the question of the possi-
bility of replacing the use of zirconium alloy in fuel cladding with another material, as
its oxidation is the primary cause of hydrogen formation. Research actions initiated by
fuel assembly manufacturers, cited at the end of Section 28.2, relate in particular to
this subject.

Encouraged by the interest that CLI members have shown in safety issues since
2011 and given the perspective of reactor operation being extended beyond 40 years,
a series of technical discussions'®, engaged in 2014, has moved forward gradually with
regard to the periodic review associated with the fourth ten-yearly outage of 900 MWe
reactors. This dialogue provides CLls the opportunity to examine in greater depth their
issues of concern, such as controlling ageing of the reactor vessel and containment,
equipment conformity, naturally occurring risks (hazards), risks associated with spent
fuel storage pools, core-melt accidents, etc. In addition, a national consultation™’,
directed by the HCTISN, was conducted to achieve greater public participation in this
review, where the issues at stake are quite particular.

From all the discussions and debates already held, many questions have emerged
from CLI members, for example on the confinement and protection of spent fuel
storage pools (a certain number of risks related to the pools and the accident situations

160. Five meetings were held in Paris between 2014 and 2016, a seminar in Valencia in October 2016,
and three new meetings in Paris between 2017 and 2018.

161. Consultation on the safety upgrades of the 900 MWe reactors on the occasion of their
fourth ten-yearly periodic review, from September 2018 to March 2019; see the website
https://concertation.suretenucleaire.fr.
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taken into account are developed in Chapter 15). The impact of climate change on
safety also raises many questions, including the measures that would be taken to
anticipate or manage situations such as a decrease in the flow of a river used as a
heat sink, or on the contrary a rise in sea level for plants located on the sea shore
(risks covered in sections 12.4 and 12.6). Finally, the ability of industry to perform the
planned modifications to approach the safety level of an EPR-type reactor is frequently
questioned.

Lastly, in view of the questions raised by civil society, the handling of the anoma-
lies discovered in the upper and lower heads of the Flamanville 3 EPR vessel also led
to technical dialogues. EDF, Areva NP, ANCCLI, the Flamanville CLI, ASN and IRSN held
several meetings beginning in December 2015. Going beyond simply understanding
the technical files under investigation, they questioned, in particular, whether the
fundamental principles of defence in depth were being applied appropriately (taking
into account the fact that the vessel is a component for which rupture is excluded by a
high level of prevention — a notion discussed in greater detail in Section 8.2.2), as well
as the governance of safety in general.

These dialogues with civil society and the public give safety organizations'®? mate-
rial for discussing issues raised by the public.

162. For example, IRSN addressed a number of issues arising from technical dialogues with society
in its opinions on the fourth ten-yearly periodic review of the 900 MWe reactors (for example,
in those on accident studies, internal and external hazards, equipment compliance, organization
of EDF and probabilistic safety assessments), summarized its responses on the issues addressed
in a ‘frequently asked questions’ section updated to reflect the new opinions issued and
produced several explanatory videos, some of which capture the dialogue with ANCCLI. See
the IRSN knowledge bases devoted to the fourth ten-yearly periodic review of 900 MWe reac-
tors, which can be consulted at: https://www.irsn.fr/FR/connaissances/Installations_nucleaires/
Les-centrales-nucleaires/visites-decennales/Reexamen-900/Pages/0-Sommaire-quatrieme-
reexamen-reacteurs-900-MWe.aspx#.
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Chapter 4

Nuclear Reactors:

Complex Sociotechnical Systems -
the Importance of Human

and Organizational Factors

Before going into further detail on safety issues specific to pressurized water reac-
tors in the French nuclear power plant fleet, it is essential to emphasize the important
role of not only technical aspects, but also the human and organizational factors
involved in managing the risks featured in these facilities.

Analysis of incidents and accidents (in all fields of activity, not just the nuclear
industry) shows that they are most often the result of a combination of failures and
deficiencies involving equipment, organizations and people.

It is not enough to consider only the technical aspects of the design and opera-
tion of nuclear facilities: people also contribute to the initiation and development of
incidents (by the very fact that they design, build and operate nuclear facilities), but
they also have a positive contribution to make (for example, by correctly achieving
‘recovery’ from abnormal situations that occur during facility operation) — which is
possible when appropriate organization and procedures have been implemented to
control facility operations.
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The notion of ‘human and organizational factors’ (HOFs) refers to the factors
that influence human activity and the way in which sociotechnical systems™? func-
tion. This includes factors such as organization, skills, technical resources, procedures,
group performance and the physical work environment. The study of these factors is
a relatively recent discipline that has evolved with the technological changes of the
twentieth century. It has taken on greater importance in organizations responsible for
high-risk facilities, as they play a decisive role in preventing or contributing to many
industrial accidents. A strong assumption underlying the attention and resources
devoted to the analysis of human and organizational factors (validated by experience)
is that it is possible to identify preconditions or deviations in a sociotechnical system
that may result in an undesirable event, which may therefore be prevented through
appropriate engineering of human and organizational factors. Through a better under-
standing of human activity, it is thus possible to determine and create conditions that
will drive people and organizations to make positive contributions to facility opera-
tion™®*: this begins with the choice of facility design options and, of course, continues
during design studies, then in the definition of operating rules and procedures, and
finally throughout facility operation and decommissioning.

4.1. The introduction of human and organizational
factors in the field of nuclear power reactors
and lessons learned from the Three Mile Island
nuclear power plant accident

When the first units of the French nuclear power plant fleet'® were commissioned
in the 1970s, emphasis was placed on the technical reliability of the facilities, which
relied mainly on the quality of their design, keeping operational equipment continu-
ously in compliance with applicable requirements, and having pre-defined operating
procedures, both for normal operating situations and for a certain number of abnormal
situations considered plausible. In addition, command and control actions were auto-
mated, particularly to reduce the possibility of human error. The combination of equip-
ment and human failures, however, were not examined systematically.

The importance attached to human and organizational factors has gradually
increased, first through the analysis of events involving these factors, allowing lessons
to be learned to prevent their recurrence, and then mainly after the accident in Unit 2
at the Three Mile Island (TMI-2) nuclear power plant in March 1979 in the USA.

163. Systems that have many interacting technical, human, organizational and social components.

164. For more information, see F. Daniellou, M. Simard and . Boissiéres, Facteurs humains et organisa-
tionnels de la sécurité industrielle: un état de ['art (Human and Organizational Factors in Industrial
Safety: the State of the Art), Les Cahiers de la sécurité industrielle, (Toulouse, France: Fondation
pour une culture de sécurité industrielle, 2010). See: https://www.foncsi.org/fr/publications/
cahiers-securite-industrielle/human-organizational-factors-safety/CSI-HOFS.pdf.

165. Various parts of this chapter have been taken from EDF's Mémento Siireté nucléaire en exploita-
tion (Memento on Operational Nuclear Safety), 2016.
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Analysis of the accident from the point of view of human and organizational factors led
to changes and improvements concerning mainly human-machine interfaces, organiza-
tion (especially in the control room operating crew, reorganized so that facility moni-
toring was backed up by a safety engineer), sharing feedback, and control procedures
in incident and accident situations (transition from an ‘event-driven’ to ‘state-oriented’
approach), described in detail in chapters 32 and 33.

4.2. The accident at the Chernobyl nuclear power plant
and the concept of ‘safety culture’

While the TMI-2 accident raised questions about workstations, including ergonomic
aspects such as defects in the human-machine interface and cognitive aspects such as a
misinterpretation of the state of the facility, the accident at the Chernobyl nuclear power
plant, examined in Chapter 34, raised other questions concerning collective and organ-
izational aspects, as the accident sequence involved intentional non-compliant actions
and overriding protective functions to carry out a scheduled low-power safety test ‘at all
costs’. Among other things, analysis of the accident revealed shortcomings concerning
management, control of activities, application of rules and procedures and the priority
that must be given to safety and operator training. The accident thus resulted in consid-
ering the human role in risk management, no longer solely from a behaviourist angle
focused on reducing individual errors, but from a broader perspective taking into account
the characteristics and dynamics of a complex sociotechnical system as a whole.

In terms of organizational factors, research™® on High-Reliability Organizations
(HRO) since the 1980s has provided methodologically useful insights for analysis of
these factors in the design and operation of nuclear power plants. Based on the find-
ings of organizations responsible for ‘at-risk’ facilities operated in a safe and reliable
manner, this work has highlighted keys to success such as:

— agreement by all members of the organization on targeted goals, especially
when making decisions,

— built-in redundancies (checks, decision circuits, communication channels),
— a balance between centralization and decentralization,
— continuous education and training,
— giving attention to the risk of failure in human activities, not just success,
— asking managers to direct their attention to daily activities and contingencies,
— delegating decisions to the most competent people or those closest to the field,
— being wary of simplified interpretations of complex systems,
166. This research was carried out at the University of California at Berke,ley. Readers may also wish
to consult M. Bourrier, Organiser la fiabilité (Organizing Reliability), Editions L’Harmattan, 2001),

as well as K. Weick and K. Sutcliffe, Managing the Unexpected, Resilient Performance in an Age
of Uncertainty (Jossey Bass, 2007).
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providing resources and processes to promote adaptation (‘commitment to
resilience’), in addition to risk prediction approaches.

In parallel, studies on the root causes of accidents, conducted by English-speaking
and French researchers (in particular from EDF and IRSN), identified"® generic and
recurring organizational factors of failure, such as:

pressure applied to meet production targets,

organizational complexity,

defective reporting in risk analyses and operating experience feedback,
shortcomings in workforce and skills management,

inadequate requirements issued by regulatory bodies, etc.

Lessons learned from the Chernobyl accident made a significant contribution to the
development of ‘safety culture’ as a concept, which was widely promoted in response
to this accident. In 1991, five years after the Chernobyl accident, the INSAG-4 report
was published (by the IAEA). It explains the concept (see the Focus feature below)
which involves not only nuclear facility operators, but also designers and manufac-
turers, as well as safety organizations (and even government).

H#FOCUS

The Safety Culture concept

As indicated above, the concept of safety culture emerged from discus-

sions that began after the accident on 26 April 1986 at the Chernobyl nuclear
power plant. ‘Post-Chernobyl’ discussions argued for a more international vision
of nuclear safety and were embodied in reports by the International Nuclear
Safety Advisory Group (INSAGQG), created by the IAEA shortly after the acci-
dent. The Summary Report on the Post-Accident Review Meeting on the Cher-
nobyl Accident (INSAG-1!%) published in September 1986 refers to the concept
of safety culture, which was developed further in 1991 in the report entitled
Safety Culture (INSAG-4). Safety culture is defined in the report as “the set of

167.

168.

On this subject, see the following articles in Techniques de l'ingénieur: )-M. Rousseau and
A. Largier, Industries a risques: conduire un diagnostic organisationnel par la recherche de facteurs
pathogénes (At-risk Industries: Conducting Organizational Diagnostics by Searching for Patho-
genic Factors), AG 1576-1, 2008, and M. Llory and Y. Dien, Systémes complexes a risques — Analyse
organisationnelle de la sécurité (At-risk Complex Systems — Organizational Analysis of Safety),
AG 1577-1,2010. See also the article by N. Dechy, Y. Dien and M. Llory, Pour une culture des acci-
dents au service de la sécurité industrielle (For a Culture of Accidents to Serve Industrial Safety),
17¢ congrés Lambda Mu de Maitrise des risques et de sdreté de fonctionnement (17" Lambda Mu
Conference on Risk and Operational Safety Management), October 2010, La Rochelle, France.
See INSAG-7 (1992) for the updated report.
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characteristics and attitudes in organizations and individuals which establishes
that [...] safety issues receive the attention warranted by their significance.”
Safety culture assumes that a questioning, prudent and rigorous attitude and good
communication between individuals are encouraged within the organization. It
requires a strong commitment from line and facility managers.

Three other INSAG reports are worthy of mention at this point:

— Management of Operational Safety in Nuclear Power Plants (INSAG-13,
1999). This report addresses the aspects of ‘safety management’ that are
important in promoting safety culture, along with recommendations and good
practices. It contains recommendations on maintaining appropriate safety
management during periods of organizational change, monitoring safety
performance and early identification of declining performance before it has a
significant impact on safety;

— Key Practical Issues in Strengthening Safety Culture (INSAG-15, 2002).
This report raises a certain number of questions that need to be asked during
self-assessment of an organization’s safety culture and addresses key issues
such as: the importance of good communication and making sure that safety
issues are understood correctly, especially with regard to procedures, which
must be comprehended by the users themselves; fostering a ‘reporting culture’,
focusing on near misses and the possible ensuing deviations (‘to tolerate is to
validate’'®); and an organization’s ability to challenge its performance at all
levels (to become a ‘learning organization’);

— Managing Change in the Nuclear Industry: the Effects on Safety (INSAG-
18, 2003). This report addresses a number of topics concerning the conse-
quences of change on organizations and people in the nuclear context (striving
to improve competitiveness, increased safety requirements and other issues),
which can affect safety if they are not sufficiently well integrated and managed.

In a more recent report'”’, the IAEA defined a framework and requirements
pertinent to safety management and an integrated management system in a
systemic approach that takes into account interactions between technical, human
and organizational factors, in order to foster a ‘strong safety culture’.

The safety culture concept has also been widely used in other fields with high-
risk activities such as aeronautics, the chemical and oil industries and medicine.
However, while the concept may seem simple to understand, it does not provide
a sufficient answer to all questions concerning how people and organizations

169.

170.

See the work of the American sociologist D. Vaughan on the Challenger accident: The Challenger
Launch Decision, Risky Technology, Culture and Deviance at NASA (1996). It shows that what in
hindsight appears to be a series of clearly identifiable errors is actually a series of decisions and
interpretations that are perfectly understandable in the context in which they were made, but
which are in fact slight deviations from design limits that lead imperceptibly to the normalization
of deviance.

Leadership and Management for Safety, IAEA Safety Standards, No. GSR Part 2, 2016.
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contribute to safety. For example, questions remain about the conditions, proce-
dures and limits of ‘engineering’ a safety culture. While the implementation of
organizational and management measures can contribute to the development of a
safety culture, the way in which these measures combine their effects to positively
or negatively influence safety culture is still insufficiently ascertained.

In March 2002, an incident (classified as Level 3 on the International Nuclear
Event Scale), sometimes referred to as a near-accident, occurred at the Davis-Besse
nuclear power plant in Ohio, in the USA. The plant features a 900 MWe pressurized
water reactor'’". This incident has influenced discussions and concerns about human
and organizational factors within the nuclear energy industry, including at EDF'72
The event, which resulted in a loss of leaktightness in the reactor coolant system at
the reactor vessel head, is described later (Section 27.2.2.9). Analyses suggested that
the incident was indicative of significant problems in the safety culture and inadequate
oversight on the part of authorities. In particular, the following were highlighted:

— failure to take into account precursors which were detected beginning in 1996,
including traces of boron on certain items of equipment,

— insufficiently developed event analyses, which only took limited account of
international operating experience,

— lack of commitment to safety management displayed by plant executives,
preoccupied by prevailing production issues,

— inadequate oversight by authorities.

In some respects, this near-accident could be compared to the Challenger and
Columbia shuttle accidents, where analyses also revealed a failure to take into account
precursors '’

At EDF, the event at the Davis-Besse nuclear power plant resulted in various
measures ', including:

— the preparation of decision-making guides to adequately incorporate safety
requirements when setting power generation objectives,

— the implementation of ‘'safety management’ consistent with international prac-
tices in light of the INSAG-13, INSAG-15 and INSAG-18 reports presented in
the previous Focus feature,

171.  The reactor was manufactured by Babcock & Wilcox.

172. See Mémento sireté nucléaire en exploitation (Memento on Operational Nuclear Safety), EDF
(2016).

173. See the work of D. Vaughan cited above, as well as the report by the U.S. Department of Energy,
Action-Plan on Lessons Learned from the Columbia Space Shuttle Accident and Davis-Besse
Reactor Pressure Vessel Head Corrosion Event, 2005.

174. EDF, Memento quoted above.
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— adoption of an operating experience feedback procedure that takes into account
precursors, international feedback and the search for the root causes of events.

As demonstrated by the near accident at the Davis-Besse nuclear power plant,
safety culture must manifest itself regularly when important decisions are to be taken
and safety has top priority. Faced with high staff turnover, for several years EDF has
adopted an approach aimed at reinforcing safety culture. A guide was distributed
to nuclear power plants to build a shared notion of safety culture among members
of personnel. With this in mind, EDF deploys training, daily communication through
various channels and self-positioning in operational units, so that everyone is aware of
the need to step back and take a look at their own practices.

In addition, given the high volume of subcontracted maintenance operations
(considered in Chapter 25), the operator is taking appropriate measures to ensure that
safety culture is integrated into subcontractor practices.

4.3. The Fukushima Daiichi nuclear power plant accident:
the social dimension and the concept
of organization ‘resilience’

More recently, the 2011 Fukushima Daiichi nuclear power plant accident revealed the
importance of the social dimension in risk governance in general, an aspect underscored
by the commission of inquiry in their report to the Japanese Diet after the accident.

Following the accident, studies and research were initiated'”> on nuclear risk
governance and emergency response, addressing not only organizational factors but
also cultural and social-historical factors.

Certain lessons from the Fukushima Daiichi nuclear power plant accident and its
management also indicate the need to change how the role of people and organiza-
tions is perceived in risk management, an idea that has gradually emerged since the
1990s. This evolution is discussed below.

4.4. Changes in the perception of the role of people
in achieving a high level of reliability in complex
sociotechnical systems

After more than thirty years of experience in taking human and organizational
factors into account in nuclear safety, the knowledge acquired shows that the reality
of operation is far from simple and that people play a decisive role in keeping facilities

175. See J. Couturier and M. Schwarz, Current State of Research on Pressurized Water Reactor Safety,
Science and Technology Series, IRSN/EDP Sciences, 2018, Chapter 11.1n 2012, it was in this field,
which falls within the human and social sciences, that IRSN and other partners decided to under-
take further studies, within the framework of the AGORAS project funded by the French National
Research Agency (Agence nationale de la recherche, ANR).
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operating correctly. Through their competence and skills, they are able to cope with
and adapt to the variety of situations they encounter in their daily work: unavailable
equipment, non-compliant parts, incomplete description of what needs to be done
and how to do it as indicated in procedures, instructions and work process documents,
changing working conditions, varying levels of staff expertise, etc.

The ability to adapt involves actions that people can take outside of the proce-
dure planned to ensure safe facility operation; however, the appropriate conditions
must exist to allow them to cope and make the necessary adjustments. The Fukushima
Daiichi nuclear power plant accident demonstrated the ability of plant operators to
adapt and invent solutions under very difficult working conditions in order to deal with
an extreme situation for which they were unprepared.

The following questions therefore arise: are the conditions met for personnel
to carry out their activities as well as possible and use their competence and skills,
including detecting system deviations and recovering from degraded or even critical
situations? Are individuals and work crews able to cope with unplanned situations
using the resources at their disposal? Does management make decisions that suffi-
ciently facilitate risk control in unplanned situations?

Taking into account human and organizational factors must therefore have a
twofold objective for the operator:

— promote the ability of personnel to detect technical anomalies, manage contin-
gencies and reduce the possibility of inappropriate human action as much as
possible;

— promote the ability of people to adapt to new problems and to cope with unex-
pected situations'’® so that the group is able to control the situation.

Taking into account human and organizational factors'’ must therefore lead to
identifying and evaluating the conditions required to achieve these two objectives by

176. For further information, see B. Bernard, Comprendre les facteurs humains et organisation-
nels — Sareté nucléaire et organisations a risques (Understanding Human and Organizational
Factors — Nuclear Safety and At-Risk Organizations), EDP Sciences (2014), as well as the report
of the Steering Committee for Human, Social and Organizational Factors (COFSOH), Développer
la sécurité: Synthése des travaux du groupe de travail D (Developing Safety: Summarized Results of
Working Group D), September 2019, available in French on the ASN website. The same duality
between expectations and ‘resilience’ is found in the distinction between ‘regulated’ safety and
‘managed’ safety:

—‘regulated’ safety: consists in avoiding predictable failures by relying on formal procedures,
rules, automation, protective measures and equipment as well as management staff that
ensures compliance with rules;

—'managed’ safety: represents the ability of the organization and its actors to perceive unex-
pected situations and to respond to them in an appropriate manner. It is based on human
expertise, the quality of initiatives, the manner in which groups and organizations function,
and management principles and design processes that take into account real situations.

177. An approach described as ‘integrated and systemic’.
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analysing the technical, human and organizational dimensions of the sociotechnical
system as a whole, as well as the interdependence between these three dimensions.

In the early 1980s, in designing the N4 reactor series, EDF chose to implement
computerized instructions for operation in normal, incident and accident situations
(which guided design of the control room for these reactors). This led EDF and IRSN
to question whether ‘step-by-step’ guidance of operators using instructions of this
type was appropriate, leading to further research on this matter'”®. Various studies,
including fields other than nuclear power generation, had in fact shown that the field
operator must be actively involved in operation for guidance to be effective. Conse-
quently, guidance must not discourage operators from ‘keeping a certain distance’
with regard to recommendations given in procedures. This condition favours the posi-
tive role of the operator, for example, in situations where it is difficult to follow the
order of actions prescribed by instructions when an action is perceived as urgent. The
studies therefore led designers to make certain improvements, such as:

— technical enhancements, where the control system gives the operator the
option to deviate from the prescribed path at any point in the computerized
instructions whenever the recommended actions are not in phase with the
process kinetics,

— organizational benefits, by allowing an operator to take this type of decision
only after consulting with the operating crew and receiving approval from the
shift manager.

The Fukushima Daiichi nuclear power plant accident also led to questioning the
robustness of the emergency response organizations called on to manage an extreme
situation such as the one that led to this accident. Studies of emergency situations
related to major events or disasters highlight the state of ‘breakdown’ caused by the
suddenness and scale of the resulting disorder, which submerges the planned human
and organizational capabilities. These situations take place in the context of an emer-
gency where it is necessary to coordinate a large number of responders who are exposed
to hazards and malfunctions caused by the accident. They find themselves unable to
accomplish their mission and fulfil the responsibilities formally planned to respond to
the accident and manage the emergency situation. The questioning concerns matters
such as the size of the workforce required, the training and preparation of personnel
for these situations, the ability to mobilize plant personnel and subcontractors, the
feasibility of taking action locally in difficult or even hostile conditions. These are
issues that were addressed in the complementary safety assessments conducted in the
aftermath of the Fukushima Daiichi nuclear power plant accident, which, in France,
led to the implementation of a ‘hardened safety core’ of robust equipment and the
Nuclear Rapid Response Force, described in further detail in Chapter 36.

178. ). Couturier and M. Schwarz, Current State of Research on Pressurized Water Reactor Safety,
Science and Technology Series, IRSN/EDP Sciences, 2018, Section 11.2.2-B.
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4.5. Main topics studied in the development
of resources and skills pertaining to
human and organizational factors

4.5.1. Resources and skills

Internationally, initial research conducted in the 1970s aimed to gain a better
understanding of human ‘functioning’ and its influence on the performance of nuclear
power plant personnel not only during operations in the control room, but also during
all tasks and activities (tests, maintenance, in-service inspections, etc.) performed
outside the control room and which may be important to nuclear safety. The scope of
research was subsequently extended to understand and assess organizational, cultural
and societal factors. The Nuclear Energy Agency of the Organisation for Economic
Co-operation and Development (OECD/NEA) issued numerous reports demonstrating
the international community’s interest in human and organizational factors'” immedi-
ately following the accident at the Three Mile Island nuclear power plant.

Over time, human and organizational factors have become increasingly important
in international research. Organizations such as the IAEA and NEA are valuable forums
for exchanging ideas. Nonetheless, while safety organizations in a number of coun-
tries have acquired solid experience, the global situation remains disparate. The field
of human and organizational factors is an important area of development for coun-
tries that do not yet have sufficient experience and skills to conduct studies, research,
assessments or inspection programmes in human and organizational factors.

This is why, in 2014, the IAEA, with the collaboration of experts from various
countries, launched a four-year programme to assist safety organizations in setting
up and reinforcing their action in the field of human and organizational factors. The
programme was completed in 2018 with the publication of a report devoted solely
to this subject to encourage the development and implementation of inspection and
assessment programmes in human and organizational factors ™.

In France, beginning in the late 1970s, both EDF and IPSN acquired specific skills in
human and organizational factors, which were further enhanced in the 1980s. Research
units were then set up to develop the knowledge required for safety analysis, to deal
with new issues (new technologies and fields) and explore societal issues relating to
the governance of nuclear risks in terms of organizational as well as cultural factors™'.

179. D. Tasset, A. Frischknecht, G. Lamarre, B. Gil-Montes, International Collaboration in Nuclear
Safety — Contribution of the NEA/CSNI Working Group on Human Organizational Factors, paper
presented at the ANS 8% International Conference on Nuclear Power Plant Instrumentation,
Control and Human-Machine Interface Technology, San Diego, USA, 22-27 July 2012.

180. Regulatory Oversight of Human and Organizational Factors for Safety of Nuclear Installations
(IAEA-TECDOC-1846) serves as a guide for this effort.

181. See J. Couturier and M. Schwarz, Current State of Research on Pressurized Water Reactor Safety,
Science and Technology Series, IRSN/EDP Sciences, 2018, Chapter 11.
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The study of organizational and human dimensions is based on multidisciplinary
approaches that use knowledge, models and techniques from human and social
sciences'® to understand the ‘real functioning''®® of sociotechnical systems. These
approaches apply in particular to facility design and normal operating phases, as well
as operating event feedback and the facility decommissioning phase.

The study of human and organizational factors generally requires field observa-
tions (interviews with personnel, observations of work sites or work situations, for
example, during ‘safety sensitive’ activities and others). When these analyses are
carried out in the context of safety assessments, they require the implementation of
protocols between IRSN and the operator concerned ™. The study can also be based
on simulations such as those conducted at the Halden Man-Machine Laboratory '®
(HAMMLAB) '® of the research reactor in Halden, Norway, as part of the international
HALDEN Reactor Project.

The type and quality of data collected through field observations and simulations
are essential to producing valid results. Interviews with actors make it possible to
collect not only facts but also subjective data (opinions, feelings and perceptions). The
interviews are conducted with several people and cross-referenced with objective data
(such as organization notes, changes in the physical parameters of a system or notes
and photographs of observations). Establishing the ‘sum’ of the subjective information
collected and objectifying ®’ this data results in a fairly accurate picture of reality.

In the early 1990s, EDF considered that in order to make progress in event analysis,
specialists in human and organizational factors should be placed inside nuclear power
plants in service to observe field operations as closely as possible. As a result, since
1995, each plant has a specialist designated as the Human Factors Consultant. EDF's
corporate headquarters oversees this network of consultants to consolidate and capi-
talize on action taken and exchange information on practices.

Starting in 2005, EDF set up a network of specialists in its engineering centres
to analyse human, social and organizational impacts — an approach explained in

182. These sciences aim to explain reality and its phenomena through knowledge of the corre-
sponding causes, ‘laws’ and ‘models’: the existence of regular patterns even for apparently very
individual behaviour, occurrence of these patterns in organizations (individuals with the same
profile, placed in the same situation, will have similar behaviour and similar action strategies).

183. The concept of ‘real functioning’ refers to practices implemented in the field and differs from
what is planned in procedures and formalized in operating documentation.

184. The purpose of these protocols is to specify the conditions for interviews and observations, in
particular to protect the confidentiality of statements made and the anonymity of the people
interviewed.

185. A laboratory specializing in human-machine interfaces.

186. See J. Couturier and M. Schwarz, Current State of Research on Pressurized Water Reactor Safety,
Science and Technology Series, IRSN/EDP Sciences, 2018, Chapter 11.

187. See IRSN DSR Report 438, Les facteurs organisationnels et humains de la gestion des risques: idées
regues, idées décues (Human and Organizational Factors in Risk Management: Preconceived Ideas
and Disappointment), released in 2011 and available in French on the IRSN website.
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https://www.irsn.fr/FR/expertise/rapports_expertise/Documents/surete/IRSN_FOH_DSR-438_092011.pdf
https://www.irsn.fr/FR/expertise/rapports_expertise/Documents/surete/IRSN_FOH_DSR-438_092011.pdf
https://www.irsn.fr/fr/expertise/rapports_expertise/surete/pages/facteurs-organisationnels-humains-gestion-des-risques.aspx
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Section 16.2.2 — to develop the process of considering human and organizational
aspects when making technical and documentation changes.

EDF has also taken action to reduce the number of events involving human failures
occurring in its fleet of nuclear reactors by relying on the people competent in human
and organizational factors available both at corporate level and at nuclear power
plant sites. Since 2006, it has taken measures at all plants to improve the reliability
of human action in order to help each professional ‘get it right the first time’, based
on internationally recognized standard practices to ensure the reliability of work tasks:
pre-job briefing, the ‘one-minute pause’, special checking procedures (self-checks or
cross-checks), ‘secure’ communication'® and debriefing.

4.5.2. Main topics studied

Beginning in the early 1980s, following the accident at the Three Mile Island
nuclear power plant, experts and researchers at EDF and IPSN, particularly in ergo-
nomics, contributed to studies on control room activities and participated in the
design project for the computerized control room of the N4 plant series. The study of
human and organizational factors at the design stage continued during EPR design ™.
The subjects dealt with included the integration of human and organizational factors in
design methodology, human-machine interfaces, control systems provided for control
room operators (mentioned earlier), the organization of operating crews, and oper-
ator action in the field. Starting in the 2000s, human and organizational factors were
also taken into account extensively when designing and implementing physical and
organizational changes in nuclear power plants in service. Taking into account human
and organizational factors when designing new facilities or making changes to existing
plants is covered in Chapter 16.

Specific expertise in human and organizational factors is now in demand — both
by EDF and IRSN — to analyse significant events and search for their organizational
or human origin, using methods that have been refined over time. Analysis of these
events aims to find not only direct causes, but also root causes, given that:

— technical failures are contingent on human and organizational failures;

— human errors are only symptoms of deeper organizational failures; therefore,
excessive focus on the activity or behaviour of operators alone should be avoided.

The rules and practices implemented in event analysis are presented in Chapter 21.

Several events occurred in 1989-1990 during unit outages in reactors belonging to
the French nuclear power plant fleet. They were mainly operating errors made while

188. Oral communication is considered as ‘secure’ when the speaker is able to send information
clearly and completely and then receives confirmation that the information delivered has been
properly understood by the recipient.

189. At the turn of the century, IRSN also analysed how human and organizational factors were taken
into account in the design and operation of nuclear facility projects such as the Jules Horowitz
research reactor and the Industrial Centre for Geological Disposal (Centre industriel de stockage
géologique, Cigeo).


https://www.edf.fr/en/meta-home
https://www.edf.fr/en/meta-home
https://www.edf.fr/en/meta-home
https://www.irsn.fr/EN/Pages/home.aspx
https://www.irsn.fr/EN/Pages/home.aspx
http://www.cea.fr/english/Pages/research-areas/nuclear-energy/jules-horowitz-research-reactor-JHR.aspx
http://www.cea.fr/english/Pages/research-areas/nuclear-energy/jules-horowitz-research-reactor-JHR.aspx
https://international.andra.fr/solutions-long-lived-waste/cigeo
https://international.andra.fr/solutions-long-lived-waste/cigeo
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using permanent equipment (setting errors on valves used to control configuration
of measurement sensors, referred to as ‘line-up’ errors) and errors due to temporary
measures and devices left in place inadvertently after maintenance work. These events
led EDF to analyse their causes and to implement corrective measures, particularly for
maintenance operations. This subject is discussed in Section 22.2.

In power plants that are in service, analysis of human and organizational factors
covers a broader scope of activity, touching on numerous subjects. In addition to oper-
ating experience feedback and the organization of control room activities mentioned
above, the following subjects have been studied:

— skills management and training for operations personnel,

— organization of maintenance activities and their evolution, including subcon-
tractor management,

— management of emergency response situations.

These areas must obviously be scrutinized continuously by both EDF and safety
organizations.

Taking into account human and organizational factors in nuclear power plants in
service is covered in Chapter 25.

4.6. Human and organizational factors in French
regulations

In 1984, the French Quality Order™ enacted a certain number of requirements
pertaining to quality in the design, construction and operation of basic nuclear instal-
lations (including the concepts of ‘defined requirements’ and ‘quality-related activities’
for equipment important to safety). Some of the subjects covered in these require-
ments were related to human and organizational factors such as organization, technical
and human resources, competencies (personnel training, qualification, certification),
control of quality-related activities, supplier surveillance, document management,
processing technical anomalies and incidents, etc.

Until 2012, this order was the regulatory basis that allowed safety authority
inspectors, supported by human and organizational factors specialists from IPSN and
later IRSN, to carry out inspections in these different areas. These regulatory provi-
sions were reworked and extended by the INB Order of 7 February 2012 discussed
in Chapter 2, which prescribes the implementation of an ‘integrated management
system’™, sets requirements applicable to activities important for ‘protected inter-
ests’ and requirements for overseeing subcontractors, as well as requirements for

190. Order of 10 August 1984, discussed in Chapter 2.

191. "The operator shall define and implement an integrated management system to ensure that
requirements pertaining to protected interests [as defined in regulations] are systematically
taken into account in any decision concerning the facility.”


https://www.edf.fr/en/meta-home
https://www.edf.fr/en/meta-home
https://www.legifrance.gouv.fr/affichTexte.do?cidTexte=JORFTEXT000000321244
https://www.irsn.fr/EN/Pages/home.aspx
http://www.french-nuclear-safety.fr/References/Regulations/Order-of-7-February-2012
https://www.legifrance.gouv.fr/affichTexte.do?cidTexte=JORFTEXT000000321244
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considering human and organizational factors in the analysis of significant events.
Decree 2016-846 of 28 June 2016 introduced additional requirements applicable to
subcontracting.

Since 2004, the safety authority, aware of the growing importance of human
and organizational factors for safety, has placed greater focus on these factors in
its inspection activities and has hired specialists, organized systematic training for
inspectors and prepared specific inspection guides for this purpose.

Following the Fukushima Daiichi nuclear power plant accident, which revealed the
importance of societal aspects, ASN also decided to open the scope of its discussions
on human and organizational factors to various components of society, with the
creation in 2012 of a pluralist and interdisciplinary body, the Steering Committee for
Human, Social and Organizational Factors (Comité d'orientation sur les facteurs sociaux,
organisationnels et humains, COFSOH). Within the committee, five working groups
deal with subcontracting, legal issues, emergency response management, the relation-
ship between ‘regulated’ and ‘managed’ safety, and facility decommissioning activities.
The committee’s reports are made public'®.

192. They can be consulted on the ASN website at https://www.asn.fr/L-ASN/Comite-sur-les-facteurs-
sociaux-organisationnels-et-humains.


https://www.legifrance.gouv.fr/affichTexte.do?cidTexte=JORFTEXT000032790726&categorieLien=id
https://www.irsn.fr/EN/publications/thematic-safety/fukushima/Pages/overview.aspx
http://www.french-nuclear-safety.fr/
https://www.asn.fr/L-ASN/Comite-sur-les-facteurs-sociaux-organisationnels-et-humains
http://www.french-nuclear-safety.fr/
https://www.asn.fr/L-ASN/Comite-sur-les-facteurs-sociaux-organisationnels-et-humains
https://www.asn.fr/L-ASN/Comite-sur-les-facteurs-sociaux-organisationnels-et-humains
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Chapter 5

The Development of Nuclear Power
Using Uranium-235 Fission -

A Few Notions of Physics Used

in Pressurized Water Reactors

5.1. Important milestones in the development of nuclear
power using fission of the uranium-235 isotope

Before discussing the safety aspects of pressurized water reactors in the French
nuclear power plant fleet, it seemed appropriate to review some of the basic princi-
ples that determine how a reactor core operates. This chapter focuses on controlling
chain reactions as well as the thermodynamic and thermal-hydraulic aspects related
to the release of power, which is particularly important with regard to preserving the
first confinement barrier formed by the fuel rod cladding (confinement barriers are
described in Chapter 6). For the most part, these basic concepts are discussed here
to provide a basis of understanding for the following chapters. Several sources can be
consulted by readers seeking more in-depth information on this subject .

193. The following sources may also be cited: Nuclear Reactor Engineering, S. Glasstone & A. Sesonske,
Van Nostrand Reinhold Company, 1967, Traité de neutronique (Treatise on Neutron Physics),
J. Bussac & P. Reuss, Editions Hermann, Physique des réacteurs nucléaires (Nuclear Reactor
Physics), R. Barjon (provides some historical information discussed briefly in this chapter), and
sources in the Génie Atomique series, EDP Sciences, including the article Physique, fonctionne-
ment et sdreté des REP (Physics, Operation and Safety of PWRs) by B. Tarride.


https://www.edpsciences.org/en
https://laboutique.edpsciences.fr/produit/14/9782759810628/Physique fonctionnement et surete des REP
https://laboutique.edpsciences.fr/produit/14/9782759810628/Physique fonctionnement et surete des REP
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Since nuclear reactor design is based on neutron physics studies, this chapter
discusses certain aspects of neutron physics, i.e. the study of the pathways taken by
neutrons in matter and the conditions required to produce a nuclear chain reaction.
Some of the computation tools and methods used in neutron physics will be covered
in Chapter 404,

The path that led to the first nuclear reactors was marked by important dates,
summarized below:

194.

195.

1932: evidence supporting the existence of the neutron is obtained by
James Chadwick, 40 years after the discovery of radioactivity — and ten years
after Rutherford’s hypothesis on the existence of a neutral particle predicted
to have approximately the same mass as the proton. This year also saw the
first nuclear reaction, caused by protons on a lithium target (John Cockcroft and
Ernest Walton);

1933: Lé6 Slizard files for a patent on the chain reaction concept;

1934: Enrico Fermi identifies the process underlying the slowing of neutrons
(moderation) brought about by collisions with light nuclei (hydrogen, carbon) ',
which increases the probability of nuclear reaction. This discovery contributes
to his fame, bringing him the Nobel Prize in Physics in 1938;

1938: Otto Hahn and Fritz Strassmann provide evidence of uranium fission by
neutron bombardment;

1939: at the Collége de France, Frédéric Joliot, Hans von Halban and
Lew Kowarski successfully demonstrate by experiment the possibility of a chain
reaction, and file a patent application for a reactor (early in 1940, the same
team arranges the purchase of the world’s entire available stock [180 litres] of
heavy water, identified as a moderator, in Norway). Also in 1939, following a
letter from Albert Einstein to President Roosevelt, Enrico Fermi obtains grants to
acquire one and a half tonnes of graphite as a moderator in order to pursue his
work. In the same period, the uranium-235 isotope is identified by Niels Bohr as
the fissile element in natural uranium;

1942: first measurements of delayed neutrons (defined below) produced by
fission of uranium-235, carried out in Chicago by Arthur H. Snell. Also in 1942,
after a series of ‘exponential experiments’ in New York (University of Columbia)
then at the University of Chicago, Enrico Fermi achieves ‘criticality’ (i.e. condi-
tions sustaining the nuclear chain reaction) of the first ‘atomic pile’ using
natural uranium and graphite (Chicago Pile 1, installed under the stands of the
Stagg Field stadium on the university campus — see Figure 5.1). Pile 1 is used

Readers may also refer to La neutronique (Neutron Physics), CEA/Editions Le Moniteur (monogra-
phies written by the Nuclear Energy Directorate).

This work included his well-known experiment performed with paraffin wax (chemical formula

CH, ).

n 2n+2


http://fr.wikipedia.org/wiki/Halban
http://fr.wikipedia.org/wiki/Kowarski
https://www.columbia.edu/
https://www.uchicago.edu/
http://www.cea.fr/english
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for experiments until 1943, when it is shut down and the decision is taken to
dismantle it;

— 1948: for the first time in France, an atomic pile, named ZOE, located at Fonte-
nay-aux-Roses, is brought to criticality (see Figure 5.1);

— 1956: criticality reached on the first French nuclear reactor for power gener-
ation: the G1 reactor located at Marcoule (an air-cooled natural uranium
reactor, using graphite as moderator, prefiguring the future French ‘UNGG’ '
series — natural uranium, graphite moderator, gas-cooled reactors [GCRs]);

— 1957: commissioning of the first pressurized water reactor power plant at Ship-
pingport, Pennsylvania, USA.

= | /4

Figure 5.1. Left, Chicago Pile 1 at the University of Chicago. Courtesy of National Archives; right, the
ZOE pile at Fontenay-aux-Roses. CEA/Documentation Department.

A certain number of concepts are reviewed in the rest of this chapter, in partic-
ular nuclear fission, prompt neutrons, delayed neutrons, neutron spectrum, power and
reactivity, neutron poisoning and feedback phenomena. One of the important char-
acteristics of nuclear reactors is that when the chain reaction is stopped, they still
generate ‘residual’ heat (including ‘decay’ heat) over a very long period, another aspect
covered in this chapter.

Controlling the chain reaction is part of the nuclear reactor ‘process’ in both power
reactors and experimental reactors, as the objective is to reach the ‘critical’ state
(or ‘criticality’) for normal operation, i.e. a self-sustaining chain reaction, by ‘sub-
critical approaches’ to controlled states of criticality. It will be seen in Chapter 6 that
controlling the chain reaction (or ‘reactivity’, the commonly used term, defined below)
is one of the three fundamental safety functions. However, that has not prevented
the occurrence of several accidents in experimental reactors, during which control of
the chain reaction was lost, not to mention the Chernobyl accident. It should also be
recalled that a natural, self-sustaining (without human intervention) nuclear reaction

196. Uranium naturel, graphite gaz.


https://www.uchicago.edu/
http://www.cea.fr/english
https://www.irsn.fr/EN/publications/thematic-safety/chernobyl/Pages/overview.aspx
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took place in the Oklo uranium mine operated by Cogema in Gabon. Discovered in
1972, it is the only known case.

In a nuclear reactor, however, criticality must be avoided in all states in which it is
not actively sought, for example in shutdown states, when reloading fuel assemblies.

In general, the conditions required to achieve a chain reaction result from an
optimum balance between:

a sufficient quantity of ‘fissile’ materials (‘critical’ mass),
— a sufficiently low quantity of neutron absorbing materials,
— favourable geometry, limiting neutron leakage out of the fissile medium,

— if necessary, the presence of a ‘moderator’ material to reduce the energy of the
neutrons produced by fission, in order to increase the probability of generating
further fission.

The main fissile materials are uranium-235 and plutonium-239. Other less common
isotopes are also fissile, such as uranium-233, plutonium-241, plutonium-238'%,
neptunium-237 and californium-251. The only isotopes used in a pressurized water
reactor are:

— uranium-235 at a ratio (of enrichment) from 3 to 4.5%, the rest being
uranium-238;

— plutonium-239 in fuel assemblies using MOX fuel, with an average plutonium
content™® of 8 to 9% (the use of MOX fuel will be discussed in Section 5.7
below).

When produced, i.e. after fission, neutrons have an average kinetic energy of
2 MeV. In pressurized water reactors, which operate using ‘thermal’ neutrons (with
an average energy of 1/40 eV'®), water acts as both coolant and moderator, which
reduces the fraction of high-energy neutrons and thus increases the probability of
fission of uranium-235 nuclei.

In terms of neutron capture, the nuclei of beryllium, zirconium and lead are rela-
tively transparent to neutrons, which is one of the reasons why zirconium alloys are
chosen for fuel rod cladding in pressurized water reactors®®. However, in order to
control the chain reaction, neutron-absorbing materials, acting as neutron ‘poison’,
are also needed. Boron, cadmium, gadolinium and hafnium are used most often for
this purpose. Other elements commonly encountered also have neutron-absorbing
capability, including iron, nickel, chromium, copper, nitrogen, hydrogen, uranium-238
and plutonium-240.

197. In fast neutrons (see below).

198. Plutonium isotopes 239 and 241.

199. Higher energy neutrons are referred to as ‘fast’ neutrons.

200. At first Zircaloy-4 (or Zy-4) was used in pressurized water reactors, but this material has been
upgraded over time to take into account operating experience (a topic discussed in Section 28.2).


https://en.wikipedia.org/wiki/List_of_uranium_projects
https://en.wikipedia.org/wiki/Orano_Cycle
http://fr.wikipedia.org/wiki/1972
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Reflector materials around nuclear reactor cores can limit leakage of neutrons by
reflecting them back towards the fissile medium. Water and hydrogenated materials
are excellent reflectors, but beryllium, lead and graphite are still more effective. A
heavy reflector was developed for the Flamanville 3 EPR, consisting of a 95% steel
metal structure, 20 cm thick, with vertical channels for cooling. The reflector also
reduces the irradiation fluence®’ received by the reactor vessel material, phenomenon
that gradually makes the material less ductile.

It should also be noted that neutron leakage decreases as the ratio of core surface
area to core volume becomes smaller?®,

Controlling the reactivity of a reactor involves acting on one or more terms of
the neutron balance: those that limit neutron production, those that affect neutron
capture and those that favour neutron leakage.

5.2. Fission and important concepts in reactor kinetics

P Fission

The fission reaction is shown schematically in Figure 5.2 below.

Neutron Uranium-235  Fission Fission product Neutrons  Uranium-235 Fission
nucleus nucleus

Figure 5.2. Uranium-235 fission reaction. Georges Goué/IRSN.

In a pressurized water reactor, fission of a uranium-235 nucleus generates on
average 2.48 'secondary’ neutrons (only two are shown in Figure 5.2), capable, in turn,
of producing fission in other uranium-235 nuclei. The main fission products are isotopes

201. Integral over time of the neutron flux received by the vessel material.

202. More precisely, the surface area of a reactor determines the amount of neutron leakage, while
volume determines the quantity of neutrons produced. The ratio of surface area to volume is the
lowest for a sphere, which implies that the ratio of leakage to production is also the lowest in a
sphere.


https://www.irsn.fr/EN/Pages/home.aspx
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of bromine, krypton and zirconium (mass number about 95), and isotopes of iodine,
xenon and barium (mass number about 139). Fission products also include isotopes
of caesium and ruthenium, which, along with iodine-131, make a major contribution
to the radiological consequences in the event of a pressurized water reactor accident.

Fission of a plutonium-239 nucleus generates on average 2.90 secondary neutrons.

The neutron spectrum of uranium-235 fission, i.e. the distribution of the neutrons
according to their kinetic energy, is shown in Figure 5.3. Energy peaks at about 1 MeV,
and averages 2 MeV (corresponding to a neutron speed of 20,000 km/s).

Number of neutrons emitted

between E and E+DE

1.E-02 1.E+00 1.E+02 1.E+04 1.E+06

Fission neutron energy (eV)

Figure 5.3. Spectrum of neutrons generated by uranium-235 fission (distribution of the number of
neutrons that have an energy level between E and E + dE). Georges Goué/IRSN.

As stated above, the water used as moderator reduces the energy of the neutrons,
‘displacing’ it towards the ‘thermal’ region, thereby favouring the fission of the
uranium-235 nuclei — although there is still a majority of high-energy neutrons in the
medium?%,

The amount of energy released by the fission reaction of a uranium-235 nucleus
is given by the difference between the energy in the final state and the energy in the
initial state, about 200 MeV. Fission of one gram of uranium-235 thus releases about
8.2 x 10" joules of energy, equivalent to approximately one megawatt-day (MWd).
Fission of all the uranium-235 nuclei in one tonne of natural uranium containing 0.7%
uranium-235 generates 10,000 times more energy than one tonne of oil equivalent.

203. The boundary between the thermal-neutron region and the fast-neutron region is defined at the
energy value of 0.625 eV. In pressurized water reactors, the ratio between the flux of neutrons
with energy greater than 0.625 eV and the flux of neutrons with energy less than that value is
between 5 and 6.


https://www.irsn.fr/EN/Pages/home.aspx
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P A few important concepts in reactor kinetics

The term ‘reactor kinetics’ refers to the behaviour of a nuclear reactor over time
(neutron population changes) and the parameters that determine this behaviour. This
section discusses notions important to understanding reactor kinetics.

For convenient expression of the conditions for sustaining the chain reaction, it is
customary to consider the effective multiplication factor, keff, given by the ratio:

number of neutrons in one generation that produces a fission

keff =

number of neutrons in the preceding generation that produces a fission

Reactivity, p, is given by the following ratio:
keff—1
keff

Reactivity thus represents the fraction of neutrons missing or in excess for
sustaining the chain reaction. It is expressed in pcm (per cent mille: 1075).

The effect on power is summarized in the table below:

keff <1 1 > 1
P <0 0 >0
Reactor state subcritical critical supercritical
Power decreasing stable increasing

The time profile of the neutron population is given by the function below (excluding
delayed neutrons [see below] and without an additional neutron source):

dn (keff-1)
n S —

dt £
where ¢ is the average lifetime of the neutrons n.
The reactor period, T, time required for the neutron population to be multiplied or

divided by the factor e (2.718), is therefore given by:

¢
keff— 1

In practice, at this stage these are highly simplified formulations, because of a
fundamental aspect of how a reactor operates: a small fraction of the neutron popu-
lation is emitted with a delay with respect to the neutrons generated directly by
fission, and no reactor would be controllable without these delayed neutrons. They
are therefore distinguished from the neutrons generated directly by fission, referred to

T=
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as prompt neutrons. The fraction of delayed neutrons is referred to as ‘B-effective’, or
Peff. Most of the neutrons involved in the chain reaction are released directly, practi-
cally at the time of fission (with a time delay of about 107* s). Their lifetime is short:
25 ps for water reactors. In contrast, the relatively few delayed neutrons are released
by radioactive decay of certain fission products, with a delay®*. Their overall contri-
bution depends on the fissile nuclei: about 1450 pcm for uranium-238, 650 pcm for
uranium-235 and 210 pcm for plutonium-2392%. The feff fraction depends on the
proportions of these elements. For French pressurized water reactors loaded with
uranium, Seff varies between 500 and 700 pcm.

When reactivity is greater than feff, the time separating two generations of
neutrons becomes very short. The reactor then becomes critical or supercritical with
prompt neutrons only; power variations can then be extremely rapid.

Another variable used is neutron flux, i.e. the quantity of neutrons passing through
a surface per unit of time, represented by the symbol ¢. In a pressurized water reactor,
with a population of 50 to 150 million neutrons per cubic centimetre, neutron flux
is 1 to 3 x 10™ neutrons x cm? x s, i.e. 100 times lower than the fluxes obtained
in reactors with a higher energy spectrum, such as the high-flux reactor located in
Grenoble (10" neutrons x cm? x s'), or the PHENIX fast-neutron reactor (about
7 x 10" neutrons x cm x s at the centre of the core?®) which was shut down defin-
itively in 20009.

» Neutron feedback phenomena

In addition to delayed neutrons in the neutron population, two other effects
contribute to controlling pressurized water reactors: the Doppler effect and the moder-
ator effect. These two effects constitute what is referred to as ‘neutron feedback’.

The Doppler effect results from the power decrease (reduction in the number of
fissions) that occurs when the fuel temperature rises. In a pressurized water reactor,
the Doppler effect is about -3 pcm/°C. It is related to the increase in neutron capture?®”’
by uranium-238 when the fuel temperature increases (see Figure 5.4). Physically, this
is due to an increase in the probability of neutron capture by uranium-238 as the
temperature of the uranium-238 nucleus rises — a process known in scientific liter-
ature as '‘Doppler broadening of resonances’. It occurs practically instantaneously and
is intrinsically stabilizing. It plays a very important role in the control of power increase

204. The delayed neutron emitters decay with half-lives between a few tenths and a few tens of
seconds.

205. These values are given for the case of fission within a spectrum of fast neutrons, but differ only
slightly for a spectrum of thermal neutrons. Some countries use feff as a unit of reactivity,
usually referred to as dollar units, with the symbol $; this unit and symbol are generally adopted
for fast-neutron reactors.

206. Phénix, le retour d’expérience (PHENIX Operating Experience Feedback), J. Guidez, published by
CEA.

207. Refer to the sources cited previously in this chapter for details on the concepts of fission cross
section, capture cross section and others.


http://www.cea.fr/english
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transients, independently of any automatic or manual actions that might be taken. It
should be noted that when reactor power is ‘ramping up’, the reactivity to be released
(by reducing the boron concentration in the reactor coolant and gradually with-
drawing the control assemblies) must oppose the negative reactivity corresponding to
the integral of the Doppler effect from the shutdown state to the targeted operating
temperature.

T/3

Absorption cross section

3T

Energy

Figure 5.4. Schematic representation showing the widening of the curve of the absorption cross-
sections of uranium-238 as a function of the energy of the impacting particle at three temperatures of
uranium-238: T, T/3 and 3T. IRSN.

The second beneficial effect in a pressurized water reactor comes from the moder-
ator, i.e. the water in the primary system referred to as the ‘reactor coolant’. In a pres-
surized water reactor, the water slows the neutrons (‘thermalization’), thus favouring
the fission of uranium-235 nuclei. It is clear that if the water expands (for example, if
its temperature rises or in the event of depressurization) or even disappears (through
boiling or draining), the chain reaction gradually stops. This is an important phenom-
enon for the control of certain transients, which depends, however, on the kinetics of
temperature variation or the proportion of water. Between the beginning?® and end
of a reactor core operating cycle (and assuming that xenon is ‘at equilibrium’ - see
below), the effect of the moderator (also referred to as the moderator temperature
coefficient) changes from about -10 pcm/°C to -60 pcm/°C. This change in the moder-
ator effect as the cycle progresses is due to the effect of boron, an absorbing element
added to the water in the reactor coolant system. The boron concentration is reduced
as core fuel burnup progresses (refer to Section 5.6 below).

208. Reactor core operating period between two refuelling (and maintenance) outages.


https://www.irsn.fr/EN/Pages/home.aspx
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The ratio of the concentration of moderating atoms per unit volume to the concen-
tration of fissile atoms per unit volume, known as the moderation ratio, is one of the
core design options. In the case of pressurized water reactors, the core is designed to
function with an ‘under-moderated’ fuel rod lattice obtained by carefully calculating
the space between rods, so that any rise in the water temperature, especially at boiling
point, lowers the effective neutron multiplication factor.

Figure 5.5 shows the profile of the multiplication factor keff as a function of the
moderation ratio and the selected design option:

— the more tightly spaced the fuel rod lattice, the less the amount of moderator
present is capable of slowing the neutrons (low moderation ratio, left-hand part
of the curve): the multiplication factor decreases;

— the more widely spaced the fuel rod lattice, the less the probability that a
neutron emitted in the fuel and thermalized in the moderator will collide with
another fissile atom (high moderation ratio, right-hand part of the curve): the
multiplication factor decreases;

— there is an intermediate situation in which the moderation ratio leads to the
peak multiplication factor (optimum moderation).

ke"
1.060
1040 Optimum moderation
1.033
Unstable
1:020 Stable operation
operating
point
1.000 ™
Under-moderation Over-moderation
0.980
0.960
0 _4.12 _7.71 _11.29
1.88 4.11 6.02

Moderation ratio: molar NH / NU
by volume V,,,,/ Vo,

Figure 5.5. Variation of keff as a function of the moderation ratio. Source: Internovice CC BY-SA 3.0.
The Doppler effect and the moderator effect thus both act in the same direction
with regard to temperature variations:
— an increase in coolant temperature introduces negative reactivity;

— conversely, cooling introduces reactivity (for example, when a steam generator
relief valve opens).


https://creativecommons.org/licenses/by-sa/3.0
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P An aspect of neutron physics in pressurized water reactor cores:
the xenon effect

An important phenomenon to be considered in the cores of thermal neutron
reactors such as pressurized water reactors is related to xenon. Fissions produce
iodine-135, which decays in a few hours to xenon-135, which in turn also decays in a
few hours, absorbing neutrons generated by fissions®®. When power is reduced or the
reactor is shut down, there are no longer enough neutrons to ensure xenon-135 decay,
so it accumulates, ‘poisoning’ the reactor. A ‘xenon peak’ is reached approximately ten
hours after reactor shutdown (see Figure 5.6). If the reserve of reactivity in the core
is insufficient, the reactor cannot be restarted at that time. In the longer term, the
gradual depletion of xenon-135 contributes excess reactivity with respect to the initial
state of the reactor at power, which must be compensated by increasing the boron
concentration in the reactor coolant. In stable normal operation at full power, the
production and depletion of xenon-135 reaches equilibrium after about 50 h (neutron
absorption by xenon representing approximately 3000 pcm).
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Figure 5.6. Profile of the xenon-135 concentration during pressurized water reactor operation. IRSN.

The negative reactivity related to the xenon concentration may be the source of
radial or axial power instability or oscillations in the core. A local power increase can
lower the xenon concentration by increasing neutron absorption by xenon, which in
turn boosts the power increase until poisoning is in equilibrium with the new power
distribution. The xenon-related instability or oscillations last for about 24 h, but can
be controlled using the control assemblies, through continuous monitoring of the ‘axial
offset’ described below.

209. Neutron absorption by xenon is highest in the thermal-neutron region.


https://www.irsn.fr/EN/Pages/home.aspx
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P Parameters describing neutron flux heterogeneity within the core

Axial distortion of neutron flux in the core is represented by the axial offset (AO),
given by the ratio below (where P is nuclear power):

Height

PU er— PlOWGI' \ Pupper
A0 = pp

(Pupper + Plower) nominal P

lower

»
»

Power

Two other variables representative of the power distribution in a reactor core
are used, for example in the algorithms of the reactor protection system (refer to
Section 5.6):

— hot-spot factor F ;:

F,=Max [P(x, y,z)]x’y,Z

- radial hot-channel factor F ;

Fu = Max, fz P(x,y,2)

Another noteworthy concept concerning power distribution in the core is ‘power
tilt’. The reactor core is built so that the fuel is loaded symmetrically, with the aim of
obtaining a symmetrical power distribution that is as uniform as possible. For reasons
not fully understood (probably related to a possible curvature of some fuel assem-
blies in the core, resulting in variations of the width of the water gap between fuel
assemblies, and consequently the moderation ratio), the power distribution may not
be symmetrical, resulting in a difference between the average power of one of the
core quadrants and that of the other three quadrants. Power tilt was observed in the
900 MWe reactors, but higher levels were observed in 1984 during startup tests on
Unit 1 at the Paluel nuclear power plant, the first-off unit of the 1300 MWe series
reactors, with values reaching 5 to 10%. In safety studies, the hot-spot factors defined
above are increased by a coefficient to take into account any differences due to
possible power tilt. The associated penalties are validated by checking power tilt limits
during the physics tests conducted when restarting a reactor after refuelling.

5.3. Removing power from the core during operation

As stated above, the fission of one gram of uranium-235 releases about
8.2 x 10 joules of energy, i.e. about 1 MWd.
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Most of this energy (82%2") is released in the form of kinetic energy from the
excited and radioactive fission products, which in turn release energy in forms such
as beta and gamma radiation, also carrying away a small part of the reaction energy.
Furthermore, as the fission products have very short paths in the material, their kinetic
energy is dissipated locally in the fuel as heat.

In a pressurized water reactor, the heat released by the fuel is dissipated by heat
transfer through the zirconium alloy cladding and by circulation of coolant (the reactor
coolant system water) around the fuel rods.

Typical operating parameter values are given in the table below (values for the
1450 MWe N4 series reactors):

Thermal power removed from the core (N4 series) 4250 MW
Reactor coolant system pressure 155 bars
Reactor vessel inlet water temperature 292°C
Reactor vessel outlet water temperature 329°C
Water heating in the reactor 37°C
Average water temperature in the core 310°C
Reactor coolant system flow rate at reactor vessel inlet 95,580 m*/h

These operating parameters are associated with:

— a maximum fuel temperature at the centre of the pellets of about 1000°C,
compared with the melting point of uranium oxide UO,, which is 2810°C for
fresh fuel and decreases?' by 7.6°C every 10,000 MWd/t (the melting point of
UO,-PuO, mixed oxide is 2757°C, which decreases by 4°C every 10,000 MWd/t);

— a maximum cladding temperature of about 350°C, compared with the melting
point of zirconium, 1855°C2™,

At a pressure of 155 bars, water boils at approximately 340°C, about 11°C above
the core outlet water temperature.

5.4. Decay heat

Energy release in fuel involved in a chain reaction does not stop when the reaction
is stopped (Table 5.1). Fission products alone must release a certain amount of energy
in the form of radioactivity before reaching a stable state. Each radioactive isotope in
the fission products has its own radioactive half-life; this half-life may be very short

210. According to M. F. James, Energy Released in Fission, Journal of Nuclear Energy, Vol. 23, 517-536
(1969). The kinetic energy of secondary neutrons accounts for only 2.4% of the total fission
energy.

211.  Due to the changing chemical composition of the fuel.

212. But the integrity of the cladding may be lost well below this melting point depending on the
thermal-mechanical loads to which it is subjected.


http://fr.wikipedia.org/wiki/Bar_(unit
https://reader.elsevier.com/reader/sd/pii/0022310769900422?token=9B54F3867D9948A70DBB75669D00C21428D750F6D22CE59993DB65FD02D6571B8CBC9E7409C7AA1576C54D8EDE7B70E8
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(Less than a second), average (months or years) or very long (hundreds or thousands of
years). Although decreasing, the power generated is greater than a thousandth of the
nominal power for a long time, requiring continuous cooling at a certain level.

Table 5.1. Decay heat of a reactor core over time — case of a 3000 MWth reactor, i.e. about

1000 MWe, at end of cycle, loaded with uranium oxide, for maximum burnup in the core (averaged
over each assembly) of 33 GWd/tU.

Time since shutdown :;i:il'la:rz::ll)::vi:el: Thermal power generated (MW)
30 seconds 7to 8% 210 to 250 MW
1 minute 5% 150
1 hour 1.5% 45
1 day 0.5% 15
1 week 0.3% 9
1 month 0.15% 4.5
1 year 0.03% 1
10 years 0.003% 0.1
100 years 0.001% 0.03
1000 years 0.0002% 0.006

5.5. Main features of pressurized water reactor cores

The main core characteristics in the different series of French pressurized water
reactors are given in Table 5.2, and a fuel assembly is shown in Figure 5.7.

Table 5.2. Main core characteristics in the different series of French pressurized water reactors.

assembly

Reactor type 900 MWe 1300 MWe N4 EPR
Number of fuel assemblies 157 193 205 241
Number of fuel rods per 264 265

(17 x 17 lattice with 24 guide tubes

and one instrumentation tube)

(the instrumentation tube
is replaced by a fuel rod)

Rod (cladding) outside diameter/
cladding thickness (zirconium
alloys)

9.50 mm/0.57 mm

Fuel pellet stacking height 3.66 m (UO,)
(‘active’ part of the core) or3.59 m 427m 420m
(MOX) (14 feet) (~14 feet)
(12 feet)
Fuel assembly length 4.06 m 4.80 m 4.80 m
Fuel assembly width 214 cm
Number of guide tubes in
) 24
control assemblies
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Figure 5.7. General view of a fuel rod and a fuel assembly. Georges Goué/Médiatheque IRSN.

The various ways to use fuel assemblies in reactor cores and their associated char-
acteristics (such as the burnup rate when they are unloaded), representing the key
elements of ‘fuel management’, are discussed in Chapter 28.

5.6. Control and monitoring of
pressurized water reactor cores

As seen above, controlling the power generated in the reactor core assumes that
core reactivity is controlled by two different but complementary means: the boron
concentration in the reactor coolant and movable neutron absorbers inserted into the
core. It was also explained that the choice of an under-moderated lattice of fuel assem-
blies contributes to core stability with regard to temperature increases (the volume of
water between the fuel rods is slightly below the volume that would ensure optimum
neutron slowing); the Doppler effect is the other stabilizing phenomenon.


https://www.irsn.fr/EN/Pages/home.aspx
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Two types of movable neutron absorbers (hereafter referred to as ‘rod cluster
control assemblies’, or RCCA) are used:

— control RCCAs: when the reactor is in operation, they are inserted into the
‘active’ part of the core (fissile zone) to regulate the reactor coolant temper-
ature and power in function of the external demand for electricity; some control
assemblies can be fully inserted into the core in reactor shutdown states;

— shutdown RCCAs: when the reactor is in operation, these assemblies are posi-
tioned above the active part of the core; they are dropped by gravity, along
with the control RCCAs, to shut down the reactor in the event of an anomaly. In
shutdown states, the shutdown RCCAs are inserted in the core, except for some
that remain withdrawn to provide an available source of negative reactivity, for
example in the event of inadvertent boron dilution?™.

The number of RCCAs in the different reactors is given in Table 5.3.

Table 5.3. Number of RCCAs in different reactors.

Reactor type 900 MWe 1300 MWe N4 EPR

Between 48 and
Number of RCCAs 57, depending

(both control and on the fuel 65 73 89
shutdown RCCAs) management
scheme

The quantity of fissile material inserted in the core during a normal refuelling
outage is calculated to allow the reactor to operate for at least one year. Available
reactivity is controlled by control RCCAs and by boron dissolved in the reactor coolant.
The insertion of strong neutron-absorbing RCCAs, however, disturbs the neutron flux
significantly and consequently impacts the power generated locally, inducing mechan-
ical stress on the cladding. Strong ‘black’ RCCAs are used for shutdown or for certain
power and temperature control configurations. Less-absorbing ‘grey’ RCCAs were
introduced for the series of reactors designed after the first plant series referred as
CPO, as they limit the neutron flux disturbance caused by their insertion. RCCA compo-
sitions are given in Table 5.4.

213. The EPR differs from this process in that all the RCCAs are inserted in reactor shutdown states.
This is made possible by specific systems that are used on this reactor to prevent the risk of
uncontrolled criticality in the event that reactivity is inserted in any given shutdown state. These
systems include a mechanism to automatically cut the electrical power supply to the RCCA
drive mechanisms in these states, eliminating the risk of uncontrolled withdrawal, and auto-
matic protection against uncontrolled boron dilution incidents in the reactor coolant system (see
Chapter 35).
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Table 5.4. Composition of RCCAs?™.

Reactor types —

Types of RCCAs 900 MWe 1300 MWe, N4 and EPR
l
Assemblies with ‘black’ 24 AIC rods (80% silver, 15%

absorber rods indium, 5% cadmium) 24 AIC/BAC (boron carbide) rods

8 AIC rods and 16 stainless steel
rods
(no grey rods in reactors from
the first plant series, referred
to as CPO)

8 AIC rods and 16 stainless steel
rods

Assemblies with ‘grey’ absorber
rods

For reactor control and reactivity management in shutdown states, the drive mech-
anisms for both control and shutdown RCCAs are grouped into control banks and shut-
down banks, respectively. The design of the ‘RCCA scheme’ depends on the ‘control
mode’ adopted and is the result of several compromises made to favour reactor
manoeuvrability while maintaining the necessary safety margins, related in particular
to power distribution disturbances, reactor trip performance, and postulated reactivity
insertion incidents or accidents due to RCCA withdrawal (see Chapter 35). For example,
the insertion depth of the RCCA banks in the core, depending on the level of reactor
power, must be sufficient to produce the power variations required to meet demand
from the power grid, while remaining limited, so that dropping all the RCCAs ensures
rapid reactor shutdown with an adequate shutdown margin (for example, -1800 pcm
for 1300 MW reactors using the GEMMES fuel management scheme) and uncontrolled
withdrawal of one or more RCCA banks or rapid ejection of the most effective RCCA?'
out of the core have no unacceptable consequences.

Using boron dissolved in water as boric acid H,BO, does not have the same draw-
backs, since its distribution is uniform. Its effectiveness is about -10 pcm per ppm
(parts per million)?'®. However, its concentration cannot be changed rapidly, and there
is a restriction important to safety concerning the maximum boron concentration.
Heating the moderator containing neutron poison must be avoided, as this would
reduce the density of the poison, causing an increase in core reactivity and a poten-
tially uncontrolled power rise. The moderator temperature coefficient would then be
positive, which is forbidden in PWRs.

RCCAs regulate the power and shut the reactor down in an emergency (‘reactor
trip’ — see below). The boron compensates core fissile material burnup and the various
effects on reactivity, related in particular to fuel and moderator temperature variations
or xenon-135 accumulation. A cold core requires more boron than when operating at

214. Hafnium is also used as a neutron absorber in control assemblies located along the core periphery
to reduce vessel irradiation (see Chapter 27).

215. It will be seen in chapters 8 and 35 that these are respectively an incident and an accident
taken into account in pressurized water reactor design, classified respectively as Category 2 and
Category 4 events in the operating conditions.

216. This proportion is expressed in natural boron. The concentration of boron-10, which is the
neutron absorber, is obtained by considering that natural boron contains about 20% of boron-10.
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power, as the RCCAs are no longer capable of ensuring core subcriticality on their own
in these conditions.

The reactivity that must be controlled by the boron depends on the power gener-
ated, the core temperature in operation, hot or shut down, and the fuel assembly
burnup rate. When cold, after refuelling, with all RCCAs inserted, the boron concen-
tration needed to maintain core subcriticality is approximately 1000 ppm (parts per
million). This is sufficient to control the 12,000 pcm of available reactivity. With certain
RCCA banks withdrawn from the reactor core according to the RCCA configurations
defined in the various shutdown states, 1450 ppm of boron is required to control the
15,000 pcm of available reactivity. In hot shutdown, with the reactor coolant at 286°C
and all shutdown RCCAs withdrawn, about 900 ppm of boron is needed to control the
7000 pcm of available reactivity, the effectiveness of the boron decreasing with the
temperature due to the decrease in coolant density (see Figure 5.8).

Potential core reactivity all RCCAs inserted (pcm)
12,000
10,000
8000
6000
4000
2000
0
-2000

Beginning of cycle

End of cycle

50 100 150 200 250 ) 300

Reactor coolant system water temperature (°C)

Figure 5.8. Potential reactivity of the core without boron. IRSN.

The reactor operational limits and conditions (refer to Section 20.2) initially
required a margin to criticality ranging from 5000 pcm (cold shutdown for core refu-
elling — vessel open) to 1000 pcm (cold or hot shutdown at beginning of cycle [BOC]),
leading to a requirement for boron concentrations between 2000 and 1000 ppm
at BOC. However, studies on the risks of a criticality accident by transfer of unbo-
rated water into the core, conducted following the Chernobyl power plant accident
(see Chapter 35), led Electricité de France (EDF) to subsequently set 2000 pcm as the
minimum margin to criticality for the normal shutdown states of the reactor, hot or
cold?". This gives the operator sufficient time to respond to both slow homogeneous

217. The boron concentration depends on the stage of the cycle and the temperature of the reactor
coolant. For example, at beginning of cycle, with the GEMMES fuel management scheme (see
Chapter 28), the boron concentration required varies between approximately 1700 and 2000 ppm
when cold and from approximately 1250 to 1700 ppm when hot. At end of cycle, the required
boron concentrations are of the order of a few ppm when hot and 960 ppm on average when cold.


https://www.irsn.fr/EN/Pages/home.aspx
https://www.irsn.fr/EN/publications/thematic-safety/chernobyl/Pages/overview.aspx
https://www.edf.fr/en/meta-home
https://www.edf.fr/en/meta-home
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dilution of the coolant and heterogeneous dilution. Moreover, for the most recent fuel
management schemes implemented by EDF in its reactors, the minimum margin to
criticality has been increased beyond 2000 pcm to prevent the risk of a return to power
in these normal shutdown states in the event of uncontrolled insertion of reactivity due
to RCCA withdrawal or uncontrolled cooling of the reactor coolant (see Chapter 35).

Lastly, the minimum boron concentration required in the shutdown states for core
refuelling or for maintenance is now defined so as to ensure a margin to criticality slightly
greater than 2000 pcm without any RCCAs in the core (postulating a bounding-case
accident situation of withdrawal of all the RCCAs when lifting the vessel cover?'®).

Moreover, the extension of the French nuclear power plant reactor core irradi-
ation cycle (from 12 months to 18 months) has led to an increase in the uranium-
235 enrichment of the fuel. Controlling the surplus of reactivity at beginning of cycle
therefore required the use of another neutron absorber, gadolinium, to limit the boron
concentration in order to ensure a negative moderator temperature coefficient. Gado-
linium is consumed as it is irradiated, whence the term ‘consumable poison’. It is used
in the solid oxide form Gd,O, in fuel pellets.

Many plant design and operating constraints and the design of protection systems
and engineered safety systems are determined by the above considerations.

Physics studies and thermal-hydraulic studies must, of course, cover all types of
loading, all burnup rates and all reactor states ranging from nominal power to cold
shutdown. Any change in the fuel characteristics, such as the introduction of a signifi-
cant proportion of plutonium oxide mixed with uranium oxide, requires analysis of the
consequences in terms of safety.

P Parameters monitored in a pressurized water reactor

The general purpose of core protection is to mitigate an abnormal situation so as
to meet a number of criteria intended to avoid damaging the confinement barriers,
the first of which is the fuel cladding. Although damage may nevertheless occur, it
must remain limited to an acceptable level and not affect the ability to cool the core
in order to remove any residual heat (this topic is discussed further in Section 8.4.7). In
practice, the protection system actuates two types of system:

— the reactor shutdown system, which releases and drops the control and shut-
down RCCAs, actuated either automatically or manually by an operator;

— the engineered safety systems (described in Section 6.4.1), which are actu-
ated either automatically or manually by an operator. They include the safety
injection system for injecting water into the reactor coolant system, the steam
generator emergency feedwater system, the containment heat removal system
spraying water inside the containment (reactor building), and the containment
isolation system.

218. This is the most restrictive criterion, but the margin to criticality of 5000 pcm given above never-
theless remains applicable.


https://www.edf.fr/en/meta-home
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This chapter focuses mainly on the part of the protection system that triggers
‘reactor trip’?"® (RT) in a few seconds by dropping all the RCCAs into the core, and initi-
ates turbine trip by closing the turbine steam inlet valves.

The RT trigger command (or RT signal) can be given through various protection
channels, each channel comprising instruments measuring one or more variables
characterizing the state of the reactor, a data processing system, and a system that
compares the resulting information with a preset value. If thresholds are exceeded, RT
is initiated by deactivating the RCCA drive mechanism electromagnets. The measure-
ments used are redundant and processed according to ‘voting logic’ (such as ‘2 out of
4’) that transmits the RT signal.

It should be emphasized that the architecture and characteristics of the protection
system — in particular the reactor trip signals — are the result of a complex iterative
process involving design options, operating transient studies and safety requirements,
which cannot be explained in a few lines. As an illustration, although protection of
the confinement barriers is the general objective, other requirements come into play,
for example avoiding operation of the pressurizer safety relief valves in frequent tran-
sients??°, avoiding water release through the pressurizer letdown valves and safety
relief valves, or ensuring reactor manoeuvrability.

The variables used to characterize the reactor state are given in Figure 5.9 below.

The basic variables that are measured and the associated measuring instruments
are:

— Neutron flux (¢): measured using a system of detectors located outside the
vessel (in detector holders that can be brought as close as 30 cm from the
vessel) for each quadrant of the core. In the case of the EPR, the detectors are
located in guide tubes penetrating the concrete biological shield around the
vessel. The system comprises ‘source range’ detectors (SRD), ‘intermediate
range’ detectors (IRD) and ‘power range’ detectors (PRD)?', which form the
ex-core instrumentation system.

For the 900 MWe, 1300 MWe and 1450 MWe reactors, complementary to the
ex-core system, there is an in-core system (ICS) that produces neutron flux maps
using periodic measurements taken by movable internal detectors (fission micro-
chambers) deployed through several dozen vessel lower-head penetrations. These
in-core measurements are not directly involved in the protection system; they
are used to check that the cores comply with the predefined loading patterns,
to ensure that any power tilt is acceptable and to establish neutron flux form
factors provided as input to the protection system algorithms (see below).

219. In French arrét automatique du réacteur. The terms ‘(reactor) scram’ and ‘emergency shutdown’
are also used frequently.

220. Transients classified as Category 2 of the operating conditions (see Chapter 8).

221. These different detectors have overlapping measurement ranges that depend on the reactor
series; for example, for the EPR, SRDs cover the range 2 x 10° to 2 X 102% NP (nominal power),
IRDs cover the range 5 x 107 to 60% NP, and PRDs cover the range 0.5 to 200% NP.
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Figure 5.9. Parameters monitored in a pressurized water reactor. Georges Goué/IRSN.

The EPR??% has a different in-core system (derived from that of the German
KONVOI reactor design) and comprises the following (see Figure 5.10):

« fixed, cobalt-based self-powered neutron detectors (SPNDs) that emit a
signal proportional to the neutron flux, installed in ‘strings’ of six axial-
ly-spaced SPNDs, inserted in 12 fuel assemblies (through one of the
guide tubes). The SPNDs supply input data to several monitoring and
limitation channels®? and the core protection system;

+ an aeroball measurement system (AMS) featuring stacks of movable
balls doped with vanadium-51, transported pneumatically to the ‘active’
zone of the core, in 40 fuel assemblies; the balls are then transferred to a
measuring table outside the core for activation analysis.

The AMS (like the fission microchambers of the 900 MWe, 1300 MWe and
1450 MWe reactors) is used periodically to create the neutron flux maps
required to check core conformity and to calibrate SPNDs and ex-core systems.

222. For further details, readers may refer to Article BN3453 V1 in Techniques de l'ingénieur,
entitled Instrumentation neutronique du réacteur EPR — Excore — SPND — AMS (EPR Neutron
Instrumentation — Excore — SPND — AMS), by Maxime Pfeiffer, published on 10 July 2014.

223. For the EPR, this is the Reactor Core Limitation System (RCLS), designed to avoid actuation of the
protection functions by initiating action on the control RCCAs sufficiently early to maintain the
reactor parameters below the protection function actuation thresholds.


https://www.irsn.fr/EN/Pages/home.aspx
https://www.techniques-ingenieur.fr/res/pdf/encyclopedia/42202210-bn3453.pdf
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The EPR instrumentation, with detectors inserted through the top of the core,
makes it possible to eliminate the vessel lower-head penetrations, thereby
improving safety?*, especially in the event of core-melt accidents.
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Figure 5.10. Neutron flux instrumentation of the EPR core (showing three of the four source range
detectors (SRDs). Source: see Footnote 222.

224.

Temperature of the reactor coolant (i.e. the reactor coolant system water):
measured by probes located either in the reactor coolant system loop bypass
lines, or measured directly by sampling from the main system pipes.

Pressure in the reactor coolant system and the secondary system: measured
by sensors in the pressurizer and in the steam lines.

Water flow rates in the reactor coolant system and the secondary system:
measured by differential pressure sensors located in the reactor coolant system
loops (at the outlets in the steam generator) and in the steam lines, in addition
to reactor coolant pump rotation speed measurements.

Water levels in the reactor coolant system components (pressurizer, steam
generators, reactor vessel).

This instrumentation is capable of producing neutron flux maps at power levels of 10% NP and
above.
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All the variables mentioned above are also used to generate ‘permissive’ signals (i.e.
enabling signals) and interlocks (to block control RCCAs), in addition to control room
alarms and reactor trip. These permissive signals adjust the protection system logic to
the state of the reactor unit.

Other more or less complex variables are generated from the above variables by
various algorithms and contribute in particular to the protection of the first confine-
ment barrier:

— temporal variation of the neutron flux (d¢/dt): derived from the neutron flux
measurements made by the ex-core detectors;

— thermal power (Pth): derived from the reactor coolant temperature and flow
rate measurements, it is calibrated by a periodic power measurement obtained
by a secondary-side thermal balance;

— maximum linear power density (LPD) in the core: monitoring this variable
contributes to protection against the risks of core melting and pellet-cladding
interaction (PCl). Determination of this variable and the next (DNBR), requires
‘remaking’ the core flux map based on signals sent from the in-core system of
the EPR or the ex-core system of the 1300 MWe and 1450 MWe reactors (the
case of 900 MWe reactors is discussed below);

- minimum departure from nucleate boiling ratio (DNBR) in the core: moni-
toring this variable contributes to protecting the core from the risk of over-
heating the cladding in the event of departure from nucleate boiling. The DNBR
is defined by the following ratio:

c
DNBR = ¢—

ol

— where ¢c is the critical heat flux, i.e. the heat flux threshold at which departure
from nucleate boiling occurs, and ¢l is local heat flux;

- axial offset (AO) defined in Section 5.2: monitored on-line during reactor
control. The operational limits and conditions impose axial offset limitations to
ensure compliance with the assumptions made in the accident studies regarding
the axial power distribution.

On-line determination of LPD and DNBR in the protection system was introduced
in the mid-1980s on 1300 MWe reactors, with installation of the integrated digital
protection system. This type of on-line monitoring of these variables is now imple-
mented on all 1300 MWe and 1450 MWe reactors, and on the EPR. It was not intro-
duced on the protection system of 900 MWe reactors, where protection against the
risks of fuel melting and departure from nucleate boiling are based on measuring the
reactor coolant system water temperature at the vessel inlet and outlet (‘AT’ channels)
and on the other variables above (¢, d¢p/dt, pressure, water level, etc.). EDF decided
that the benefits of the change in terms of safety would be limited.


https://www.edf.fr/en/meta-home
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Determination of variables LPD and DNBR in 1300 MWe and 1450 MWe reactors
takes into account reactor thermal power (Pth) and the radial form factors Fxy(z)
obtained either from the neutron flux maps produced using the in-core instrument-
ation system in the configuration where all the RCCAs are withdrawn, or from
calculations made for each refuelling operation in various symmetrical RCCA
insertion configurations. The axial power distribution P(z) is also taken into account,
determined from measurements made by four multistage detectors located in shafts
positioned around the vessel. Each of these detectors, comprising six 10-cm active
sections, is shielded by cadmium and polyethylene to ensure that only neutrons
arriving directly from the core, without being reflected, are measured. In 1984,
during startup tests on Paluel Unit 1, the first-off unit of the 1300 MWe (P4) reactor
series, 160 flux maps were produced using the in-core instrumentation system, with
different control RCCA insertion configurations, recording the electrical currents
delivered at the output of the multistage external detectors for each configuration.
These measurements confirmed that the in-core axial power distribution could
be established with sufficient accuracy from the measurements delivered by the
multistage detectors located outside the vessel and that measurement uncertainty
for these detectors could be quantified, in particular for definition of the reactor
monitoring and protection thresholds.

For the EPR, SPND calibration and the method for determining variables LPD, DNBR
and AO provide the local power variations without using the variables measured by
the ex-core detectors, provided that the loss of representativeness of these measure-
ments in certain configurations is taken into account.

Lastly, pressure in the containment is also one of the monitored variables that can
trigger a reactor trip.

Table 5.5 at the end of this chapter shows for which variables mentioned above
non-compliance with the associated criterion leads directly or indirectly?® to trig-
gering a reactor trip for the different incident and accident families (concepts defined
in chapters 6 and 8) studied in a pressurized water reactor safety analysis report. For
each type of incident or accident, the table shows the redundancy of the monitoring
parameters that ensure reactor core protection.

Operating transient studies examine the changes in reactor operating parameters
(core inlet and outlet water temperature, reactor coolant system pressure, etc.) over
time, associated with the operating conditions defined for the reactor design (covered
in Chapter 8). These studies serve as the basis for defining the threshold values for trig-
gering the protection system or for checking that these values are appropriate.

225. By the signal that triggers safety injection.
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5.7. Using uranium and plutonium mixed oxide (MOX)
fuel

The use of MOX fuel in pressurized water reactors results from the decision taken
in France to adopt a partly-closed fuel cycle for these reactors so as to limit the accu-
mulation of plutonium (uranium-238 produces plutonium-239 under the effect of fast
neutrons) and to make use of a portion of the large amounts of depleted uranium
generated by the uranium enrichment process required to manufacture UO, fuel.

Use of MOX fuel was authorized for 900 MWe reactors®®. This involved a complete
review of studies conducted in neutron physics, thermal-hydraulics and safety.

On average, MOX fuel contains between 8 and 9% plutonium by mass (the term
‘content’ is used), including 4 to 5% fissile material, i.e. mainly?*’ plutonium-239.
One-third of the core consists of MOX fuel assemblies, which are arranged in the core
so as to obtain uniform power distribution across the core. To limit excess power at
certain points in the peripheral rods of UO, assemblies adjacent to MOX fuel assem-
blies, the rods in the latter do not all have the same plutonium content: the four corner
rods have the lowest content, those on the four sides have a higher content, and all
the others have the highest content (these are referred to as ‘three-zone’ assemblies).

Compared with a core loaded with uo, fuel, the use of MOX fuel assemblies (with
the characteristics described above) results in:

— significantly ‘harder’ neutron flux (due to a larger number of fast neutrons);

- a lower fraction of delayed neutrons (about 450 to 510 pcm, instead of 500 to
700 pcm for a core loaded with UO, fuel assemblies only);

— adiminished xenon effect;
— roughly the same Doppler effect®?,
— aslightly greater moderator effect;

— reduced effectiveness of the thermal neutron absorbers (RCCAs and soluble
boron);

— higher decay heat more than ten or so hours after shutdown (some fifteen per
cent higher one day after reactor shutdown, about forty per cent after a week).
However, in the first ten hours after a shutdown, decay heat of a MOX fuel
assembly is about 5% lower than that of a UO, fuel assembly.

Moreover, the energy released by a fission of plutonium-239 is about 210 MeV,
compared with about 200 MeV for a fission of uranium-235.

226. Use of MOX fuel in 1300 MWe reactors will be considered by EDF during their fourth ten-yearly
outage.

227. More precisely, plutonium isotopes 239 and 241.

228. Slightly more negative because plutonium-240 has greater absorption resonances.


http://fr.wikipedia.org/wiki/Plutonium
https://www.edf.fr/en/meta-home
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MOX fuel is much more radioactive and radiotoxic??® than enriched uranium fuel.
Its fabrication, transport and use in a nuclear reactor consequently require increased
radiation protection measures.

The use of MOX fuel began in 1987 in the 900 MWe Unit B1 of the Saint-
Laurent-des-Eaux nuclear power plant. Restart testing of the reactor with its first load
containing 16 MOX fuel assemblies included zero-power physics tests, flux maps at 5%
nominal power and measurements taken to determine the efficiency of MOX-based
assembly RCCAs. These tests aimed to confirm the predictions of the neutron physics
calculations, and consequently the calculation methods, uncertainties, and how they
were taken into account. Flux maps obtained at nominal power were then analysed.
Gaps appeared between measurements and calculations and were wider at low power;
calculation uncertainties were consequently revised upward compared with those
adopted for UO, cores. The restart tests detected a power tilt of about 9% at low
power and 2% in operation, which was taken into account in the safety studies.

229. In terms of alpha and beta radiation emission.


http://fr.wikipedia.org/wiki/Radiotoxicit
https://en.wikipedia.org/wiki/Radiation_protection
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Table 5.5. Values for which non-compliance with the associated criterion leads directly or indirectly

to triggering a reactor trip for certain incident and accident families in the pressurized water reactor

safety studies (case study for 1300 MWe reactors) — (*)

indicates the safety injection signal.
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Videos available for viewing

The Alchemists’ Crucible Three Generations
of French Nuclear Power Reactors



https://www.youtube.com/watch?v=fWBNKfVUxI4
https://www.youtube.com/watch?v=_gbFpPKxTnk
https://www.youtube.com/watch?v=_gbFpPKxTnk

Chapter 6

General Objectives,
Principles and Basic Concepts
of the Safety Approach

This chapter, like most of the following chapters, focuses on the types of pres-
surized water reactor (PWR) operated in France; the principles and concepts applied
regarding safety, however, have a more general scope. French PWRs were originally
developed by Framatome under licence from the US company Westinghouse. The
French reactor manufacturer has gradually freed itself from the terms of the licence,
first with the N4 series reactors, then with the European Pressurized water Reactor
(EPR), a French-German design that incorporates significant changes from the previous
reactors. Some technical details and the location and date of first criticality of the
French nuclear power reactors are given in the appendix to this chapter.

In France, Nuclear safety is defined in Article L.591-1 of the Environment Code
as “all the technical provisions and organizational measures related to the design,
construction, operation, shutdown and decommissioning of basic nuclear installations,
as well as the transport of radioactive materials, which are adopted with a view to
preventing accidents or limiting their effects.” In a broader sense?®, the technical
and organizational provisions for ensuring normal operation of the facilities without

230. Analyse de la sdreté des installations nucléaires — Principes et pratiques (Safety Analysis of
Nuclear Facilities — Principles and Practices), Daniel Quéniart, Techniques de l'ingénieur, article
BN3810 V1, July 2017.


http://westinghouse.com/
https://www.techniques-ingenieur.fr/base-documentaire/energies-th4/surete-et-protection-nucleaires-42205210/analyse-de-surete-des-installations-nucleaires-bn3810/
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excessive discharge of radioactive effluents and without excessive exposure of
personnel to ionizing radiation can be associated with the above definition.

The corresponding principles and basic concepts, inseparable from the develop-
ment of nuclear facilities by designers and operators, have been enhanced over time
as knowledge has improved, not only through research work in the field of pressurized
water reactor safety, but also through operating experience feedback from incidents
and accidents.

6.1. General approach to risks — General objectives

Assessment of the risks involved in operating a nuclear facility leads to distinguish
the potential risks of the possible harmful effects of the radioactive substances®' in
the facility and the energies capable of dispersing them within the facility or in the
environment, from risks qualified as residual, i.e. risks that remain after taking into
account the technical provisions and organizational measures taken with regard to
nuclear safety (in its broadened sense).

Potential radiological risks must be identified on the basis of the nature and quantity
of radioactive substances in the facility and their respective hazardous characteristics.

The general safety approach consists in ‘processing’ potential risks in such a way
that residual risks become acceptable, as they cannot generally be reduced to zero.

The notion of probability is introduced naturally into this general safety approach,
which aims to produce a double assessment of the situations that could result from
facility operation in terms of both probability and severity of the consequences. It is
generally accepted that the probability of an accident must be lower when the severity
of its consequences for people or the environment is high. This is restated in ASN
Guide No. 22 pertaining to the design of pressurized water reactors, produced by the
French Nuclear Safety Authority (ASN) jointly with IRSN and published in July 2017:
“One objective to be achieved consists in preventing radiological incidents and acci-
dents and mitigating the consequences of those that might occur despite the imple-
mented prevention measures; the consequences must be less severe as the estimated
frequency of an incident or accident rises.”

This general objective has significantly guided work in the safety field over the
last few decades. In the early 1970s, the use of a risk matrix was suggested to distin-
guish an acceptable (authorized) domain from an unacceptable (prohibited) domain,
the consequences being expressed in terms of radioactive iodine release, for example.
One of the schematic representations of such an approach, the Farmer diagram?%,
is shown in Figure 6.1. As stated in the introduction to this publication, the notion

231. In addition to other risks (chemical risks, for example) that may exist within the facilities, which
must be dealt with in the appropriate framework (in the name of ‘protected interests’ as defined
in French regulations), but are not covered in this publication.

232. Frank Reginald Farmer (1914-2001) worked at the United Kingdom Atomic Energy Authority and
was later a professor at Imperial College London.


https://www.asn.fr/Professionnels/Installations-nucleaires/Guides-de-l-ASN/Guide-de-l-ASN-n-22-Conception-des-reacteurs-a-eau-sous-pression
https://www.asn.fr/Professionnels/Installations-nucleaires/Guides-de-l-ASN/Guide-de-l-ASN-n-22-Conception-des-reacteurs-a-eau-sous-pression
http://www.french-nuclear-safety.fr
http://www.french-nuclear-safety.fr/
https://www.irsn.fr/EN/Pages/home.aspx
https://www.gov.uk/government/organisations/uk-atomic-energy-authority
http://www.imperial.ac.uk/
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of acceptability has a political character and changes over time. What was judged
acceptable when starting up the first units of the French nuclear power programme
was no longer acceptable in designing the EPR. Between these two extremes there
have been successive improvements and, furthermore, periodic reviews of reactors
in operation have provided the opportunity to reinforce reactor safety in light of the
most recent developments in nuclear safety. This applies in particular to the improve-
ments judged necessary to extend operation of the 900 MWe units beyond their fourth
ten-yearly inspection programme.

Nuclear power plant designers have implemented the general approach outlined
above in a quantitative manner by coupling estimated frequency ranges with
maximum permissible radiological consequences in order to obtain ‘decoupling’ values
that served as a basis for designing the various components of nuclear power plants.
Nevertheless, there could be no claim that this provided sufficient substantiation for a
safety demonstration, a point developed in Section 8.7.3.

Risk acceptance limit

Estimated frequency

Authorized
domain

Situation severity

Figure 6.1. A theoretical schematic representation (Farmer curve) of the conceptual relationship
between estimated frequency and situation severity. IRSN.

It should be emphasized that this nuclear safety reference is not in contradiction
with the fact that it is based principally on a deterministic approach, in which a situ-
ation must be dealt with when it is considered plausible; design choices must provide
sufficient mitigation of the situation. The deterministic approach is in any case comple-
mented by the probabilistic approach, which provides an understanding of the risks
associated with more complex situations and is used to define additional measures
when necessary. These topics will be covered in further detail in Section 6.7.

European Directive 2014/87/Euratom of the European Council of 8 July
2014 — previously cited in Section 2.5.a) — amending EU directive 2009/71/Euratom?3,

233. Directive establishing a Community framework for the nuclear safety of nuclear facilities.


https://www.irsn.fr/EN/Pages/Home.aspx
https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:32014L0087&from=FR
https://www.consilium.europa.eu/en/european-council/
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has established at a political level the general nuclear safety objective for nuclear facil-
ities: “that nuclear facilities are designed, sited, constructed, commissioned, operated
and delicensed with the objective of preventing accidents and, should an accident
occur, providing appropriate mitigation to avoid:

— early radioactive releases that would require off-site emergency measures but
with insufficient time to implement them;

— large radioactive releases requiring protective measures that could not be
limited in area or time.”#*

This objective, set out in ASN Guide No. 22 cited above, is in line with the objectives
previously defined in the ASN’s Technical Directives for the Design and Construction
of the Next Generation of Nuclear Pressurized Water Reactors (Directives techniques
pour la conception et la construction de la prochaine génération de réacteurs nucléaires
a eau sous pression®°), adopted by the ASN Advisory Committee for Reactors (GPR)
and German experts in 2000, after seven years of technical discussions, and notified to
Electricité de France (EDF) by the ministers responsible for nuclear safety in 2004, then
in documents produced by WENRA#*¢. ASN Guide No. 22 covers aspects relating to
facility design itself, which must be based on appropriate application of the defence-
in-depth principle (refer to Section 6.4), as well as aspects relevant to the nuclear
safety demonstration, which assumes that a specific design has been chosen (in prac-
tice, design studies and safety demonstration studies are conducted through an itera-
tive process). The guide reviews a number of statutory requirements and puts forward
recommendations. It states in particular that the design of a pressurized water reactor
must aim to:

—  “minimize the number of incidents and limit the risk of occurrence of accidents”;

— "limit, in incidents or accidents, release of radioactive or hazardous substances,
or hazardous effects, and their impact on people and the environment, to levels
as low as reasonably achievable”;

— ‘“prevent or, failing that, limit radioactive release that may result from incidents
or accidents, including accidents with fuel melt”;

234. It is also stipulated in this directive that Member States shall ensure that, within the national
framework, the objective defined above:

— “applies to nuclear facilities for which a construction licence is granted for the first time
after 14 August 2014;

—is used as a reference for the timely implementation of reasonably practicable safety
improvements to existing nuclear installations, including in the framework of the periodic
safety reviews as defined in Article 8c(b) [of the directive]".

235. This topic is developed in greater detail in Chapter 18.
236. Referin particular to the WENRA Statement on Safety Objectives for New Nuclear Power Plants,
November 2010.


https://www.asn.fr/Professionnels/Installations-nucleaires/Guides-de-l-ASN/Guide-de-l-ASN-n-22-Conception-des-reacteurs-a-eau-sous-pression
http://www.french-nuclear-safety.fr/
http://www.french-nuclear-safety.fr/Inspections/Supervision-of-the-EPR-reactor/Resources/Technical-guidelines-for-the-design-and-construction-of-the-EPR
http://www.french-nuclear-safety.fr/Inspections/Supervision-of-the-EPR-reactor/Resources/Technical-guidelines-for-the-design-and-construction-of-the-EPR
http://www.french-nuclear-safety.fr/ASN/Technical-support/The-Advisory-Committees
http://www.french-nuclear-safety.fr/ASN/Technical-support/The-Advisory-Committees
https://www.edf.fr/en/meta-home
https://www.edf.fr/en/meta-home
https://www.asn.fr/Professionnels/Installations-nucleaires/Guides-de-l-ASN/Guide-de-l-ASN-n-22-Conception-des-reacteurs-a-eau-sous-pression
https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:32014L0087&from=FR
https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:32014L0087&from=FR
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and that:

— "accidents with fuel melt likely to result in major radioactive release with
kinetics that prevent timely implementation of the necessary population
protection measures must be rendered physically impossible or, failing that,
extremely improbable with a high confidence level;

— the population protection measures that would be necessary in the case of
other accidents with fuel melt must be very limited in terms of surface area and
duration (no permanent rehousing, no evacuation other than from the vicinity
of the site, no long-term restriction of consumption of foodstuffs other than
from the vicinity of the site). For this purpose, such accidents must not result in
contamination of vast areas or pollution of habitats in the long term.”

Going beyond the general approach to risks, thinking on nuclear safety has led to
gradual implementation of a wide range of principles, concepts and methods, appli-
cable at the design stage as well as in the construction or operation stages, which are
described later in this chapter.

With the fundamental objective of avoiding the exposure of workers and members
of the public and release of radioactive substances into the environment, the compa-
nies®’ involved adopted a number of principles, concepts and methods in cooperation
with nuclear safety organizations and bodies that were gradually being established.
In particular, these included the ‘fundamental safety functions’, the interposition of
physical confinement ‘barriers’ between radioactive materials and the environment,
methods of deterministic analysis of postulated events, probabilistic studies and
others.

Although for the first units of the French nuclear power plant fleet, and within the
framework of the Westinghouse licence, EDF and Framatome applied US rules and
practices extensively — such as the ASME#® design and construction code — French
companies subsequently developed rules for the design?*® and manufacture of systems
and components that were assigned requirement levels based on the safety function
ensured by each system or component.

Industrial enterprises, technical safety organizations, regulatory bodies and other
organizations in the countries engaged in the development of nuclear power reactors
have contributed their experience and know-how to the preparation of various
documents representing a consensus on requirements and good practices, issued at
international level (in particular IAEA standards published from the 1970s onwards)
and European level (WENRA documents published since 2000, aiming to promote an

237. A reminder here that the construction of nuclear reactors (whether for research or power gener-
ation) began in the mid-20* century in a few countries (including the USA, the Soviet Union,
France and the UK) that were engaged in the research and development of technologies capable
of using the energy produced by nuclear fission to generate electricity.

238. American Society of Mechanical Engineers.

239. Including the determination of facility characteristics in the design phase to satisfy criteria and
regulatory practices.


https://westinghouse.com/
https://www.edf.fr/en/meta-home
https://www.asme.org/
https://www.iaea.org/
https://www.asme.org/
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achievable level of nuclear safety throughout Europe in spite of the diversity of situ-
ations in the various countries involved). These documents will be cited below where
appropriate.

6.2. Fundamental safety functions

The specific nature of nuclear power reactors compared with other non-nuclear
power facilities is the very large quantity of radioactive substances that they contain
(Table 6.1). Personnel must be protected from these substances, as the dispersion?*° of
even relatively small amounts in the environment could entail severe consequences for
members of the public and for the environment.

The safety of these nuclear facilities consequently depends on adequate protection
against sources of radiation and confinement of these sources.

If the sources are located in their designated locations, protection can be obtained
by installing absorbent screens of appropriate materials and thicknesses, as discussed
in Section 1.1.

Problems arise essentially from the possibility of dispersion of radioactive
substances outside the designated locations. The potential causes of such dispersion
must be identified in order to design the appropriate confinement.

Most of the radioactive substances contained in a nuclear power reactor (Table 6.1
below) are produced inside the fissile material (in the fuel pellets inside the metal clad-
ding). The aim is to keep the substances where they are until the fuel can be processed
in a reprocessing plant.

Table 6.1. Maximum radiological activity of some of the main fission products in a 900 MWe reactor
at a maximum burnup rate of 33,000 MWd/tU (average per fuel assembly).

Fission products Core, 2 h Reactor Gaseous
after shutdown coolant system effluent
Noble gases 107 TBq**' 3 x 102 TBq 2 x 102 TBq
lodines 2 x 107 TBq 20 TBq -
Caesiums 107 TBq - -

However, in normal conditions of use, to enable operation without refuelling for
one year or longer and compensate various phenomena, a quantity of fissile material
much greater than the cold ‘critical mass'?*? must be available in the core. The power
level of a reactor thus results from many parameter settings that must be controlled
continuously.

240. Dispersion or inadequate protection against radiation emitted by these substances.
241. 1TBq= 10"2Bq = 27 Ci (curie).
242. Mass needed to sustain a chain reaction (see Chapter 5).
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In accident conditions, the amount of energy released in a nuclear reactor can increase
extremely fast and uncontrollably, and can only be limited by feedback?** on temper-
ature rises or fuel dispersion. Management of the nuclear chain reaction, also referred
to as ‘reactivity management or control’, consequently takes on particular importance.

Moreover, as stated previously, significant energy release continues for a very long
time after stopping the chain reaction, driven by the radioactivity of the nuclear fission
products in the reactor core.

Each radioactive fission product releases this energy according to its own specific
half-life, which may be very short (less than a second), average (months or years), or
very long (hundreds or thousands of years, or even longer). The resulting decay heat
decreases over time (an example of the time profile of power reactor decay heat is
given in Section 5.3). It is far from negligible, and requires continuous cooling over
long periods. Decay or residual heat removal is consequently a constant concern with
regard to a nuclear reactor, whether in operation or shut down.

The specific characteristics summarized here underlie the three fundamental
safety functions?* for the protection of people and the environment:

— control of nuclear chain reactions,
— removal of heat produced by radioactive substances and nuclear reactions,

— confinement of radioactive substances, most of which are located in the fuel,
but which are also found in the reactor coolant or in the spent fuel pool water,
in the reactor building, the fuel building, or even in other spaces inside the
facility.

French regulations?** define another fundamental safety function: the protection
of people and the environment against ionizing radiation, which includes worker
radiation protection.

6.3. Confinement barriers

When the decision was taken in France to abandon the UNGG?#* reactor type
(gas-cooled reactors) after the last one built, Bugey Unit 1, and to build pressurized
water reactors under US licence, various major nuclear facilities of all-French design
had already been built or were under construction (UNGG reactors, research reactors,
RAPSODIE and PHENIX fast-neutron reactors, etc.). The safety approach developed
in France at the time was based on placing physical barriers between radioactive
substances on one hand, and people and the environment on the other. This was the
approach used at first for pressurized water reactors. The concept of ‘defence in depth’,

243. See Section 5.2.

244. Fundamental Safety Functions are also referred to as ‘Basic Safety Functions’ or ‘Main Safety
Functions’ in IAEA standards.

245. Order of 7 February 2012, I, Article 3.4.

246. Uranium naturel-graphite-gaz, i.e. natural uranium, gas graphite.


https://www.iaea.org/
https://www.french-nuclear-safety.fr/asn-regulates/regulations/order-of-7-february-2012

158 Elements of nuclear safety — Pressurized water reactors

which originated in the USA, was subsequently adopted by French operators and safety
organizations and adapted to take into account their experience.

Jean Bourgeois, who will be the first director of the Institut de protection et de
sdreté nucléaire (Institute for Protection and Nuclear Safety) established at CEA in
1976, described the barrier safety approach in the following terms at a congress in
Vittel in 1973:

“Protection of the public against the consequences of an accidental release of
fission products rests on the interposition of a series of leaktight barriers. Safety anal-
ysis therefore consists firstly in ensuring the validity of each of these barriers and their
correct operation under normal and accident reactor operating conditions.

This kind of analysis emphasizes the progressive nature of safety by distinguishing
three successive but interrelated stages:

— prevention: the validity of each barrier must be demonstrated by the materials
selected, as well as their suitability to operating conditions?*” and their ability to
maintain the specified characteristics over a period of time. It is essential that
the technological limits be shown so that the real margin between these limits
and the operating conditions can be defined with a good degree of certainty;

— monitoring: designed to detect any drift within the margins defined above in
order to be able, if necessary, to actuate a corrective action, either manually or
automatically, in good time for return to normal operating conditions;

— mitigating action: if an accident occurs and technological limits are exceeded,
the purpose of mitigating action is to prevent the release of radioactive
substances or limit the amounts released.

For each type of reactor, there are generally three or four barriers [...] considered
to be both leaktight and resistant: the fuel cladding, the reactor coolant pressure
boundary, the primary containment and possibly the secondary containment. Each of
these is examined in detail under the three operating conditions described below:

— normal operation: the simplest and best-defined category for which the fixing
of margins with regard to technological limits must take into account any
uncertainties which might exist;

— normal operating transients (startup, power build-up, load variations®%): as a
general rule, the safety margins fixed for normal operating conditions must allow
these transients to be absorbed without tripping irreversible corrective actions;

— abnormal operating transients, following equipment failure or induced by
human error: the drawing up of various possible sequences reveals critical points
and hence enables improvement of reliability or monitoring processes.

247. The concept of ‘operating conditions’ was relatively broad at that time and was subsequently
developed in depth, resulting in the concept described in Chapter 8.
248. Power supplied by the reactor.


http://www.cea.fr/english
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In order to synthesize this survey of the barriers and particularly to determine their
independence from each other, which is essential for safety assessment, an exam-
ination of the development of typical major accidents must be undertaken. This final
process has a rather formal character as, in certain cases, it involves postulating events
which cannot be precisely identified. This has the advantage of allowing assessment of
the dynamic response of radioactive products to transfer from the core to the outside
containment and of providing an order of magnitude for site radiological consequences
if the integrity of all barriers were to be breached.”

This approach is deterministic by nature, in that it involves investigating the
potential consequences of a number of ‘abnormal’ (postulated) situations defined on
the basis of predictable failures of the fundamental safety functions, without exam-
ining the sequence of events that could lead to each situation.

Definition of the confinement barriers depends greatly on the technology of the
reactor under study and the associated parts of the facility. The confinement barriers
for the radioactive substances in the core of pressurized water reactors are identified
in figures 6.2 and 6.3. Moreover, even for a given reactor, although the definition of
the first barrier is straightforward?* (all the cladding on fuel rods), defining the other
barriers specifically can be problematic?®.

The second confinement barrier is formed by the boundary of the reactor coolant
system, in which the reactor core coolant circulates, inside the reactor building.
However, there are ancillary systems where the coolant circulates in buildings other
than the reactor building, including in accident situations. These specific aspects must
be taken into account.

The third confinement barrier is associated with the reactor building (also called the
‘containment’), including wall penetrations and their isolation systems. The boundary
of the secondary system inside the reactor building and the boundaries of the steam
generators are also part of the limits of the third barrier. This also applies to the steam
generator tubes, as explained in the next section. However, the third confinement
barrier is complex above all because of the specific aspect mentioned above: in an
incident or accident situation, certain systems required to control the incident or
accident convey radioactive fluid (reactor coolant or air in the containment) outside
the containment itself, and this must be taken into account. The boundaries of these
systems thus form part of the third confinement barrier (this is generally referred to as
‘extension of the third confinement barrier’).

249. It should nevertheless be noted that in some documents, for example from the IAEA, the fuel
matrix is sometimes identified as the first confinement barrier. That definition has not been
adopted in France, although the fuel matrix does provide some confinement of fission products
in certain low-severity conditions. However, the structure of the fuel pellets changes under irra-
diation (cracks appear) and ‘leaktightness’ of the pellets cannot be monitored during reactor
operation.

250. Confinement barriers for spent fuel pools are based technically on mechanisms substantially
different from what follows (see Chapter 15).
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The pressurized water reactor has a singular feature: the steam generator tubes.
Their total surface area is more than a hectare (2.5 acres), and their walls are very
thin, about one millimetre. Given the relief valves and letdown valves of the secondary
systems outside the containment, the steam generator tubes form part of both the
second and the third confinement barriers. The design-basis pressure of the secondary
system is lower than that of the reactor coolant system, so, in the event of a steam
generator tube rupture, a pressure increase in the part of the secondary system
involved may lead to opening of secondary system valves located outside the reactor
building, upstream of the isolation valves, and to release of radioactive substances into
the atmosphere. This topic is discussed further in Chapter 10.

The above remarks were taken into account in development of the defence-in-depth
concept, which includes the confinement barriers.

6.4. Defence in depth

Defence in depth is a concept®’ providing a general framework for an approach
to ensuring facility safety in the design phase and during operation, also applied to
the associated safety analyses?*?. Although developed in the 1960s in the USA, it was
structured more precisely in the 1990s on the basis of nuclear safety practices and
measures already in place in various countries, up to and including plans for dealing
with emergency situations.

The barrier approach in terms of prevention, monitoring and mitigation is included
in the defence-in-depth approach, but as part of a broader approach considering all the
systems, structures and components®? that have an influence on safety, along with
the human and organizational measures that also affect safety.

The defence-in-depth concept is based on?* the general idea that, although
measures must be taken to avoid incidents or accidents as much as possible, it should
nevertheless be postulated that some may occur. Means of mitigation must therefore
be studied and the appropriate measures implemented.

Implementation of “a defence-in-depth concept [...] centred on several levels of
protection, including successive barriers preventing the release of radioactive material

251. The term 'strategy’ is also used, in particular in IAEA documents.

252. Defence in depth is a very general concept. A defence-in-depth approach can be adopted with
regard to the risks of fire and explosion in nuclear facilities (see sections 11.6 and 11.7). In
Chapter 22, in which a number of ‘significant events’ (concept defined in Section 22.2) that have
occurred during maintenance operations are discussed, it is also noted that a defence-in-depth
approach is necessary for the safety of operating activities — consistent with paragraph 71 on this
subject in the INSAG-10 report.

253. Structures, Systems and Components (SSC) in the IAEA standards.

254. For further information on the historical development of defence in depth, refer to Section 03.1
of the WENRA report entitled Safety of New NPP Designs — Study by Reactor Harmonization
Working Group RHWG, March 2013.
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to the environment” was recommended as early as 1988 in the INSAG-32>* document
entitled Basic Safety Principles for Nuclear Power Plants, a report by the International
Nuclear Safety Advisory Group (INSAG) of the IAEA, with the following objectives:

— "to compensate for potential human and mechanical failures,

— to maintain the effectiveness of the barriers by averting damage to the plant
and to the barriers themselves,

— to protect the public and the environment from harm in the event that these
barriers are not fully effective.”

This leads to applying a deterministic approach to study various postulated situa-
tions of increasing severity, in order to be ready to cope with them in the best possible
conditions.

The defence-in-depth concept is translated into technical, human and organiza-
tional measures, grouped in levels, each of which sets out to avert damage likely to
result in involvement of the next level and to mitigate failure of the previous level.
This requires making sure that the levels are sufficiently independent.

The defence-in-depth concept has been enriched over time, resulting in the adoption
of five levels, defined in the INSAG-10 report entitled Defence in Depth in Nuclear Safety,
published in 1996. This report is used below as the basis for describing defence in depth.
Some information relating to levels 3 and 4 has changed since the publication of INSAG-10,
and are discussed in Section 6.4.1, given their importance for the safety analysis.

It is of course essential that the defence-in-depth measures considered in the
reactor design phase remain effective after it has been built and throughout its oper-
ating lifetime.

6.4.1. Levels of defence in depth

Organizing defence in depth in five levels?*®, as recommended by the INSAG-10
report, has been accepted and adopted internationally. The concept of ‘level’ corre-
sponds to a set of measures covering intrinsic characteristics of the facility in question,
equipment (systems, structures and components), operating procedures, and organiza-
tional measures (for the management of emergency situations, for example).

Even though implementation of defence-in-depth levels may differ from country to
country and may to a certain degree depend on plant design, the main principles are
always the same.

Level 1, the first level, is predominately a prevention function. Level 5, the last
level, involves mitigation, i.e. limiting the radiological consequences of an incident or
accident to protect the public and the environment.

255. Reproduced in the 1999 revised version INSAG-12.
256. The term ‘level’ is used in this context, instead of ‘line of defence’ used in particular in an approach
implemented in the safety analysis of other reactor types.
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Application of the general concept of defence in depth as set out above has some
limitations, discussed in the INSAG-10 report (Paragraph 28): “If it is not feasible
to have independent levels of defence against some events (such as sudden reactor
pressure vessel failure), several levels of precautions are introduced into the design and
operation. Such precautions may be taken, for instance, in the selection of materials,
in periodic inspection or in siting, or in design by incorporating additional margins of
safety.” This topic is discussed further in Section 8.2.2.

The levels are described below.

P Level 1: prevention of abnormal operation and failures

This involves ensuring that the plant is intrinsically robust with respect to the
potential failures and hazards defined in the design phase. This means that once the
initial definition of the facility design (selection of the design options) is complete,
the normal and abnormal conditions of operation should be clearly identified (as
exhaustively as possible), and that appropriate margins should be adopted in designing
systems and components so that they are sufficiently robust and resistant.

Furthermore, Level 1 provides the initial basis for protection against external and
internal hazards (earthquake, aeroplane crash, fire, blast wave, flooding, etc.), even
though some additional protection may be required at higher levels of defence. The
choice of site obviously plays a key role in limiting these constraints.

The materials used for equipment (systems, structures and components) must be
selected carefully, the fabrication processes must be qualified, and the technologies
used proven by operating experience feedback. Application of appropriate standards?*’
(by defining the conditions of design, procurement, manufacturing and manufacturing
inspection of equipment important for facility safety, for example) contributes to
equipment robustness.

Moreover, the intrinsic characteristics of a given reactor technology?*® (in terms
of neutron feedback, thermal inertia, etc.), the design of the human-machine inter-
face, the level of automation and the time available before manual intervention is
required can make a major contribution to safety. Note that the examples of intrinsic
characteristics mentioned here generally contribute to preserving the next levels.
This obviously does not compromise the objective of independence between levels
mentioned previously, and featuring these characteristics at different levels should be
encouraged.

The choice of personnel involved at each stage in facility lifetime (design, equipment
manufacture and facility construction, inspection and testing, operation — including
shutdown states), their training, the measures implemented by the different bodies

257. For the design and manufacture of mechanical equipment, the relevant American ASME code, or
the RCC-M code for French pressurized water reactors, are relevant examples.

258. Designers often use the term ‘process’ to refer to the overall technology of a facility such as a
nuclear reactor.
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involved (designer, operator and their contractors) with regard to quality assurance and
safety culture®®, the clear definition of responsibilities as well as the clarity of the oper-
ating procedures, all contribute to the prevention of failures throughout facility lifetime.

Methodically taking into account operating experience feedback is also a key
element that helps to reinforce prevention of facility failures.

P Level 2: control of abnormal operation and detection of failures

As it is not possible to completely avoid situations where the facility leaves its
normal operating domain, the second level is based on systems designed according to
specific criteria (redundancy, qualification, etc.) capable of stopping an abnormal devi-
ation?®® and bringing the facility back to its normal operating domain.

Checking that the facility complies with design assumptions by conducting in-ser-
vice inspections and periodic equipment tests can detect any degradation that has
occurred — despite preventive maintenance measures taken — before it affects facility
safety?®.

Systems that measure the radioactivity in the different fluids and monitor the
atmosphere in various spaces are used to check that confinement barriers remain leak-
tight. Specific tests are conducted to check that purification systems are effective.

Systems for reporting and providing clear information in the control room with
regard to faults and the state or configuration of facility structures, systems and
components make it easier for operating personnel to deal with faults within an appro-
priate time frame.

Automatic systems used to control the ‘process’ (and send warnings to operators
in the control room) are set into operation in order to correct any drifting in certain
reactor parameters (power, pressure and temperature limitation systems?%?, motor-
driven relief valves, etc.), to interrupt an undesired phenomenon that cannot be suffi-
ciently controlled through control systems?®®* or to compensate for unavailable sources;
if necessary, the reactor may even be shut down?*.

259. Concept developed following the Chernobyl nuclear power plant accident (see Chapter 4).

260. In the sense covered by the notion ‘anticipated operational occurrences’, according to the termi-
nology adopted in IAEA documents, corresponding to predictable events (incidents).

261. For French PWRs, in-service equipment monitoring is covered by RSE-M (equipment in-service
monitoring rules), published by AFCEN (Association Francaise pour les régles de conception, de
construction et de surveillance en exploitation des matériels des chaudiéres électronucléaires, a
French association that defines the rules governing design, construction and in-service monitoring
of nuclear power plant components and equipment).

262. The EPR has this type of limitation system, which, for example, drops a certain number of RCCAs
in the event of a reactor coolant pump failure to adjust core power in function of coolant flow.

263. It may be considered that control systems whose functions are to compensate nuclear fuel
burning in the core and adapt reactor power to the electrical power demand (predictable and
normal phenomena) belong to Level 1 of the defence-in-depth approach.

264. In the INSAG-10 report, the protection system (reactor trip) is assigned to Level 2 in Table 1 and
Level 3 in the text.
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P Level 3: control of accidents within the design basis

The first two levels of defence in depth are designed to avoid the occurrence of
accidents.

Despite the attention given to these two levels, postulated accidents may occur;
for example, a pipe supplying coolant to the core (i.e. to the reactor coolant system)
could break. Postulated accidents are assessed using a deterministic approach. This is
one of the major components of facility design and the corresponding safety demon-
stration. Postulated accidents serve as the basis for the design of ‘engineered safety
features’?®*, which, associated with the protection system, avert severe core damage
(such as core melt). The accidents to be studied and the associated criteria must be
selected early in the design phase.

These dedicated systems thus have no role in normal operation of the facility. They
may be activated automatically, since, whatever the circumstances, human interven-
tion cannot occur in a timely manner, given that sufficient time must be taken for
operators to establish well-founded diagnostics. Proper operation of these systems in
the postulated accident situations prevents any impact on the structural integrity of
the core, so it can be cooled subsequently. Release to the environment is thus very
limited (due particularly to isolation of the containment).

The systems in a French pressurized water reactor that can be activated at the third
level of defence in depth include:

— the protection system, which triggers reactor trip (RT) if thermal-hydraulic or
neutron thresholds are exceeded (they are set to protect the core in the postu-
lated accident situations);

— the steam generator Emergency FeedWater System (EFWS), which circulates
water on the secondary side of the steam generators to cool the reactor
coolant system water if the steam generator Main FeedWater System (MFWS)
is unavailable®¢. The EFWS draws water from a dedicated tank and conveys
it to the steam generators using motor-driven pumps powered by emergency-
supplied electrical switchboards, or turbine-driven pumps powered by steam
take-off from the steam lines, avoiding the need for electrical power;

— the Safety Injection System (SIS), which injects borated water into the reactor
coolant system in order to restore sufficient water inventory in the core and

265. Or ‘engineered safety systems’. ‘Engineered safety features’ is the term used in the INSAG-10
report.

266. Especially in accident situations such as loss of off-site power, a steam generator main feedwater
system pipe break or a steam line break. However, it should be noted that, in French reactors
other than the EPR, this system also has a role in normal reactor operation, in place of the MFWS,
i.e. filling the steam generators after a reactor refuelling outage, supplying water to the steam
generators during transitions from hot shutdown to connection of the closed-loop residual heat
removal system (RHRS) and, conversely, supplying water to the steam generators after RHRS
disconnection until hot shutdown.
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ensure core cooling. It comprises various subsystems that inject water at
different pressures?’. In French nuclear power reactors up to and including the
N4 series, borated water is drawn first from the refuelling water storage tank
of the Fuel Pool Cooling and Purification System (FPCPS)2%, then eventually,
in the containment water spray and recirculation phase, from the contain-
ment sumps; the changeover is automatic. In the EPR, borated water is drawn
directly from the In-Containment Refuelling Water Storage Tank (IRWST) — see
Section 18.2.3;

- the Containment Spray System (CSS) in the containment, which lowers the
pressure in the containment in the event of an accident resulting in a signifi-
cant pressure increase in the reactor building (for example, a loss-of-coolant
accident or core melt in the 900 MWe, 1300 MWe and 1450 MWe reactors, or
core melt in the EPR only), thereby preserving containment leaktightness. The
CSS also reduces radionuclides released in aerosol form in the containment. CSS
water is drawn first from the FPCPS tank then, in the containment water recir-
culation phase, from the containment bottom sumps.

As in the case for Level 2 measures, to ensure adequate reliability of the engineered
safety features, special attention must be given to their potential failures, whence the
application of rules or principles such as redundancy, spatial separation, and diversi-
fication (see Chapter 7, which presents a few generic safety options available in the
design phase). Engineered safety systems must also undergo periodic testing, as well
as appropriate in-service monitoring and maintenance. Special attention must be given
to the procedures used to qualify®° these systems for accident conditions, which obvi-
ously cannot be done by triggering accidents in the facility itself.

P Level 4: control of severe plant conditions,
including prevention of accident progression and mitigation
of the consequences of severe accidents

The core-melt accident on Unit 2 at the Three Mile Island nuclear power plant in
1979 (see Chapter 32) prompted efforts to develop the means to cope with plant situ-
ations that were not covered by the first three levels of defence in depth and that
could lead to severe core damage?. The broad aim of the fourth level of defence in
depth is to ensure that the likelihood of an accident entailing severe core damage, and
the magnitude of radioactive release in such a case, are both kept as low as reasonably

267. ‘Low-head’ and ‘medium-head’ injection systems, with a ‘high-head’ system for the 900 MWe
reactors.

268. The FPCPS removes decay heat from the fuel assemblies stored in the spent fuel pool, among
other functions.

269. Qualification, which may be based on testing and inspections, is the process that aims to demon-
strate that an equipment item as designed and manufactured is fit to meet its purpose in acci-
dent conditions. This topic is also approached in Chapter 7 (Section 7.4.3), and in Chapter 19 on
startup testing.

270. Situations often designated as ‘severe accidents’.
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achievable, while taking into account economic and social factors. To achieve this
objective, measures need to be taken not only to prevent severe core damage, but
also to gain time before it becomes necessary to take measures to protect the off-site
population. In this case it is essential to maintain the confinement function under the
best possible conditions.

On-site accident management must aim to avoid the need to apply off-site
protection measures (especially population protection). Organizational measures such
as on-site emergency plans and personnel preparation and training for accident situa-
tions are also necessary.

The introduction of measures for controlling severe accidents should not, of course,
be used to compensate deficiencies at the previous levels of defence in depth.

In a French pressurized water reactor, the following technical measures are designed
to mitigate core-melt situations:

— for reactors other than the EPR, the containment spray system (CSS) mentioned
above, and the deliberate containment venting system?”' associated with oper-
ating procedure U5; in core-melt situations, this venting system limits pressure
in the containment (to avoid containment damage), while filtering any release
of radioactive substances into the environment;

— the autocatalytic hydrogen recombiners, used to avoid explosion of hydrogen
inside the containment;

— for the EPR, the core catcher located at the bottom of the containment, and the
containment heat removal system (CHRS) in the reactor building — which also
features a containment water spray system.

Further details of these three measures are given in Chapter 17.

At Level 4 of defence in depth, and as formulated in the INSAG-10 report of
1996, consideration must be given to severe plant conditions that were not explicitly
addressed in the original design (levels 1 to 3) of currently operating plants owing to
the very low probability that they could occur. Such plant conditions may be caused
by multiple failures, such as the complete loss of all trains?? of a safety system, or by
an extremely unlikely event such as a severe flood. Some of these conditions could
potentially result in the release of radioactive substances to the environment. The
thermal inertia of the plant provides time to deal with some of these conditions by
means of additional measures and procedures (systems and components, operating
procedures)?”,

271. This would obviously only be implemented in cooperation with public authorities.

272. The term ‘line’ is also used.

273. It should be noted that, for the EPR, activation of the CHRS is envisaged in certain multiple-
failure situations, such as a small-break loss-of-coolant accident (SB LOCA) combined with total
loss of low-head safety injection (LHSI).
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For French pressurized water reactors, the control measures associated with H and
U situations may also be applied (see chapters 13, 17 and 33).

P Level 5: mitigation of the radiological consequences of significant
releases of radioactive materials

If the previous measures have failed or have not proven sufficiently effective,
application of off-site protection measures must be considered (i.e. collection and
evaluation of data on radiological exposure levels, protection measures such as shel-
tering or even evacuation of the population, ingestion of stable iodine and prohibi-
tion of consumption or marketing of foodstuffs). Implementation of these measures
is prepared by public authorities. The decision to apply these measures is based on
analyses of the situation by the operator and the safety organizations and on environ-
mental radioactivity measurements.

These measures are defined in the off-site emergency plans discussed in Chapter 38.

Periodic exercises are conducted to check and, if necessary, improve the measures
planned to respond to emergency situations.

P Documents issued after publication of the INSAG-10 report

For reactor generations built after publication of the INSAG-10 report in 1996,
the report already clearly indicated the benefits of considering events resulting from
multiple failures as belonging to Level 3 of defence in depth rather than Level 47

In Europe, in a report issued by the Reactor Harmonization Working Group (RHWG)
in 2013 on new reactor designs?’>, WENRA introduced some changes in the defini-
tion of the defence-in-depth levels and sought to associate these levels with the event
categories considered in the deterministic safety analysis (normal operation, inci-
dents, accidents), as defined in Section 6.5 below. To strengthen preventive measures
against severe core damage, it was considered that the means provided to prevent and
control events caused by postulated multiple failures needed to be reinforced. In the
RHWG report mentioned above and, in France, in ASN Guide No. 22, these events are
now considered as Level 3 of defence in depth (which pertains to Level 3b operating
conditions).

274. Moreover, the defence-in-depth concept described in the 1996 INSAG-10 report was subsequently
defined in greater detail. For example, in 2005, the IAEA published the document Assessment of
Defence in Depth for Nuclear Power Plants (Safety Reports Series No. 46), as a guide to assess-
ment of the robustness of defence in depth in the case of a facility such as a nuclear power reactor.

275. RHWG report entitled Safety of New NPP Designs — Study by Reactor Harmonization Working
Group (RHWG), March 2013.
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6.4.2. Elements common to the different levels
of defence in depth

Human and organizational factor aspects must be taken into account at all levels of
defence in depth.

Defence in depth also assumes that the different levels are treated independently
as much as possible. It is therefore very important to identify the events or failures that
could affect several levels simultaneously (for example, when a particular failure might
prevent the operation of means provided for failure mitigation), and to assess whether the
measures taken are sufficient. Hazards are a particular risk in this respect, as by nature they
can affect different levels of defence in depth simultaneously. This problem is discussed
several times in later chapters. It is one of the particular points requiring special attention
for new reactors, and for existing reactors when it is time for their periodic reviews.

Systems important to safety must be designed for high reliability. They are there-
fore governed by specific design, installation and maintenance rules. Effective imple-
mentation of defence in depth assumes that the measures taken at each level are
defined according to an appropriate degree of conservatism.

Conservatism and safety margins are concepts applied specifically to the first
three levels of defence in depth with regard to single initiating events occurring in the
normal, incident and accident operating conditions covered in Chapter 8.

It is acceptable to apply conservatism less stringently when dealing with multiple
failures and severe accidents (core melting, for example). Realistic estimates are also
preferable for providing proper population protection in real-life release situations.

The Focus feature at the end of this chapter defines a certain number of concepts
used for design and safety analysis purposes when applying conservatism in the broad
sense.

6.5. Events considered: terminology adopted
for nuclear power reactors

It is clear from the previous section that application of the defence-in-depth concept
means studying a certain number of events, whether they are postulated because their
occurrence during the facility lifetime appears inevitable or simply because it cannot
reasonably be demonstrated that they are not plausible. This study is an important
component, although not the only one, of the support documents substantiating the
safety of a facility such as a nuclear reactor, in other words, its safety demonstration.

At this stage it is necessary to define certain terms used customarily and encoun-
tered frequently further on in this book.

In France, normal events are treated as Category 1 Operating Conditions, covering
all normal operating states (including shutdowns), and also any transitions between
these operating states (for example, reactor shutdown or startup transients).
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The other events covered in the safety demonstration include (terminology specific
to the EPR is given in Chapter 8):

— incidents?’¢, covered under Category 2 Operating Conditions, which are predict-
able events that may occur frequently (up to several times a year);

— accidents, of lower probability than incidents, covered under Category 3 and
Category 4 Operating Conditions; Category 4 accidents are hypothetical acci-
dents nevertheless taken into account for safety purposes.

These four operating condition categories constitute the ‘design-basis domain’
(consistent with the English term ‘Design-Basis Accidents’ [DBA]), or, in keeping with
the more recent French designations (and adding internal and external hazards), the
‘design reference domain’ (ASN Guide No. 22).

The manner in which operating conditions are defined, i.e. based on the estimated
frequency of initiating events, and the associated study methods are described in
Chapter 8.

In addition to these operating conditions, initiated by single failures, other events,
generally assuming multiple failures, must also be covered in the safety demonstration.
They constitute a ‘beyond-design-basis’ framework — ‘Beyond-Design-Basis Accidents’
(BDBA)?"” — or, adding situations with core melt (and hazards), the ‘Design Extension
Conditions’ (DEC) introduced in more recent documents issued by the IAEA?8, WENRA
and in ASN Guide No. 22.

The study of multiple failures and situations with core melt (i.e. severe acci-
dents) developed gradually in France from the mid-1970s, and was then reinforced
after the accident in 1979 at the Three Mile Island nuclear power plant in the USA.
Multiple failures are covered in Chapter 13 and situations with core melt are covered
in Chapter 17.

In addition to all these considerations, internal and external hazards must also be
taken into account. Chapters 11 and 12 discuss and illustrate how this is achieved in
the reactor design phase.

276. Anticipated Operational Occurrences.

277. In France, the term ‘complementary domain’ for multiple-failure situations was originally used
(see Chapter 13).

278. |AEA document SSR-2/1, Safety of Nuclear Power Plants: Design, Revision 1 published in 2016,
introduces the concept of ‘Design Extension Conditions’, which includes situations more severe
than design-basis accidents, postulating additional failures and situations with fuel melt. Conse-
quently, the study of such events must aim to determine whether the facility design (including
the ultimate confinement barrier) can mitigate them adequately or whether reinforcement (of
the ultimate barrier, for example) or the installation of additional systems (power supplies, ‘ulti-
mate’ makeup water, etc.) should be envisaged.
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6.6. WENRA reference levels

One of the objectives set by WENRA, the Western European Nuclear Regulators
Association presented in Section 3.1.9, is to develop a common approach to nuclear
safety within the European Union. With this in view, after its first studies on safety
in Eastern European countries applying for European Union membership, it defined
reference levels applicable to existing facilities throughout the EU. The reference levels,
from WENRA's point of view, are the best nuclear safety practices reasonably appli-
cable and should consequently be implemented in the WENRA member countries for
any reactors in operation. The first version of the reference levels was published in
2006. WENRA itself does not have a regulatory role, so its members undertook to
introduce the reference levels into the regulations of their respective countries to
ensure that they were applied.

The reference levels were revised and updated in 2007 and 2008%°, respectively,
then a new update was published in 2014, taking into account lessons learned from the
Fukushima Daiichi nuclear power plant accident. All 341 reference levels are included
in the WENRA report entitled Safety Reference Levels for Existing Reactors, published
on 24 September 2014, organized according to 19 subject matters given in Table 6.2 at
the end of this chapter®.

Hereafter this book will refer to these reference levels when discussing certain
topics.

6.7. Deterministic safety analysis and
probabilistic safety assessments

As discussed above, both in the safety analyses of confinement barriers, initially
applied to the first reactors built in France, and in the application of defence-in-depth
principles, events (operating conditions and hazards) are postulated, and it must be
shown that the risk associated with their calculated consequences is acceptable.

The study of these events constitutes what is usually called the ‘deterministic
safety approach’. In addition to this approach, after partial developments involving,
for instance, the loss of redundant systems?®’, more complete probabilistic safety

279. WENRA Reactor Safety Reference Levels, Revision, 1 March 2007 and WENRA Reactor Safety
Reference Levels, 1 January 2008.

280. These reference levels involve nuclear safety and, to a certain degree, radiation protection. They
do not cover aspects relating to security nor emergency response measures implemented by
public authorities.

281. In observance of SIN letter no. 1076/77 of 11 July 1977. For these early developments, see
Section 14.1. Moreover, it is important to note that in the field of nuclear safety applied to
reactors, the distinction between the deterministic approach and the probabilistic approach does
not imply that using one invalidates the other: on many points the deterministic approach applies
statistical or probabilistic considerations. For example, operating conditions are categorized on
the basis of the estimated frequency of occurrence of initiating events, as discussed in Chapter 8.


https://europa.eu/european-union/index_en
https://europa.eu/european-union/index_en
https://europa.eu/european-union/index_en
https://www.irsn.fr/EN/publications/thematic-safety/fukushima/Pages/overview.aspx

172 Elements of nuclear safety — Pressurized water reactors

assessments (PSA) were gradually developed for nuclear power reactors — from the
early 1980s in France. They consist in using (speculative) analysis to determine which
scenarios or sequences could potentially lead to core melt (Level 1 PSA), along with
the associated probabilities, or subsequently the possible resulting categories of
radioactive release (Level 2 PSA), also with the associated probabilities. For example,
in the early 1990s, Level 1 PSAs confirmed that certain concerns about the risks of
core melting in pressurized water reactor shutdown states were well founded. This is
discussed further in Section 22.1.

A few ‘assumptions’ regarding the use of the deterministic approach or probabi-
listic approach for (PWR) power reactors are specified below.

The deterministic safety approach is used, for example, to:

— determine?? or confirm the design basis for all equipment important to safety;
the acceptability criteria and limits chosen for the design and operation of these
equipment items must be satisfied;

— define or confirm the requirements that the equipment must satisfy, which will
be taken into account during equipment qualification and operation;

- show that satisfactory control of incidents and accidents (within the ‘design-
basis domain’ or ‘design reference domain’) can be achieved by combining auto-
matic mitigating actions and prescribed operator actions;

— show that satisfactory control of accidents more severe than the design-basis
accidents above (i.e. design extension conditions) can be achieved through
safety measures combined with operator actions, taking into account the
defined general safety objectives.

Probabilistic safety assessments must cover all reactor operating modes and reactor
states, including shutdown states, with a special focus on:

— showing that a balanced design has been obtained (so that there is no particular
point of the design or postulated event that would make an excessive contribu-
tion to the overall risk) and that defence-in-depth levels are as independent as
reasonably achievable;

— ensuring that sufficient measures have been taken to prevent situations in
which small deviations in facility parameters could entail large variations in
facility performance (prevention of cliff-edge effects);

— assessing the results obtained, taking into account the safety objectives defined
for the facility.

282. This implies that the events (operating conditions and hazards) taken into consideration in the
deterministic safety analysis lay the foundations for defining the ‘design-basis situations’ that
serve to design (in particular, to size) facility structures, systems and components (a principle
discussed further in Section 8.6).
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In France, PSAs are governed by fundamental safety rule RFS 2002-01, published
in December 2002, which describes acceptable methods for conducting Level 1 PSAs
limited to internal events in the facility and also sets out the possible uses of such
PSAs. Probabilistic safety assessments are covered in Chapter 14.

6.8. Lessons learned from the accident at the Fukushima
Daiichi nuclear power plant on the concept of
defence in depth and deterministic analysis

The Fukushima Daiichi nuclear power plant accident that occurred in
March 2011 — described in Chapter 36 — led to the review of a number of general issues
involving nuclear power reactor design, in particular the independence of defence-in-
depth levels and facility robustness with regard to potential external hazards.

In France, as part of the complementary safety assessments requested by the Prime
Minister (see Section 36.6), EDF conducted studies to assess the capacity of its facilities
to withstand extreme hazards, more severe than those defined in the facility design
phase (or those considered in the most recent facility periodic reviews). It was then
decided to create the Nuclear Rapid Response Force (Force d’action rapide nucléaire,
FARN) and install equipment sufficiently robust to withstand such hazards (forming
a 'hardened safety core’), with the objective of not only preventing core melt as far
as reasonably achievable, but also limiting the consequences should such a situation
occur. The complementary safety assessments and the subsequent measures taken for
the French nuclear power reactor fleet are discussed extensively in sections 36.6.5 and
36.6.6.

As stated above, the expression ‘design extension conditions’ has been introduced
in the most recent documents on nuclear safety. ASN Guide No. 22 cited above, appli-
cable to new reactor design, recommends in this context that "events more complex
or more severe [...] than [those of the design reference domain] must be assessed in
‘extended’ design conditions so as to reinforce the capacity of the facility to deal with
them, on the basis of an appropriate approach” with a particular focus on “external
natural hazards of greater severity than those considered in the design reference
domain.” The study of such hazards aims to “ensure sufficient margins to achieve
radiological objectives” 2%,

283. It should be noted that the WENRA report published in September 2014, updating the previ-
ously published safety reference levels for existing reactors in light of lessons learned from the
Fukushima Daiichi nuclear power plant accident, includes a set of reference levels for natural
hazards (Issue T —see Table 6.2). The report is more explicit than the IAEA SSR-2/1 safety standard
discussed above with regard to taking into account hazards that are more severe than those
considered in the ‘design basis envelope’, in the framework of ‘design extension conditions’.


https://www.asn.fr/l-asn-reglemente/rfs/rfs-relatives-aux-rep/rfs-2002-1-du-26-12-2002
https://www.irsn.fr/EN/publications/thematic-safety/fukushima/Pages/overview.aspx
https://www.irsn.fr/EN/publications/thematic-safety/fukushima/Pages/overview.aspx
https://www.irsn.fr/EN/publications/thematic-safety/fukushima/Pages/overview.aspx
https://www.irsn.fr/EN/publications/thematic-safety/fukushima/Pages/overview.aspx
https://www.edf.fr/en/meta-home
https://www.asn.fr/Professionnels/Installations-nucleaires/Guides-de-l-ASN/Guide-de-l-ASN-n-22-Conception-des-reacteurs-a-eau-sous-pression
https://www.irsn.fr/EN/publications/thematic-safety/fukushima/Pages/overview.aspx
https://www.iaea.org/publications/10885/safety-of-nuclear-power-plants-design
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6.9. Safety culture — Quality control

For effective implementation of defence in depth, certain basic prerequisites are
applicable to all the measures included in levels 1 to 5. These prerequisites include not
only safety culture, a concept already extensively introduced in Chapter 4, but also
quality assurance.

The principles and concepts set out above would have only a limited impact if
quality was not fully assured, in the broad sense, for all activities involved in design,
parts procurement, component manufacture, component installation, testing and
inspection, preparation for operation, and all activities included in operation itself. It is
of primary importance that the measures taken in the design phase remain effective or
are improved throughout the operating lifetime of a facility. This entails the motiva-
tion of everyone involved and requires a dedicated organization.

EDF first approached quality assurance by organizing activities according to the
following principles:

— write what we are going to do,
— do what we have written,
— write what we have done.

In theory, this approach should provide clear and documented tracking of all activ-
ities important to safety. However, it could give rise to ambiguities, gaps or inadequa-
cies between what has been prepared, for example for component manufacture or,
in operation, for maintenance work, and the reality that operators and workers must
contend with. The setup technicians or engineers who write what others are going to
do must have an accurate analysis of the particular risks involved in the operation in
question and a good technical background to determine what must be done, but may
not know the details of how to perform the operation. In contrast, such details are
within the normal scope of the personnel performing the relevant operation, but they
may not recognize their actual working methods in the written instructions they are
given. Moreover, the personnel directly involved are not usually familiar with writing
detailed reports.

A number of faults observed from 1978 onwards on 900 MWe unit components
(underclad defects in reactor vessels and steam generator tubesheets, an anomaly
observed on the control RCCA guide tube retaining pins), together with ‘design anom-
alies’, led the Central Service for the Safety of Nuclear Installations (Service central
de siireté des installations nucléaires, SCSIN) to produce a statutory text, the Order of
10 August 1984, on the quality of design, construction and operation of basic nuclear
installations (referred to as the ‘Quality Order’) which, with the relevant application
circular, gave structure to a number of quality-related measures. The measures set
out in these texts were subsequently revised with new terminology in the ‘INB Order’,
discussed in Chapter 2, which repealed the Quality Order.


https://www.edf.fr/en/meta-home
https://www.legifrance.gouv.fr/affichTexte.do?cidTexte=JORFTEXT000000321244
http://www.french-nuclear-safety.fr/References/Regulations/Order-of-7-February-2012
https://www.legifrance.gouv.fr/affichTexte.do?cidTexte=JORFTEXT000000321244
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#FOCUS

Conservatism and margins:
several concepts used for design
and safety analysis of pressurized water reactors*

The approaches used in design and, of course, in conducting safety analyses
for pressurized water reactors aim to be conservative by taking into account any
alteration of inputs so as to cover the hazards and unknowns inherent to these
approaches. Practices in different fields (neutron physics, thermal-hydraulics,
mechanics, etc.) reveal different elements that combine to form what is called
conservatism, as defined below.

Provisions

Provisions are intended to cover, for example:

— predictable but not yet quantified changes in parameters such as weight, geom-
etry, operating situations (pressure, temperature, associated time periods, etc.)
and chemistry of the nearby fluids, within generally known ranges,

— any predictable differences between design drawings and as-built drawings,

— more generally, anything that is not yet defined precisely in the design phase
and when the safety analysis is performed.

Penalties

Penalties are intended to set conservative values for data with variability that
is random but within a known range. The term ‘penalty’ is mainly used in reactor
physics studies and in safety analysis of the transients associated with incident
and accident operating conditions.

Safety factors

Safety factors are intended to cover unknown hazards and uncertainties in the
equipment sizing approach. This involves, for instance:

— the idealized representation of a structure by finite elements,
— the idealized behaviour of an insulator,
— a material idealized by a thermal diffusion function assumed to be uniform,

- etc.

284. Text prepared with Michel Nédélec, member of the French Advisory Committee for Reactors and
Advisory Committee for Nuclear Pressure Equipment.


http://www.french-nuclear-safety.fr/ASN/Technical-support/The-Advisory-Committees
http://www.french-nuclear-safety.fr/ASN/Technical-support/The-Advisory-Committees
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Safety factors are defined in certain statutory texts or in certain sets of design
and construction rules, such as:

safety factors required by pressure equipment regulations (for example, see
Section 8.6 concerning nuclear pressure equipment design and Chapter 27 for
in-service monitoring of this equipment),

safety factors in the design rules for snow and wind conditions, the Design
and Construction Rules for Mechanical Components (RCC-M) or for Civil
Works (RCC-G up to the N4 series, ETC-C?* for EPR¢) etc.

Safety factors must not be used to substantiate equipment resistance to higher
thermal-mechanical loads than those planned initially (because of changing
conditions of use or because of an under-estimation). They are factors used to
cover uncertainty in the equipment modelling approach.

Margins

The term ‘margin’ should only be used to refer to the difference remaining
between the value of a variable and a limit when the provisions, penalties and safety
factors have been taken into account. A margin may be zero. If it is positive, under-
stood and quantifiable, it may be ‘used’, for example, when it is difficult to substan-
tiate the resistance of a system or component to higher loads than those initially
planned. But a given margin cannot be “used’ to cover several difficulties — or only
with the greatest discernment.

Table 6.2. The 19 subject matters covered by the WENRA reference levels (as published in 2014).

01 Issue A: Safety Policy

02 Issue B: Operating Organisation

03 Issue C: Management System

04 lssue D ITn:a;:Enir:)j Authorization of NPP Staff (Jobs with Safety
05 Issue E: Design Basis Envelope for Existing Reactors

06 Issue F: Design Extension (Conditions) of Existing Reactors

07 Issue G: Safety Classification of Structures, Systems and Components
08 Issue H: Operational Limits and Conditions (OLCs)

09 Issue I: Ageing Management

10 lssue J: iz:ze;n;c{(or Investigation of Events and Operational Experience
11 Issue K: Maintenance, In-Service Inspection and Functional Testing

285. EPR Technical Code for Civil Works.
286. Then RCC-CW for more recent projects (such as EPR New Model PWRs).
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Emergency Operating Procedures and Severe Accident

12 Issue LM: Management Guidelines

13 Issue N: Contents and Updating of Safety Analysis Report (SAR)
14 Issue O: Probabilistic Safety Analysis (PSA)

15 Issue P: Periodic Safety Review (PSR)

16 Issue Q: Plant Modifications

17 Issue R: On-site Emergency Preparedness

18 Issue S: Protection against Internal Fires

19 Issue T: Natural Hazards



http://www.wenra.org/media/filer_public/2016/11/04/wenra_guidance_on_seismic_events_-_2016-10-11.pdf
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Appendix: French Nuclear Power Reactors

The French nuclear power programme comprises several types of facility, the most
recent and most numerous of which are pressurized water reactors.

The oldest facilities have been shut down definitively.

A.1. UNGG reactors

UNGG reactors are notable for their capacity to use natural uranium in metallic
form as fuel, by using graphite as a moderator and magnesium as cladding material.

The fuel is loaded and unloaded while the reactor is operating.

A drawback is that, to achieve higher power, plant size has to be increased quite
substantially. This contributed to the abandon of the UNGG reactor type in the late
1960s.

P UNGG reactors

Name Power Criticality Final shutdown
Chinon A1 80 1962 1973
Chinon A2 230 1965 1985
Chinon A3 500 1966 1990
Saint-Laurent A1 500 1969 1990
Saint-Laurent A2 530 1971 1992
Bugey 1 555 1972 1994

A.2. Heavy-water reactor

France explored the option of building power reactors moderated by heavy water
and cooled by carbon dioxide gas circulating in pressure tubes. Only one plant of this
type was built: the Monts d’Arrée nuclear power plant on the Brennilis site in Finistére,
also referred to as EL4. With a nominal power of 75 MWe, startup was in 1967 and
final shutdown in 1985.

A.3. Fast-neutron reactors

Forecasting rapid growth in world uranium consumption, France developed, on its
own at first and then in cooperation with Germany and lItaly, the components of a
fast-neutron reactor series that could be operated as a breeder — cooled by liquid sodium.
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The 250 MWe PHENIX reactor achieved criticality in 1973. It was shut down defin-
itively in 20009.

The 1200 MWe SUPERPHENIX reactor achieved criticality in 1985, but suffered
various failures that affected its operation. It was shut down definitively in 1998.

A.4. Pressurized water reactors

The first pressurized water reactor unit in France, the 320 MWe Chooz A, was a
Franco-Belgian project designed and built under a US licence granted by Westinghouse
to the Franco-Américaine de constructions atomiques (Framatome) in 1959. It was
started up in 1967 and shut down in 1991. Dismantling began in 2001. The reactor is
located in a cave, 150 m under the ground. The design was representative of the state
of knowledge in the 1960s. The experience acquired on this plant could not be used
for the following units of the same type, the first of which were ordered in the early
1970s.

P The French PWR sites
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» Grouping in standardized series

The 900 MWe plant units are twinned and share some auxiliary systems. They have
a prestressed concrete containment with a leaktight metal liner. The reactor building
contains the main primary system comprising the reactor vessel, three reactor coolant
pumps, three steam generators and their connecting pipes.

The turbine generator unit is located ‘on a tangent’ to the reactor building for the
first two series (CPO and CP1), then perpendicular to the reactor building in later series.

The 1300 and 1450 MWe plant units are separate single units. The reactor coolant
system has four loops. They have a double-walled containment without a metal liner.
The annulus ventilation system, which also filters air before discharge to the atmos-
phere, is considered to be an engineered safety feature.

The turbine generator unit location is radial.

The lists below give the year of grid connection for each unit.

P First series (called CPO) — Unit power: 900 MWe

Fessenheim 1 1977
(final shutdown in February 2020)
Fessenheim 2 1977
(final shutdown in June 2020)

Bugey 2 1978
Bugey 3 1978
Bugey 4 1979
Bugey 5 1979

P First multiyear contract (CP1) — Unit power: 900 MWe

Tricastin 1 1980
Tricastin 2 1980
Tricastin 3 1981
Tricastin 4 1981
Gravelines 1 1980
Gravelines 2 1980
Gravelines 3 1980
Gravelines 4 1981
Gravelines 5 1984
Gravelines 6 1985
Dampierre 1 1980
Dampierre 2 1980
Dampierre 3 1981
Dampierre 4 1981

Le Blayais 1 1981
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Le Blayais 2
Le Blayais 3
Le Blayais 4

1982
1983
1983

Second multiyear contract (CP2) — Unit power: 900 MWe

Saint-Laurent B1
Saint-Laurent B2
Chinon B1
Chinon B2
Chinon B3
Chinon B4
Cruas 1

Cruas 2

Cruas 3

Cruas 4

1981
1981
1982
1983
1986
1987
1983
1984
1984
1984

P4 series 1300 MWe units

Paluel 1
Paluel 2
Paluel 3
Paluel 4
Flamanville 1
Flamanville 2
Saint Alban 1
Saint Alban 2

1984
1984
1985
1986
1985
1986
1985
1986

P’'4 series 1300 MWe units

Cattenom 1
Cattenom 2
Cattenom 3
Cattenom 4
Belleville 1
Belleville 2
Nogent 1
Nogent 2
Penly 1
Penly 2
Golfech 1
Golfech 2

1986
1987
1990
1991
1987
1988
1987
1988
1990
1992
1990
1993

N4 series 1450 MWe units

Chooz B1
Chooz B2

1996
1997
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Civaux 1 1997
Civaux 2 1999

» EPR 1675 MWe unit

Flamanville 3 under testing

Video available for viewing

Defence in depth



https://www.youtube.com/watch?v=n31JJYeeFBY




Chapter 7

Safety Options and Considerations
at the Design Phase

Obtaining the required level of safety at the the design phase of a facility such
as a nuclear power reactor depends on proper application of the general objectives,
concepts, principles and methods introduced in Chapter 6.

In practice, and simplifying somewhat, the primary objective in designing a nuclear
power reactor is to determine all the characteristics of the ‘process’ (see Figure 7.1
below) that will allow electricity to be generated under the required conditions.
The design process, however, is generally iterative, based initially on the choice of
technical options, some of which are, of course, safety-related. These choices are
supported — and corrected as needed — by verifications resulting from a certain number
of studies contributing to what is known as the ‘safety demonstration’.

Some technical options have an obvious link with the defence-in-depth concept
covered in Chapter 6:

— the choice of the reactor site contributes to defence in depth, for example, in
the choice of cooling options, the external hazards to be considered (earth-
quakes, flooding, human activities near the facility), the population likely to be
affected by accidental release of radioactive substances, etc.;

— intrinsic neutron physics characteristics of the reactor core favourable to reac-
tivity control also contribute to defence in depth;
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— the choice of the fuel rod cladding material, which must allow the rods to with-
stand the various situations considered, contributes to the first four levels of
defence in depth;

— neutron monitoring in the core, limitation systems (to control power, for
example) and protection systems, including the reactor trip system, contribute
to different levels of defence in depth;

— choices made regarding the architecture of engineered safety systems, for
example, in terms of redundancy and technological diversification, are guided
by the required reliability of the measures to be taken at Level 3 of defence in
depth, etc.

The technical choices associated with safety considerations at the design
stage — discussed in sections 7.1 and 7.2 — may thus be the result of the general objec-
tives, concepts, principles and methods introduced in Chapter 6 and reflect historically-
proven, good industrial practices. In contrast, certain systems or components may
require a specific safety approach because of choices associated with major techno-
logical developments, such as computer-based instrumentation and control systems,
covered in Section 7.3. The equipment safety classification concept is discussed in
Section 7.4. A few points regarding the design of nuclear pressure equipment are
described in Section 7.5. General considerations on provisions for hazards in facility
design are discussed in Section 7.6. Certain technical choices may be associated with
considerations unrelated to the primary mission of the facility: for example, the very
specific risks related to nuclear facilities lead to design choices that are adopted to
facilitate decommissioning, as discussed in Section 7.7.

Radiation protection for workers in operating conditions (see Chapter 31) or emer-
gency preparedness (Chapter 38) also influence design choices for a nuclear facility.

ASN Guide No. 22 sets out general and specific recommendations on nuclear power
reactor design that cover a broader scope than this chapter?®’.

The study of operating conditions in the event of internal failures specific to
the facility and the study of hazards are covered in later chapters. The information
resulting from these studies serves two purposes:

— it contributes to the design and sizing of structures, systems and components
that are important to facility safety;

— it serves for the safety demonstration, which is based on the adopted design.

287. These recommendations are set out in parts IV to VII of ASN Guide No. 22.


https://www.asn.fr/Professionnels/Installations-nucleaires/Guides-de-l-ASN/Guide-de-l-ASN-n-22-Conception-des-reacteurs-a-eau-sous-pression
https://www.asn.fr/Professionnels/Installations-nucleaires/Guides-de-l-ASN/Guide-de-l-ASN-n-22-Conception-des-reacteurs-a-eau-sous-pression
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7.1. Different types of design provisions associated
with safety considerations

In general, designers seek to limit the potential for equipment malfunction. This
relies in particular on ensuring the following points:

— the reliability of equipment and systems is sufficient to ensure that they can
achieve their assigned functions or missions;

— the design is capable of tolerating deviations and the measures required to
return to reference conditions;

— the design is forgiving with regard to human error.

To achieve these objectives, various types of measures are taken at the design,
construction and operation stages. These measures are quite diverse and depend on
whether the relevant systems and components are important to safety as provided for
in the safety demonstration. Measures concerning equipment involve several aspects:

— general design, such as adopting the ‘fail-safe’ principle?®® whenever possible,
meaning that if an equipment component fails, the equipment stays in a safe
state or sets itself to a safe configuration;

— the choice of materials and sizing; for example, equipment may be designed so
that its structural integrity is not compromised in various operating conditions
or internal or external hazard situations;

— equipment manufacturing conditions and methods;

— equipment qualification for the different operating and ambient conditions in
which it will or could be required to operate;

— procedures for inspections to be conducted during equipment manufacture
and for tests carried out in the facility startup phases, then periodically during
operation;

— procedures for in-service monitoring checks (periodic or otherwise), keeping in
mind that it is important to design equipment that is ‘inspectable’ as much as
possible, preferably using several methods;

— the ability to detect malfunctions using specific instrumentation, etc.

Design measures also cover systems architecture, which must display a degree of
reliability consistent with a safety demonstration that meets safety objectives. An
important aspect involves reducing the risk of ‘common-cause failures’?*° — or ‘common-
mode failures’ or ‘common modes’ — between systems or components that fulfil a
similar function. For example, systems can be designed by applying measures such as:

288. This principle is cited in the IAEA document Specific Safety Requirements No. SSR-2/1 (Rev. 1,
2016) (Requirement 26).

289. This term is applied to dependent failures with the same direct cause (common cause) or the
same indirect cause.


https://www.iaea.org/
https://www-pub.iaea.org/MTCD/Publications/PDF/Pub1715web-46541668.pdf
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— dedicated emergency electrical power supplies to back up the power supply to
all active components?® in a system, ensuring system operation despite failure
of the off-site power grid that provides the normal power supply to equipment;

— application of the 'single-failure criterion’ to certain systems, a measure
described in greater detail in Section 7.2;

— technological diversification of the components involved in fulfilling a given
function, intended to limit the risks of common-mode failures (which must not
be applied in principle, however, if it entails reduced reliability of the imple-
mented technology);

— spatial or physical separation of the redundant trains to limit the risks of
common-mode failures in the case of hazards (internal flooding, fire, etc.);

— appropriate design of the systems that support safety systems, to avert
common-mode failures on redundant trains of the safety systems (for example,
thermal conditioning systems, fluid supply systems to provide fuel [for emer-
gency generators], electricity, compressed air, etc.).

Designers define requirements®’ that are proportional to what is required of the
equipment and systems and that serve as the basis for the safety demonstration in the
different operating conditions and hazard situations considered.

The measures applied must, of course, take into account human and organizational
aspects. Quality control applicable to all activities involved in design, procurement,
manufacture, installation, testing and inspections, and preparation for operation is of
particular importance, but is only one of the many ways that human and organiza-
tional aspects are taken into consideration at the design phase, a theme covered more
extensively in Chapter 16.

7.2. Single-failure criterion

Any systems that are to contribute to the prevention of incidents and accidents and
their mitigation must have an appropriate level of reliability. It is difficult to conduct
a detailed reliability study when the first choices regarding systems are being made. A
systematic approach was implemented at the design stage, consisting of the applica-
tion of a single-failure criterion for such systems?% this criterion can be summarized
as follows: the function of a system must be fulfilled even in the event of failure of any
one of its components?®,

290. Such as pumps, valves, etc. This concept is defined in Section 7.2.

291. Corresponding to the ‘defined requirement’ concept given in French regulations (since the 1984
Quality Order).

292. Another way of improving reliability, going beyond the application of the single-failure criterion,
is to introduce diversification, since using the same equipment item several times cannot signifi-
cantly improve reliability, given the potential common-mode failures discussed below.

293. Fundamental safety rule RFS 1.3.a (RFS: régle fondamentale de sireté).


https://www.legifrance.gouv.fr/affichTexte.do?cidTexte=JORFTEXT000000321244
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Application of this rule is simple: it is postulated that, when the system is acti-
vated, any one of its components fails. The next step consists of identifying which
component, when defective, leads to the worst consequences in the conditions under
consideration.

A distinction is made, however, between ‘active’ components (such as pumps and
valves) that require movement to fulfil their functions in the situations under study,
and ‘passive’ components (such as tanks or vessels, pipes, heat exchangers and others).

An ‘active failure’ is the failure of an active component to operate when called
upon®*,

A ‘passive failure’ is usually a leak, of limited amplitude if it can be located and
stopped; if not, all the fluid escaping through the break must be considered as lost.
Another passive failure could be clogging that stops the flow of a liquid.

Given the active/passive distinction, the single-failure criterion is applied as
follows?%>:

— protection systems and engineered safety systems must be capable of fulfilling
their function despite any active failure;

— protection systems and engineered safety systems that must operate for long
periods of time must continue to operate even if a passive failure occurs after
24 h; moreover, it is necessary to ensure that a passive failure occurring before
24 h does not entail a very significant increase in the consequences of the acci-
dent (leading to a cliff-edge effect?).

There have been many discussions on how to apply this criterion in practice, espe-
cially with regard to two related issues:

— How should unavailability of systems or components be taken into account
when they are known to be unavailable (due to a fault or maintenance) before
the situation considered occurs?

— Is it necessary to take into account human error and, if so, how?

Some builders have chosen to install systems with triple or quadruple redundancy,
where each train (channel or line) is capable of fulfilling all or part of the function.
These are referred to as 3-train or 4-train systems. These measures may also be stipu-
lated in regulatory requirements.

In implementing the process defined by the licensor Westinghouse, the French
operator and the architect engineer studied a wide range of options for the 900 MWe
plant units, then designed an architecture of engineered safety systems comprising

294. This does not preclude the need to investigate potential inadvertent operation of active
equipment.

295. Aclear distinction should be made between the design criterion defined in RFS I.3.c and the single
aggravating event defined for safety studies, covered in Chapter 8.

296. Defined in the Focus feature in Chapter 8.


https://www.westinghousenuclear.com/
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two electrical trains (train A and train B) capable of fulfilling their function even in
the event of a component failure. This configuration, applied up to and including the
1450 MWe plant units, limits the number of components required and consequently
the amount of investment. However, it also calls for a very high level of vigilance
regarding availability of the two trains. In particular, this imposes severe constraints
on the maximum admissible duration of unexpected component downtime, and strict
limitations on scheduled unavailability of a train, for maintenance for example, during
operating periods when the relevant system is necessary for safety.

In the case of the Flamanville 3 EPR, the engineered safety features of the reactor
are ensured by several physically independent trains. For example, the safety injection
system (SIS) has four redundant trains, each one — connected to one of the four elec-
trical trains — capable on its own of fulfilling the required safety function of the system.
This configuration is based on a scenario in which one train is unable to inject water
into the reactor because of the accident (a loss-of-coolant accident), a second train is
unavailable in application of the single-failure criterion, and a third train is unavailable
due to ongoing preventive maintenance?’.

Basic application of the single-failure criterion provides confidence in the capacity
of the relevant systems to fulfil their assigned functions. However, to render suffi-
ciently improbable simultaneous failures of two redundant trains (common-mode fail-
ures), a double condition must be satisfied:

— the possibility of a given hazard affecting components on both trains must be
avoided;

— simultaneous failures on several identical components must be limited, as far as
reasonably practicable.

The first condition entails application of very strict location and installation rules.
The components of the different trains of the redundant system may be placed in
different rooms, completely separated. For example, the principle of spatial separation
explains why the two diesel generators of a plant unit are located in two different
rooms at a distance from each other (the distance is defined so that even an aero-
plane crash on the facility could not directly affect both rooms at the same time). An
example of the component layout for the engineered safety systems SIS and CSS of a
1300 MWe P4 series unit is shown in Figure 7.2.

Complete spatial separation, however, is not always possible. Physical separa-
tions by screens or walls can be installed in such cases. Problems of this type arise in
particular for electrical or instrumentation and control (I&C) components, for example
in the control room.

It is much more difficult to identify and take into account the potential common-
mode failures in the second condition. There may be design, manufacturing or main-
tenance errors that could impact several components simultaneously. These are faults
involving the general quality of the facility or its operation.

297. The other EPR engineered safety features are covered in Chapter 18.
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Figure 7.2. Location of SIS and CSS engineered safety system components in a 1300 MWe P4 series
unit. IRSN.

It is important to note that component reliability studies show that the gain in
reliability resulting from an additional instance of redundancy decreases as the number
of trains increases.

Prevention of common-mode failures must also consider a factor that has only
gradually been perceived as important. This concerns the influence of human and
organizational factors and failures related to maintenance or control activities. The


https://www.irsn.fr/EN/Pages/Home.aspx

Safety Options and Considerations at the Design Phase 193

Three Mile Island accident in the USA in 1979 raised awareness of the importance
that should be given to human factors from the design stage. It took a few more years
before examples of work or maintenance errors that jeopardized the availability or the
satisfactory operation of some or even all of the components fulfilling a safety func-
tion were identified, declared and analysed.

The following examples are among the most significant, but are obviously not
sufficient to determine the probability of common-mode failures.

The first example involves a unit at the Philippsburg nuclear power plant in
Germany (Karlsruhe region). Given the redundancy levels assigned to the various
systems important to safety, it had eight diesel generators. During a routine check in
1987 on a threshold setting of the diesel generators, a maintenance team that did not
know the equipment well and used a somewhat ambiguous procedure left the eight
generators in a state preventing their automatic startup. A round conducted 15 h later
detected the error and it was corrected.

In France, several anomalies of the same type occurred in reactors in 1989, such as
leaving incorrect parts in the three safety relief valves of a pressurizer, or isolating four
out of the five water level sensors on another pressurizer. This subject will be covered
in further detail in Section 22.2.1.

7.3. The specific nature of computer-based systems
(based on instrumentation and control software)

Among the various functions fulfilled by instrumentation and control (1&C) systems,
one of the most important roles is ensuring nuclear reactor safety. This importance
drives the particularly sustained efforts of international working groups and standard-
ization organizations in this field.

Instrumentation and control systems for nuclear power reactors take part in the
monitoring, control, limitation and protection functions of the facility. They are gener-
ally considered to comprise three subassemblies:

— interfaces with the ‘process’, i.e. sensors and actuators that trigger actions,
based on either ‘on/off’ or ‘continuous’ operation;

- programmable logic controllers (PLCs), which process measurements and oper-
ator commands, send commands to actuators, and generate the information
necessary for operation;

— interfaces with operators (via control systems) and maintenance teams.
1&C systems serve to perform functions such as:

— the reactor protection functions, for example, reactor trip or activation of engi-
neered safety features;
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— functions necessary to reach a safe state?*® following an incident or accident
situation;

— automatic and manual functions used in normal operation.

I&C systems are organized in an architecture intended to satisfy functional require-
ments (where certain systems must communicate with others) and safety require-
ments (when independence is necessary between certain systems).

The development of digital technologies offers increasing computation and inter-
connection capabilities, enabling implementation of high-performance 1&C systems.
For pressurized water reactors, this can include advanced functions such as computa-
tion of the departure from nucleate boiling ratio (DNBR) in the core (concept described
in Section 5.6), real-time detection of component failures, or more sophisticated inter-
faces with operators.

This type of technology was introduced gradually, starting with the 1300 MWe
reactors (P4 and P'4 series), followed by the 1450 MWe reactors (N4 series). Digital
technologies raise specific issues, however, in terms of the safety demonstration,
which have led the interested parties (Siemens, Framatome, Electricité de France [EDF]
and IRSN) to develop a specific approach. This approach has evolved over time, taking
into account technological developments such as networked communications, as well
as scientific and technological progress, including formal verification methods based on
mathematical approaches. It is consistent with the international consensus expressed
in documents issued by the IAEA and the International Electrotechnical Commission
(IEC), and is similar to approaches adopted in other industrial sectors where 1&C fulfils
functions important to safety, such as avionics, space or railways.

In 2000, the ASN published fundamental safety rule RFS I1.4.1.a entitled Logiciels des
systémes électriques classés de sireté (Software for Safety-Grade Electrical Systems),
prepared at the time with IPSN and system manufacturers. It aims to “define the prin-
ciples and the requirements to be met for the design, production, implementation and
operation of software for computer-based systems important to safety”. More recently,
in January 2018, IRSN posted on its website a document in its Approaches to Safety®*
series, entitled Principles Relating to the Digital Instrumentation and Control Design
Approach. This approach, directly in line with RFS I1.4.1.a, gives in-depth information
on the principles and requirements in the fundamental safety rule, taking into account
experience acquired in assessments conducted for the French nuclear power plant
fleet, in particular those relating to 1&C systems specific to the EPR, benefiting from
discussions with nuclear sector experts and reflecting French practice.

In certain cases, the functions associated with computer-based systems may suffer
failures due to inadequate logic, consequently representing a source of system fail-
ures different from random component failures, which raises questions about their
consequences.

298. Defined in the Focus feature in Chapter 8.
299. This is considered as IRSN's knowledge base for its expertise activities.


https://www.siemens.com/global/en.html
https://www.framatome.com/scripts/home/publigen/content/templates/Show.asp?FORCE=Y&L=EN&P=57&V=2&AT2=7817&AT4=D7RDHDA0FQCRGVMGDWNW6ZCKCHVBI7UD&AT5=88879663
https://www.edf.fr/en/meta-home
https://www.edf.fr/en/meta-home
https://www.irsn.fr/EN/Pages/Home.aspx
https://www.iaea.org/
https://www.iec.ch/
https://www.iec.ch/
https://www.french-nuclear-safety.fr/
https://www.asn.fr/l-asn-reglemente/rfs/rfs-relatives-aux-rep/rfs-ii.4.1.a-du-15-05-2000
https://www.irsn.fr/EN/Pages/Home.aspx
https://www.irsn.fr/FR/expertise/demarches-de-surete/Documents/IRSN_Safety-approaches_digital-instrumentation-and-control_2017.pdf
https://www.irsn.fr/FR/expertise/demarches-de-surete/Documents/IRSN_Safety-approaches_digital-instrumentation-and-control_2017.pdf
https://www.asn.fr/l-asn-reglemente/rfs/rfs-relatives-aux-rep/rfs-ii.4.1.a-du-15-05-2000
https://www.irsn.fr/EN/Pages/home.aspx

Safety Options and Considerations at the Design Phase 195

Although hardware failures that could potentially affect safety systems are taken
into account by implementing redundant architectures along with appropriate peri-
odic testing and preventive maintenance, faults with an impact on software are of a
different nature and cannot be prevented or analysed using the same means.

The conventional approach to software development, for example, that used to
develop office productivity software, does not include a sufficiently stringent design
control process, resulting in products that cannot be verified, containing many faults.
Moreover, attempts to control software reliability without giving priority to elimi-
nating logic faults have proven to be inadequate. For example, running several versions
in parallel and hoping to mask the faults of each version using majority voting is not
very functional in practice, and experiments have demonstrated the inadequacy of
this method. Probabilistic analyses to estimate failure rates are not applicable to soft-
ware evaluation, and analyses of failure propagation, used successfully for equipment
components, are also not applicable to software.

That is why, as indicated above, a specific approach has been adopted for the design
of computer-based 1&C systems for nuclear reactors, considered capable of providing
appropriate substantiation of their validity. It is based on controlling the different
stages of the industrial process: specification of the design requirements, design,
production and integration (of the system components), each including verifications,
with a final independent validation stage as an additional precaution.

The approach is supplemented by functional diversification intended to compen-
sate a postulated design or production fault in certain functions by other functions
using different physical signals or processing functions. In addition, a postulated tech-
nological failure in a family of computers is compensated by a method based on using
different software and hardware mechanisms and components.

7.4. Equipment safety classification

7.4.1. Importance of equipment for safety
and safety classification

Achieving and maintaining an appropriate safety level requires an approach
ensuring that equipment®® is subject to the appropriate requirements in terms of
design, manufacture, qualification, operation and in-service monitoring, commensurate
with its importance to safety. That is the purpose of safety classification.

300. The term ‘equipment’ as used in this section refers to equipment items (structures and compo-
nents) or systems comprising components (covered by the acronym SSC, for structures, systems
and components), considered as ‘items important to safety’ as defined in the French Quality
Order of 10 August 1984. ASN Guide No. 22 extends the concept of classification to ‘items
important to protection’, a concept defined in the Nuclear Transparency and Security Act (Loi
relative a la transparence et a la sécurité en matiére nucléaire, or TSN Act) (see Section 2.2).
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Equipment can be classified according to its role in the prevention and mitigation
of incidents and accidents, its function as a means of protection against hazards, and
the type of equipment in question (mechanical, electrical, etc.).

Assigning equipment to a small number of safety classes simplifies design by attrib-
uting common requirements to all the equipment in a given class.

The safety classes used by EDF are listed below for the 900 MWe, 1300 MWe and
1450 MWe reactors (the case of the Flamanville 3 EPR is discussed further below).
A brief explanation of the characteristics of each class is provided, including classes
referred to as ‘non-safety-grade’, an expression that is semantically ambiguous, but
historically logical:

— mechanical pressure equipment is placed in classes 1 to 3 and the ‘non-safety-
grade’ class;

— non-pressure mechanical equipment is classified as ‘safety-related’ (‘LS
specific to the 1300 MWe and 1450 MWe series reactors) or ‘non-safety-grade’;

- electrical equipment is placed in classes 1E, D (specific to 1300 MWe reactors),
2E (specific to the N4 series) or is ‘non-safety-grade’.

Last in the list is the IPS-NC3% class for equipment that is ‘important to
safety — non-safety-grade’. In IPS-NC, ‘non-safety-grade’ means that the equipment in
the class was not classified at the initial design stage of existing reactors, although it is
important to safety; the class IPS-NC is a safety class in its own right and has associ-
ated quality assurance and periodic testing requirements.

Civil works are also classified according to their importance to safety.

P Safety classes defined initially for 900 MWe and 1300 MWe reactors

When the 900 MWe and 1300 MWe reactors were first designed, only classes 1 to
3 and 1E were used by EDF. They have been updated since then, but are still in force.
At that time, interest was focused on the design of protection systems and engineered
safety systems, in particular on the first phases of the accidents during which these
systems are activated automatically.

Class 1, with the strictest requirements, applies to pressure-retaining mechanical
equipment, failure of which would result in a loss-of-coolant accident (LOCA) corre-
sponding to a category 3 or 4 operating condition, depending on the size of the break
(see chapters 8 and 9).

Class 2 applies to pressure-retaining mechanical equipment of systems conveying
reactor coolant but not included in safety class 1; components of systems necessary
for confinement of radioactivity in the event of a LOCA (including mechanical compo-
nents of engineered safety systems, such as the safety injection and containment spray

301. In French, Lié a la sireté.
302. In French, Important pour la sdreté —non classé.
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systems); containment penetrations; and equipment containing radioactive fluid (such
as certain components in the reactor coolant chemical and volume control system
[CcvCs)).

Class 3 applies to pressure-retaining mechanical equipment important to safety,
but not placed in safety classes 1 or 2. It thus applies to equipment whose failure
has no direct radiological consequences, and to equipment whose failure could lead
to release of radioactive gases stored for decay purposes. In particular, class 3 includes
the mechanical equipment in engineered safety feature support systems.

Class 1E applies to electrical equipment for:

— reactor trip,

— emergency core cooling,

— residual heat removal from the reactor,

— heat removal from the reactor building,

— containment isolation,

— prevention of significant release of radioactive substances to the environment.
Civil works are safety-grade if they:

— fulfil a safety function,

— support, protect or house safety-grade mechanical or electrical equipment,

— provide biological shielding against ionizing radiation or confinement of liquid
or gaseous radioactive substances.

P Additional safety classes for 900 MWe,
1300 MWe and 1450 MWe reactors

As indicated above, the safety classes applied when the 900 MWe and 1300 MWe
reactors were designed mainly targeted equipment whose failure could result in
an accident and system components involved in the automatic reactor operation
phase following an accident. Several studies have shown that this approach was too
restrictive and that in practice the safety demonstration was based on a larger number
of systems and components that merited a safety classification.

For example, in the event of a steam generator tube rupture accident, the phase
during which the operating crew must intervene manually is essential in terms of limiting
radiological consequences. The systems used for this purpose are not the safety-grade
engineered safety systems classified according to the principles presented above, but
rather equipment actuated manually by operators, not classified as safety-grade
according to the above principles, for example the secondary system relief valves for
discharge to the atmosphere, used to cool the reactor coolant system to bring it to a
safe state, and the pressurizer water spray system, indispensable for reducing pressure
in the reactor coolant system, thereby limiting release of radioactive substances.
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Consequently, in the 1980s, the safety-grade classification for electrical equip-
ment was extended by the introduction of class 2E for 1450 MWe reactors and class D,
applied retrospectively to 1300 MWe units, for equipment used during human inter-
vention®» required to allow the reactor to reach and maintain a safe state following
an accident situation. Similarly, the non-pressure-retaining mechanical equipment
used in the safety demonstration, which had not been classified as safety-grade, was
designated as ‘safety-related’ (LS).

Lastly, for reactors already built at that time (900 MWe and 1300 MWe series P4),
the IPS-NC class (important to safety — non-safety-grade) was introduced for the
mechanical and electrical equipment necessary to allow the reactor to reach and main-
tain a safe state as defined in the design-basis operating conditions and in the comple-
mentary conditions — see chapters 8 and 13). This class was subsequently extended
to all reactor series, covering all measures necessary for protection against internal or
external hazards (fire, flooding, explosion and others), and to non-essential equipment
that nonetheless facilitates or improves accident operations.

P EPR (Flamanville 3) safety classes

Safety classification of EPR structures, systems and components reflects:

— the importance of the safety function that they fulfil, which serves to define the
‘functional’ classification;

— their importance as a confinement barrier, which depends on the potential
release of radioactive substances, both inside and outside the facility, that
could result from their failure; this criterion serves to define the ‘mechanical’
classification.

Defining the functional classification involves three physical states of the reactor:

— controlled state: sub-critical core, short-term heat removal ensured, for example
by the steam generators, stable core-water inventory, tolerable radioactive
release;

— safe shutdown state: sub-critical core, long-term residual heat removal ensured,
tolerable radioactive release;

— final state: sub-critical core, residual heat removal ensured by reactor coolant
system or secondary system, tolerable radioactive release.

All the safety functions (and the structures, systems and components fulfilling
these functions) necessary for reaching a controlled reactor state in the PCC-2 to
PCC-4 reference operating conditions (corresponding to design-basis categories 2 to 4
for the EPR) are classified F1A (designations specific to the EPR are given in sections 8.1
and 13.5).

303. Phase C, after the ‘automatic’ phase B (see Section 8.4).
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All safety functions required beyond the controlled state to reach and maintain the
safe state in reference operating conditions PCC-2 to PCC-4 are classified F1B.

Noteworthy functions classified F2 include:

safety functions necessary to reach and maintain the final state for RRC-A oper-
ating conditions;

any functions necessary to prevent significant release of radioactive substances
and to reach and maintain a controlled state in the event of a postulated acci-
dent with core melt (RRC-B);

the functions designed to control internal or external hazards.

Mechanical classification involves all equipment items or portions of system lines

which:

can lead to a release of activity significantly greater than the contamination
level in the surrounding environment if they fail in PCC-1 to PCC-4 and RRC
operating conditions;

or contribute to an F1A or F1B safety function.

The mechanical classes are:

M1 for the main primary system;

M2 for equipment items or portions of system lines that are expected to
operate in situations where they are likely to convey reactor coolant when fuel
cladding integrity is not ensured (safety injection, for example);

M3 for the other safety-grade mechanical equipment items or portions of
mechanical system lines (such as the engineered safety feature support
systems).

7.4.2. Generic requirements associated with the different

safety classes

Generic requirements are associated with the different safety classes. The differ-
ences between classes are illustrated below for the classes defined for the 900 MWe,
1300 MWe and 1450 MWe reactors. A similar approach was applied for the Flaman-
ville 3 EPR. Qualification requirements are discussed in Section 7.4.3.

P Design, manufacturing and in-service monitoring requirements

Safety-grade equipment in classes 1, 2, 3, safety-related (LS), 1E, 2E and D and
safety-grade civil works must comply with the following requirements:

— a design and construction code must be applied that defines computation,

procurement, construction and siting methods;
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— quality assurance procedures must be implemented (as required in the 2012
INB Order, applied after requirements in the 1984 Quality Order);

— periodic in-service tests must be conducted (periodic in-service monitoring for
civil works structures);

— they must withstand seismic loads.

In addition, redundancy and emergency-supplied electrical power are required for
class 1E and 2E electrical equipment. In contrast, redundancy and emergency-supplied
electrical power were not required for the class D electrical equipment in 1300 MWe
reactors, although in most cases they were implemented.

The first design and construction codes applied to safety-grade equipment were
US codes (namely ASME codes), which have gradually been replaced by the following
French codes:

— Design and Construction Rules for Mechanical Components*** of PWR Nuclear
Islands (RCC3%5-M), which replaced the ASME lIl code; the 1986 revised version
of RCC-M was accepted®® by the French safety autority in the same year.
RCC-M was first used for the 1300 MWe units of the Cattenom nuclear power
plant for classes 1 to 3, with a decreasing level of requirements (in particular
regarding manufacturing inspections) from 1 to 3;

— Design and Construction Rules for Electrical Components of PWR Nuclear
Islands (RCC-E) replacing the IEEE®®” standards for classes 1E and 2E; the 1984
revised version of RCC-E was accepted by the French safety autority, also in
1986.

A brief view of the RCC-M code is given in the Focus feature at the end of this
chapter.

The civil works for the first reactor units of the French nuclear power plant fleet
were built according to ‘special instruction books’ joining French rules and practices
(Ministry of Public Works and Transport rules), and the ASME IIl code for metal struc-
tures. The 1981 revised version of RCC-G (design and construction rules for civil works
in PWR nuclear islands) was accepted by the French safety autority. Since 2006, for the
Flamanville 3 EPR (and for periodic reviews of the other French nuclear power units),
the Rules for Design and Construction of PWR Nuclear Civil Works (RCC-CW3%), incor-
porating Eurocodes®®, have been used.

304. French design and construction codes use the term ‘matériel’ (component) rather than ‘équipe-
ment' (equipment).

305. In French, Régles de conception et de construction, RCC.

306. Acceptance was accompanied by conditions for use of the code. This acceptance was translated
into the fundamental safety rules cited in the appendix to Chapter 2.

307. Institute of Electrical and Electronics Engineers (a professional organization).

308. CW for Civil Works, or also ETC-C (EPR Technical Code for Civil Works).

309. Eurocodes are European standards for sizing and substantiating building and engineering struc-
tures, available at http://eurocodes.fr/.
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RCC-C, Design and Construction Rules for Fuel assemblies in PWR Nuclear Power
Plants, used since the late 1980s, and RCC-I, Design and Construction Rules for Fire
Protection in PWR Nuclear Islands, have been used since the early 1980s.

For the EPR, the requirements associated with electrical equipment function-
ally classified F1A and F1B are identical to those applied to equipment classified 1E
and 2E for previous reactors. The requirements associated with mechanical pressure
equipment classified M1, M2 and M3 are identical to those applied to equipment clas-
sified 1, 2 and 3, respectively, for previous reactors. It should nevertheless be noted
that use of the US ASME and IEEE codes and rules defined by the German nuclear
safety committee KTA are authorized under certain conditions.

P Functional requirements

Functional requirements depend on the safety function fulfilled by the equipment.

The only functional requirement defined for electrical equipment is to perform the
function that they must fulfil (i.e. they must provide functionality).

As discussed in Section 7.2, a distinction is made for mechanical equipment
between ‘active’ equipment (valves, pumps, check valves, etc.) containing mechanisms
or moving parts that must complete a movement to fulfil their safety functions, and
‘passive’ equipment (vessels or tanks, pipes, heat exchangers, etc.). Three types of
functional requirement are defined:

1. Integrity®"° for a pressure barrier, which applies to the pressure boundary of
passive mechanical equipment, designed to ensure that the equipment confines
the conveyed fluid.

2. Functional Capacity, which applies to passive equipment that conveys a fluid;
the requirement limits the acceptable deformation of such equipment such that
there is no reduction in the fluid flow rate that would prevent fulfilment of the
relevant safety function.

3. Operability, which applies to active mechanical equipment; the requirement
stipulates that mechanisms or moving parts (valves, check valves, relief valves,
etc.) whose motion is necessary to fulfil the equipment safety functions must
operate correctly.

Functional requirements are a factor in the choice of the rules and criteria used in
mechanical component design and construction codes, to be applied when designing
(sizing) the relevant components. Codes define the computation methods applicable to
components (classified in levels — refer to the Focus feature at the end of this chapter)
in order to ensure their resistance to various types of damage. For each level, RCC-M

310. This term (intégrité de la barriére de pression) is used in French regulations. They define barrier
integrity as the “absence of irreversible alteration of a barrier that could jeopardize the effective-
ness required in the nuclear safety demonstration” (ASN Guide No. 22, Appendix 1). According
to this definition, a leak can be considered as a loss of integrity.


https://www.asme.org/
https://www.ieee.org/
https://www.asn.fr/Professionnels/Installations-nucleaires/Guides-de-l-ASN/Guide-de-l-ASN-n-22-Conception-des-reacteurs-a-eau-sous-pression
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defines four levels of criteria, A, B, C and D in order of decreasing stringency, that are
associated with specific rules and limits (or criteria).

P Requirement on resistance to seismic loads

A seismic classification is defined in parallel with the safety classification. It applies
to equipment that must continue to operate or maintain its integrity when subjected
to loads resulting from an earthquake. For all reactor series, seismic loads have been
considered at the design stage for sizing safety-grade equipment, resulting in seismic
classification of class 1, 2, 3 and safety-related (LS) mechanical equipment and class 1E,
2E and D electrical equipment. The seismic classification of items that are ‘important
to safety — non-safety grade’ (IPS-NC) is defined case by case, according to their role
in situations potentially caused by an earthquake.

EPR equipment in functional classes F1A and F1B or mechanical classes M1 or M2
is seismic-grade equipment. The seismic classification of F2 and M3 components is
defined case by case, according to their role in situations potentially caused by an
earthquake.

Seismic-grade equipment must satisfy its functional requirements when it is
subjected to the loads resulting from a seismic margin earthquake (SME) or a design-
basis earthquake (DBE)>"".

7.4.3. Qualification of equipment for accident conditions

Qualification consists in demonstrating that equipment important to safety is
capable of fulfilling its functions under the conditions to which it may be subjected
(in terms of temperature, pressure, humidity, irradiation, seismic loads, etc.).

The equipment qualification process begins at the reactor design stage by iden-
tifying the requirements to be met by the equipment. It continues by defining and
implementing a qualification programme providing appropriate substantiation that the
requirements are satisfied. The objective is to complete the process, as far as possible,
by the time the reactor is commissioned.

The following conditions are taken into account in the qualification process:

— degraded ambient conditions under which the equipment must operate, in
terms of pressure, temperature, humidity and irradiation;

— seismic loads, for seismic-grade equipment;

— specific conditions: for example, the capacity of a valve or check valve located
on a high-energy line to isolate a break in the pipe, or the capacity to convey a

311. These concepts are defined in Section 12.3. The DBE may be an upper bound of the seismic
margin earthquakes (SME) specific to reactor locations, as is the case for the French nuclear
power reactor fleet. The same applies for the operating-basis earthquake (OBE) with respect to
the maximum historically probable earthquake (MHPE).
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radioactive fluid loaded with debris (such as equipment in systems recirculating
reactor coolant from the reactor building sumps).

Qualification for accident conditions is required for electrical equipment and active
mechanical equipment subject to an operability requirement. For passive mechanical
equipment, it is assumed that applying the appropriate design criteria is sufficient
to ensure that it meets the relevant functional requirements (integrity, functional
capacity), with no additional demonstration required. However, equipment forming
part of the third confinement barrier and its extension (see Section 6.3) is subject to a
leaktightness requirement that may call for qualification of passive components that
could be subject to degradation under the defined accident conditions (as in the case
of elastomer seals).

Coatings and paints (on concrete walls, for example) inside the reactor building
must also be qualified for degraded ambient conditions (pressure, temperature,
humidity, etc.), in order to ensure that under accident conditions they do not produce
debris likely to hamper water recirculation by the sumps, the reactor coolant system
safety injection system (SIS) and the containment spray system (CSS), a topic discussed
in Chapter 9.

In addition to accident conditions, qualification also takes into account equipment
and coating ageing due to the effect of temperature, irradiation and mechanical loads
(vibrations, etc.) throughout facility lifetime.

Up to 2006, one of the three standard qualification profiles below was applied to
equipment to be qualified:

— Profile K1 for equipment located in the reactor building, necessary under
accident conditions leading to degraded ambient conditions in the building.
Profile K1 (see Figure 7.3 below) is bounding for the worst-case accident
ambient conditions defined (other than an accident with core melt), i.e. condi-
tions potentially resulting from a loss-of-coolant accident or a steam line break;

— Profile K2 for equipment located in the reactor building that must be capable of
fulfilling its functions in normal ambient conditions;

— Profile K3 for equipment located outside the reactor building; however, equip-
ment necessary under accident conditions leading to degraded ambient condi-
tions in the rooms where it is located (for example, in the bunkers housing
steam lines) and equipment that potentially must convey radioactive fluid
loaded with debris (SIS and CSS components) also underwent qualification for
these specific conditions (profile K3AD).

As of 2006, six different families of ambient conditions were defined by EDF and
were taken into account to qualify equipment in the reactor building, thereby adapting
equipment qualification to the radiation doses encountered in accident situations
and to the time periods during which equipment operability must be ensured under
degraded ambient conditions. The definition of the families of ambient conditions is
based on two parameters:


https://www.edf.fr/en/meta-home

204 Elements of nuclear safety — Pressurized water reactors

— type of ambient accident conditions to which the equipment might be exposed
during its operation;

— duration of the accident phase during which the equipment must be capable of
fulfilling its function.

Families of ambient conditions had already been defined in the 1990s for equip-
ment located outside the reactor building, based on the same parameters.

Taking into account families of ambient conditions made it possible to approve
qualification of existing equipment for accident conditions, even when it was subject
to deviations. An example is provided by the motors of the RHRS pumps, for which
the accident radiation doses correspond to family 4, while the maximum dose defined
for the components used in a large-break loss-of-coolant accident is that of family 6,
corresponding to qualification profile K132,

Families of ambient conditions for the Flamanville 3 EPR were defined and applied
at the design stage.

Equipment qualification can be achieved by means of tests, analyses (studies), or a
combination of both.

Qualification by testing consists in subjecting ‘model’ equipment to loads repre-
sentative of the normal and accident operating conditions that it must be able to
withstand. The test programme is divided into a series of test sequences, designed to
represent the load cases to which the equipment is likely to be subjected. This is the
method used most often for electrical equipment.

As an example, the equipment located in the reactor building (designed to operate
in the event of a large-break loss-of-coolant accident — see Chapter 9 — or a steam
line break), if it is qualified by testing, undergoes the following standard test sequence
(corresponding to RCC-E qualification profile K1):

— at the beginning of the qualification procedure, ‘reference’ tests consisting in
measuring the functional and electrical characteristics of the equipment under
its normal operating conditions;

— tests at the limits of the equipment operating range, aiming to characterize
equipment performance under the bounding temperature, humidity and elec-
trical interference conditions of normal operation;

312. The family of ambient conditions for the RHRS is family 4 (degraded ambient thermal-hydraulic
conditions and low-irradiation ambient conditions in the long term) because, in the safety
demonstration, RHRS is taken into account only in studies on steam line break (SLB) accidents
and small-break loss-of-coolant (SB LOCA) accidents. In these accidents, irradiation is low (10%
cladding failure assumed for a small-break LOCA, whereas 100% cladding failure is assumed for
a large-break LOCA corresponding to the profile K1 accident radiation dose). Using the dose
corresponding to family 4 made it possible to reduce the qualification dose — given that the RHRS
pump motors cannot be qualified at the K1 dose.
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— tests to assess any possible changes in equipment performance over time,
aiming to simulate equipment ageing by thermal ageing tests (case of electrical
equipment), repeated-operation tests (opening/closing cycles for valves, start/
stop cycles for motors, for example), vibration tests, and irradiation tests (the
irradiation test may be grouped with the accident irradiation test);

— seismic resistance tests: the equipment undergoes five cycles of the accelera-
tions corresponding to the operating-basis earthquake (OBE) and at least one
cycle of those corresponding to the design-basis earthquake (DBE);

— accident irradiation tests;
— thermodynamic tests that consist in subjecting the equipment to profile K1.

The last two tests above are not conducted on equipment located in the reactor
building that is qualified as K2.

Irradiation tests and thermodynamic tests are not conducted on equipment located
outside the reactor building assigned to profile K3, except for equipment assigned to
profile K3AD that is qualified for thermodynamic ambient conditions (such as equip-
ment located in the bunkers housing the steam lines) or for irradiation under accident
conditions (such as SIS and CSS equipment located on the water recirculation lines
from the sumps).
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Figure 7.3. Example of qualification profile K1. Marc Bouscasse/IRSN.
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Qualification by analyses can be conducted:

by analogy, on the basis of pre-established rules (such as similar technology
and dimensions), with equipment already qualified by testing, a method used in
particular for valves and pumps;

or by computation, using a simulation model representative of the relevant
equipment as well as qualified computation methods or codes, a procedure
used in particular for seismic qualification of valves, pumps and large equip-
ment items;

or by operating experience, when the corresponding conditions have been at
least as severe as those that the equipment must be able to withstand.

Once the qualification of a model equipment item has been declared, it is essential
to avoid the manufacture, installation, maintenance or operation of any equipment
items in the facility that could compromise this qualification in the course of time.
This is ensured by a series of measures referred to as ‘maintaining qualification’, which
consists of the following:

requiring that suppliers produce and update a reference file describing the
manufacturing methods used to ensure that the components produced comply
with the qualified model, and that also serves to control any engineering
changes;

once the model equipment item has been qualified, a sheet to follow up
actions to maintain qualification must be prepared, specifying the applicable
installation and maintenance requirements (such as the types of grease and
seals compatible with qualification for ambient conditions, fastener tightening
torques and locking compatible with seismic qualification); these requirements
are taken into account when preparing maintenance work on the equipment. A
file containing instructions for maintaining equipment qualification is used by
operators to serve this purpose over time;

controlling spare parts procurement and storage conditions.

As a general rule, equipment is qualified for a defined service life. Extension of
equipment qualification may nevertheless become necessary or desirable for various
reasons:

to prolong equipment service life;
or because the qualified service life has been revised downwards:

* due to normal operation environmental conditions (temperature, irradia-
tion, etc.) that are more severe than expected,

¢ due to new knowledge (experience feedback, new developments)
providing evidence of ageing mechanisms that develop faster than
predicted or were previously unknown.
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Qualification can be extended using methods referred to as Qualified Service-Life
Reassessment and Extension®'. For example, samples of reactor building electrical
cables and paints have been taken for qualification testing as part of the EDF reactor
operating lifetime extension project. In addition, certain components sensitive to
ageing can be replaced by identical new components.

The specific qualification procedure adopted for the reactor vessel, subjected to
neutron irradiation from the reactor core, is of particular interest. Test specimens of
the same material as the reactor vessel are irradiated in zones close to the core and
undergo mechanical testing at different times throughout facility lifetime in order to
predict the mechanical behaviour of the vessel material (in particular with regard to
the ductile/brittle transition threshold).

Equipment qualification for accident conditions with core melt is illustrated in
Chapter 17 (for the hydrogen recombiners, the containment filtered venting system
and the core catcher of the EPR).

7.5. Information on designing nuclear pressure
equipment3'*

A brief outline of the history of regulations applicable to pressure equipment,
and more specifically to pressure vessels used in nuclear reactors and referred to as
‘nuclear pressure equipment’, is given in the Focus feature in Chapter 2. Further tech-
nical details are given below on designing this type of equipment?".

Simplifying greatly, the purpose of taking specific measures in designing pressure
equipment is to ensure the safety of people, especially by averting sudden rupture of
equipment during operation. In addition to technical measures taken to prevent this
type of accident, safety devices (such as relief valves) are installed on the equipment
to relieve pressure quickly enough to avoid any pressure rise capable of causing equip-
ment rupture.

As discussed in Chapter 2, nuclear pressure equipment regulations®'® establish
a unified and proportionate approach to the risks inherent to any type of nuclear
pressure equipment, taking into account for each vessel:

— pressure and volume, which, together with the type(s) of fluid contained in
the equipment item, determine the ‘equipment category’; five categories

313. The term ‘progressive qualification’ is also used.

314. Information provided in collaboration with Simon Liu of ASN/DEP and Remy Catteau of ASN/
DCN.

315. Refer also to articles BN3280V1 and BN3282V1 in the magazine Techniques de l'ingénieur,
written by Jean-Marie Grandemange (t), Conception des enceintes sous pression (Designing
Pressure Vessels), parts 1 and 2, January 2008.

316. The Order of 30 December 2015 on nuclear pressure equipment, the Order of 3 September 2018
amending certain measures applicable to nuclear pressure equipment and certain safety devices
used for protection of this equipment.


https://www.edf.fr/en/meta-home
http://www.french-nuclear-safety.fr/
http://www.french-nuclear-safety.fr/
https://www.techniques-ingenieur.fr/res/pdf/encyclopedia/42204210-bn3280.pdf
https://www.techniques-ingenieur.fr/res/pdf/encyclopedia/42204210-bn3282.pdf
https://www.legifrance.gouv.fr/affichTexte.do?cidTexte=JORFTEXT000031742222&categorieLien=id
https://www.legifrance.gouv.fr/affichTexte.do?cidTexte=JORFTEXT000037422260&categorieLien=id
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are defined in Article R.557-9-3 of the French Environment Code, in order of
increasing risk: O, I, II, I, IV;

— the radiological inventory contained or likely to be contained in the equipment
item during operation;

— whether its failure is taken into account in the reactor safety supporting
documents.

Three 'requirement levels’ are defined, N1, N2 and N3 (in decreasing order of strin-
gency). Level N1 is the most stringent, applicable to “equipment items for which the
safety analysis report does not define measures capable of returning the facility to a
safe state, as well as nuclear pressure equipment constituting the main primary system
and the main secondary system of nuclear steam supply systems...".

Level N2 covers nuclear pressure equipment items that are not classified level N1
and whose failure may entail a release of activity greater than 370 GBq, calculated as
the sum of the activity of the elements present (weighted by a factor of 1/1000 for
some isotopes such as tritium, nitrogen-13, and nitrogen-16).

Level N3 covers the remaining nuclear pressure equipment.

Nuclear pressure equipment regulations require that level N2 or N3 be assigned
to nuclear power reactor equipment that is already in operation and belongs to safety
class 2 or 3, respectively — obviously excluding the main primary system and the main
secondary system, classified level N1.

Nuclear pressure equipment regulations then define a number of ‘essential safety
requirements’3" for N1, N2 and N3 equipment items, which have been divided into
categories | to IV — category 0 equipment, subject to lesser risks, being covered by good
practice or professional guides. These essential safety requirements cover in particular:

equipment design,
— equipment manufacture,

— technical qualification of operations required to produce and manufacture
materials,

— permanent assemblies (welds, etc.) and welding operations,

— non-destructive testing to detect manufacturing faults,

— traceability of materials,

— hydrostatic tests or strength tests using a fluid other than water,

— instruction sheets specifying any particular design features that are essential to
preserving equipment service life,

317. This concept, taken from European Directive 97/23/EC, is defined in the Focus feature in
Chapter 2.


https://www.legifrance.gouv.fr/affichCodeArticle.do?idArticle=LEGIARTI000033852630&cidTexte=LEGITEXT000006074220&dateTexte=20180101
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=OJ:L:1997:181:TOC
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— requirements applicable to materials and their mechanical characteristics.

With regard to in-service monitoring, the Order of 10 November 1999 (the Oper-
ation Order) remains applicable to the main primary system and the main secondary
system of pressurized water reactors®',

Concerning design, nuclear pressure equipment regulations stipulate that the
equipment must be designed so as to minimize the risks of loss of integrity, “taking
into account any foreseeable alteration of materials [...], and ageing due to irradiation”.
For level N1 equipment, these risks are related to:

— "low-cycle or high-cycle thermal fatigue,

— different types of thermal behaviour of materials welded together,
— vibration fatigue,

— local pressure peaks,

— creep,

— stress concentrations,

— corrosion processes,

— local damaging thermal-hydraulic phenomena,

— drainage of equipment due to a pipe break.”

For each item of equipment in the nuclear power reactor fleet subject to pressure
equipment regulations, the appropriate supporting documents are provided by EDF in
regulatory reference files that cover materials used, manufacturing quality, protection
against overpressure, ‘situations’ assumed for sizing (discussed further in Section 8.6),
sudden break risk analysis, etc.

In the 1974 order it was explicitly stipulated that “the materials”, used for nuclear
pressure equipment, “must be selected so as to avoid any risk of sudden rupture in
operation”. For this purpose, the order defined several criteria relevant to the mechan-
ical characteristics of materials (tensile strength, rupture elongation, impact strength).
Similar criteria are specified in the nuclear pressure equipment regulations for level N1
and N2 equipment.

The installation of safety devices on equipment covered by pressure equipment
regulations in order to reduce pressure and avoid rupture was discussed above. In this
regard, the risks of overpressure in the main primary and secondary systems and in
some of the systems connected to them, in all states of a pressurized water reactor,

318. With a few changes introduced by the Order of 3 September 2018 (refer to the Focus feature
in Chapter 2). For other nuclear pressure equipment items, appendices V and VI of the Nuclear
Pressure Equipment Order are applicable.


https://www.legifrance.gouv.fr/affichTexte.do?cidTexte=LEGITEXT000021233786
https://www.edf.fr/en/meta-home
https://www.legifrance.gouv.fr/affichTexte.do?cidTexte=JORFTEXT000037422260&categorieLien=id
https://www.legifrance.gouv.fr/affichTexte.do?cidTexte=LEGITEXT000021236266
https://www.legifrance.gouv.fr/affichTexte.do?cidTexte=LEGITEXT000021236266
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must be reviewed in particular for the various predictable situations®', in order to
define and validate all the design and operation measures for controlling such risks.
For the secondary system, it is necessary to verify that protection measures based
on steam letdown lines and relief valves are adequate, while also considering reactor
residual heat removal, limitation of radioactive release to the environment and preven-
tion of excessive reactor core cooling (risk of injecting reactivity into the core).

7.6. General considerations on provisions for hazards
in facility design

Certain phenomena or events may entail conditions resulting directly or indirectly
in damage to equipment items in a nuclear power reactor, with consequences on
safety. These phenomena or events are referred to as ‘hazards’. Hazards are classified
according to their origin3%° as follows:

— internal hazards when the source of the hazard is inside the facility; for
example, a fire in a room, flooding following a tank rupture, the impact of a
section of ruptured pipe on other equipment (a hazard caused by a phenom-
enon commonly referred to as ‘pipe whip’), a load (such as a component during
a handling procedure) being dropped on another component or system, etc.;

— external hazards of natural origin: for example, earthquakes, flooding from
waterways, failure of an embankment or dam upstream of the facility, high or
very high temperatures (heatwaves), strong winds, etc,;

— external hazards associated with human activity outside the facility, such as an
aeroplane crash or an accidental gas explosion near the facility.

As in the case of events occurring inside the facility taken into account in the design
basis, measures are taken to prevent the occurrence of internal hazards, but they are
nevertheless postulated and other measures are taken to mitigate their consequences.
In contrast, with regard to external hazards, other than site selection — of particular
importance — design and operation measures focus on mitigation.

The availability of the nuclear power reactor equipment required to fulfil safety
functions must not be compromised (as a consequence of any damage) when a hazard

319. In the Technical Guidelines for the Design and Construction of the Next Generation of Nuclear
Power Plants with Pressurized Water Reactors and in ASN Guide No. 22, the predictable situa-
tions are the plant category conditions (PCC) (see Section 6.5 and Chapter 8), and category 2
incidents combined with postulated reactor trip failure (reactor trip has a beneficial effect
because it lowers the pressure in system lines).

320. Malicious acts are also hazards, but are not covered in this book. See, for example, the document
entitled A Comparative Approach to Nuclear Safety and Nuclear Security, J. Jalouneix et al., Refer-
ence Documents Series, IRSN/EDP Sciences, April 2009, and Article BN3940 V2, Protection et
contréle des matiéres nucléaires (Protection and Control of Nuclear Materials), by Jean Jalouneix,
in the 10 July 2017 issue of the magazine Techniques de l'ingénieur.


http://www.french-nuclear-safety.fr/Inspections/Supervision-of-the-EPR-reactor/Resources/Technical-guidelines-for-the-design-and-construction-of-the-EPR
http://www.french-nuclear-safety.fr/Inspections/Supervision-of-the-EPR-reactor/Resources/Technical-guidelines-for-the-design-and-construction-of-the-EPR
https://www.asn.fr/Professionnels/Installations-nucleaires/Guides-de-l-ASN/Guide-de-l-ASN-n-22-Conception-des-reacteurs-a-eau-sous-pression
https://www.irsn.fr/FR/Larecherche/publications-documentation/collection-ouvrages-IRSN/Documents/IRSN_reference_comparative_approach_nuclear_safety_nuclear_security.pdf
https://www.irsn.fr/EN/Research/publications-documentation/Scientific-books/Pages/reference-documents.aspx
https://www.irsn.fr/EN/Research/publications-documentation/Scientific-books/Pages/reference-documents.aspx
https://www.irsn.fr/EN/Pages/Home.aspx
https://www.edpsciences.org/en/
https://www.techniques-ingenieur.fr/res/pdf/encyclopedia/42205210-bn3940.pdf
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occurs, given the associated design rules and the direct or indirect effects of the hazard
(see ASN Guide No. 22), and in particular the three fundamental safety functions:

— control of reactivity (including, of course, reactor trip3?'),
— heat removal (residual heat if the reactor is shut down),
— confinement of radioactive substances.

In other words, a reactor ‘safe state’*??, in which the three functions above are
fulfilled without interruption, must be achievable if necessary and maintained after a
hazard.

To achieve this goal, all equipment that plays a role in performing safety functions
must be protected as necessary against the impact of the hazard:

— either by measures preventing the consequences of the hazard from affecting
the equipment, such as safety nets to retain wind-borne debris in the event of
strong winds, or protective structures capable of withstanding potential falling
loads;

— or by a design that keeps the equipment in an operational state if a hazard
occurs, for example the equipment designed and sized to withstand the earth-
quakes that serve as a reference during reactor design, or even an extreme
earthquake3%.

In general, the analysis of hazard-related risks in the safety demonstration consists
of two phases:

— determination of the hazard characteristics likely to affect the facility; for some
hazards, a reference level is defined for facility design;

— demonstration that appropriate protection has been provided against each
identified hazard.

For some hazards (such as a pipe break or internal projectiles), spatial separation
of equipment important to safety can provide a way to avoid situations where the
same hazard affects redundant trains. For other hazards, especially naturally occurring
external hazards, specific studies are necessary in many cases, as the impact of these
hazards can affect redundant trains simultaneously, or even all the systems on a site.

Other aspects of studying internal and external hazards are covered in Section 11.1.

321. In general, a nuclear power plant operator must be able to rapidly assess the risks at hand when
an external hazard occurs, in order to decide whether to maintain the reactor(s) on site in the
safest shutdown state or continue facility operation (RFS 1.3.b).

322. This concept is defined in the Focus feature in Chapter 8.

323. This concept was developed in the context of experience feedback from the Fukushima Daiichi
nuclear power plant accident (see Chapter 6).


https://www.asn.fr/Professionnels/Installations-nucleaires/Guides-de-l-ASN/Guide-de-l-ASN-n-22-Conception-des-reacteurs-a-eau-sous-pression
https://www.asn.fr/l-asn-reglemente/rfs/rfs-relatives-aux-rep/rfs-i-3.b.-du-08-06-1984
https://www.irsn.fr/EN/publications/thematic-safety/fukushima/Pages/overview.aspx
https://www.irsn.fr/EN/publications/thematic-safety/fukushima/Pages/overview.aspx
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7.7. Anticipating decommissioning in the design stage

It is important for the decommissioning operations of a nuclear facility to be
considered at the design stage, so that when the time comes, there are no difficulties
that significantly complicate and delay the necessary operations.

In this regard, ASN Guide No. 22 on the design of pressurized water reactors
includes recommendations for taking into account reactor decommissioning at the
design stage: “Final shutdown, decommissioning and the targeted physical state of the
facility after decommissioning must be taken into account at the design stage in order
to facilitate the operations involved, while aiming to:

— complete decommissioning within the shortest possible time period;

— fully complete facility cleanup, i.e. return the site to its initial state, before
structures were activated or contaminated.”

It is also stated in the guide that the technical choices made at the design stage,
based on experience feedback from other dismantling operations, must include:

— ‘“equipment design and the layout of buildings and access roads. Equipment
likely to contain radioactive substances in normal operation and in the event
of incidents must be designed to facilitate, as much as possible, its inspection,
radiological characterization, cleanup, dismantling and transport. Where perti-
nent, radiological shielding, easily removable for dismantling operations, must
be used to reduce activation of components and equipment. Buildings must be
laid out taking future decommissioning operations into account, in particular
with regard to components that are difficult to handle. Any equipment likely to
contain radioactive substances following accident situations must also be taken
into consideration;

— materials must be selected taking into account their chemical composition and
the phenomena to which they are likely to be subjected, in order to limit the
risks involved in dismantling operations and facilitate the subsequent manage-
ment of waste produced during these operations.”

#FOCUS

The RCC-M code

The ASME design and construction code was used initially for the mechan-
ical components (such as the reactor vessel, the pressurizer, pipes and valves)
of the 900 MWe series units, ‘introduced’ de facto within the framework of the
Westinghouse licence. Later, however, the French engineering industry developed
its own equivalent code, RCC-M — Design and Construction Rules for Mechanical
Components.


https://www.asn.fr/Professionnels/Installations-nucleaires/Guides-de-l-ASN/Guide-de-l-ASN-n-22-Conception-des-reacteurs-a-eau-sous-pression
https://www.asme.org/
http://westinghouse.com/
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Like the ASME code, RCC-M defines rules reflecting best practice concerning
various aspects, such as:

— selection of materials,

type of welded assembly,
— sizing (verification of mechanical rules and criteria),
— manufacturing inspections, etc.
Three sets of rules are proposed, associated with three ‘levels’ of components:
— level 1 components, for which the most stringent rules are proposed,
— level 2 components,

— level 3 components, for which the least stringent rules are proposed (allowing
partial manufacturing inspections, for example).

Components in safety classes 1, 2 and 3 are subject to level 1, 2 and 3 rules,
respectively, although a more stringent level may be adopted on a case-by-case
basis for level 2 or 3 components.

For sizing purposes (or verification of sizing), rules and criteria are devised
to prevent the various anticipated damage modes for different types of loading,
such as thermal-mechanical loads maintained long enough to generate a risk of
creep damage, short-lived loads potentially resulting in a risk of excessive instan-
taneous deformation, and repeated loads generating a risk of fatigue damage.

The recommended limits — for categories A, B, C and D in decreasing order of
stringency — differ not only according to the level assigned to a component — and
thus its safety class — and the category of the corresponding situation consid-
ered, but also according to the associated requirement, which depends on the role
played by the component. ‘Non-static’ components may be subjected to more
drastic rules and criteria than ‘static’ components.

To apply rules such as those in the RCC-M code, thermal-mechanical loads and
their time profiles (i.e. the design ‘situations’) are determined by studying postu-
lated events in the deterministic safety analysis. These loads are usually grouped
together and combined in a conservative manner (often with no claim to likeli-
hood) before verification of compliance with the rules and criteria for mechanical
components.


https://www.asme.org/




Chapter 8

Study of Operating Conditions
in the Deterministic Safety Analysis

As stated in Chapter 6, a study of the different situations of varying severity that
can affect a facility such as a nuclear reactor is an essential part of the safety demon-
strat