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TAEA SAFETY STANDARDS AND RELATED PUBLICATIONS

IAEA SAFETY STANDARDS

Under the terms of Article III of its Statute, the IAEA is authorized to establish or adopt
standards of safety for protection of health and minimization of danger to life and property, and
to provide for the application of these standards.

The publications by means of which the IAEA establishes standards are issued in the
TAEA Safety Standards Series. This series covers nuclear safety, radiation safety, transport
safety and waste safety. The publication categories in the series are Safety Fundamentals,
Safety Requirements and Safety Guides.

Information on the IAEA’s safety standards programme is available on the IAEA Internet
site
http://www-ns.iaea.org/standards/

The site provides the texts in English of published and draft safety standards. The texts
of safety standards issued in Arabic, Chinese, French, Russian and Spanish, the IAEA Safety
Glossary and a status report for safety standards under development are also available. For
further information, please contact the IAEA at: Vienna International Centre, PO Box 100,
1400 Vienna, Austria.

All users of IAEA safety standards are invited to inform the IAEA of experience in their
use (e.g. as a basis for national regulations, for safety reviews and for training courses) for the
purpose of ensuring that they continue to meet users’ needs. Information may be provided via
the TAEA Internet site or by post, as above, or by email to Official. Mail@jiaea.org.

RELATED PUBLICATIONS

The IAEA provides for the application of the standards and, under the terms of Articles III
and VIII.C of its Statute, makes available and fosters the exchange of information relating
to peaceful nuclear activities and serves as an intermediary among its Member States for this
purpose.

Reports on safety in nuclear activities are issued as Safety Reports, which provide
practical examples and detailed methods that can be used in support of the safety standards.

Other safety related IAEA publications are issued as Emergency Preparedness and
Response publications, Radiological Assessment Reports, the International Nuclear Safety
Group’s INSAG Reports, Technical Reports and TECDOCs. The IAEA also issues reports
on radiological accidents, training manuals and practical manuals, and other special safety
related publications.

Security related publications are issued in the IAEA Nuclear Security Series.

The IAEA Nuclear Energy Series comprises informational publications to encourage
and assist research on, and the development and practical application of, nuclear energy for
peaceful purposes. It includes reports and guides on the status of and advances in technology,
and on experience, good practices and practical examples in the areas of nuclear power, the
nuclear fuel cycle, radioactive waste management and decommissioning.
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FOREWORD

Nuclear safety is provided by various means, the effectiveness and sufficiency of which are
evaluated by means of safety assessment performed by licensees and reviewed by regulatory
bodies. The current approach to safety assessment requires that both deterministic and
probabilistic assessments be performed to demonstrate that safety requirements and criteria are
met and that risk is acceptably low.

It is an important and at the same time challenging task to determine a set of safety requirements
and criteria that would aid in answering the question, How safe is safe enough? In order to
achieve the fundamental safety objective of protecting people and the environment from
harmful effects of ionizing radiation, a set of detailed technical requirements and criteria, both
qualitative and quantitative, can be formulated as safety goals.

The main objective of the present publication is to assist in developing a good understanding
of the definition and use of safety goals, and of the process of establishing a consistent and
coherent hierarchy of safety goals for nuclear installations. The publication provides nuclear
safety specialists and decision makers in operating organizations and nuclear safety regulatory
bodies with information on, and examples of, implementation of a hierarchy of safety goals
proceeding a range of issues, from high level society-wide considerations to detailed technical
issues.

The IAEA thanks those experts who helped prepare this publication for their valuable
contributions. The IAEA technical officers responsible for this publication were I. Kuzmina
and A. Chekin of the Division of Nuclear Installation Safety.
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1. INTRODUCTION
1.1. BACKGROUND

In 2006, the International Atomic Energy Agency (IAEA) published its Fundamental Safety
Principles [1], which states that “The fundamental safety objective is to protect people and the
environment from harmful effects of ionizing radiation”, which is to be achieved by adherence
to ten safety principles.

Principle 6 of [1], ‘Limitation of risks to individuals’, states that “Measures for controlling
radiation risks must ensure that no individual bears an unacceptable risk of harm.” Thus, the
risks associated with the operation of nuclear installations must be assessed and controlled, and
criteria for what constitutes an ‘unacceptable risk’ need to be established. These criteria are
then used to provide assurance that there are sufficient safety provisions in the design and
operational processes to demonstrate that risks are not unacceptable. The IAEA Safety
Requirements on Safety Assessment for Facilities and Activities [2] also require to establish
criteria for judging safety (Requirement 16).

Several different terms are used for stating or defining safety criteria. In this document, the term
safety goal is a necessary characteristic of a structured set (qualitative and/or quantitative),
which is expected to be satisfied to assure that an acceptable level of safety is provided.
Therefore, a comprehensive set of ‘safety goals’ is needed. Safety goals may be expressed
qualitatively and/or quantitatively, and the term ‘risk’ is used to cover all situations that have
the potential to cause harmful consequences.

The IAEA safety standards (e.g. [1], [3], [4], [5]) define safety principles and some quantitative
safety criteria (e.g. dose limits) or semi-quantitative safety criteria (e.g. using terms like ‘very
low risk’). Particularly important in this context is the concept of Defence-in-Depth (DiD) [6],
i.e. a number of consecutive and independent levels of protection which would have to fail
before harmful effects could occur. However, safety goals have only been introduced in the
IAEA Safety Standards for the probabilistic safety assessment (PSA) of nuclear power plants
(NPPs) ([7], and [8]). There is currently no IAEA guidance or publications on how to develop
a consistent and coherent set of safety goals in other areas or for nuclear installations other than
nuclear power plants.

Several countries refer to the INSAG-12 report [9], as a basis for their national set of
quantitative safety goals. Since publication of INSAG-12, there have been considerable
developments in the area of safety goals. The integration of qualitative and quantitative safety
goals is being pursued by various countries, international organizations and expert groups (see
examples in Annexes). The growing importance of establishing a consistent and coherent
hierarchy of safety goals for NPPs and other nuclear installations on the basis of the
consideration of both quantitative and qualitative concepts has been widely recognized.

1.2. OBJECTIVES

The primary objective of this TECDOC is to assist in creating a greater understanding of the
establishment, use and communication of safety goals for nuclear installations in Member
States.

This TECDOC sets out the advantages and benefits of developing a hierarchical organization
of safety goals. It provides practical guidance and examples on establishing a consistent and
coherent hierarchical set of safety goals for nuclear installations. During the initial work, the



word “framework’ was used to refer to this hierarchical organization of safety goals. This term
i1s sometimes used in contributions received from some Member States, which are included in
the annexes. In the rest of the document, “hierarchy” is used instead of framework. In addition,
this TECDOC provides practical guidance on the safety goals that are needed for use in an
integrated risk-informed decision making (IRIDM) process!. The use of safety goals for
communicating with stakeholders and other purposes is also discussed.

This TECDOC discusses the advantages of a hierarchical structure of safety goals and their use
but does not recommend any particular set of safety goals because it is the responsibility of
each Member State to determine how nuclear safety is assured. A hierarchical structure is
proposed as an approach that is consistent and coherent across different nuclear facilities and
activities by describing how to develop an appropriate hierarchical structure that may be
adopted by different stakeholders in Member States.

1.3. SCOPE

The scope of this TECDOC is concerned only with radiation and nuclear safety. This TECDOC
is intended to be applicable with some judgement to all types of nuclear facilities and activities
during their lifecycle. However, the examples and specific considerations on safety goals are
mainly related to water-cooled NPPs.

1.4. STRUCTURE

Section 2 describes the main elements and a possible hierarchical structure of safety goals. The
process for the development of a hierarchical structure of safety goals is described in Section
3. Section 4 discusses applications of the hierarchical structure of safety goals. Section 5
provides concluding remarks. In addition, several Annexes provide supporting information and
examples of safety goals developed in Member States and international experts groups, and
examples of benchmarking the hierarchy of safety goals suggested in this TECDOC against the
existing national safety goals.

T IRIDM is a systematic process aimed at the integration of the major considerations influencing nuclear power plant safety.
The main goal of IRIDM is to ensure that any decision affecting nuclear safety is optimized without unduly limiting the conduct
of operation of the nuclear power plant. It underpins nuclear safety decisions and ensures consistency with the safety goals of
the Member State.

Source: A Framework for an Integrated Risk Informed Decision Making Process, INSAG-25, IAEA, Vienna (2011).



2. A GENERAL HIERARCHY OF SAFETY GOALS
2.1. INTRODUCTORY REMARKS

The reason for defining a hierarchy of safety goals is twofold. Firstly, it takes account of the
fact that no single safety goal can be used to assess all safety aspects of an installation, but that
typically a set of safety goals is needed. Secondly, it makes it possible to present interrelations
within the safety goals, which is important in order for different safety goals to give consistent
answers when applied to a nuclear installation.

Due to the way safety requirements are typically formulated, it is suitable to structure the safety
goals in a hierarchical manner. A number of hierarchical approaches already suggested are
discussed in Annex VI. The approaches suggested by MDEP and NPSAG show great
similarities, but differ in where the main focus is put. Thus, in the MDEP approach the higher
(technology independent) levels have so far been described more in detail, whereas the focus
in the NPSAG approach has been on providing a reasonable level of degree in the description
of the lower technical levels, which are more technology specific.

The hierarchical approach proposed in this section covers the entire range of levels, from the
highest (society) to the lowest (technology and facility specific) level.

2.2. TYPES OF SAFETY GOALS

In principle, the hierarchy of safety goals can be applicable to all nuclear installations during
their entire lifetime; the safety goals cover the whole range of conditions of the installation and
all relevant sources of radioactivity on the site are expected to be taken into account.

The highest level safety goal would be expected to remain unchanged over all life cycle phases,
while lower level safety goals may be different for different life cycle phases, and may also
change during the life time of an installation. Both operational states and accident conditions
need to be considered?.

Safety goals are either qualitative or quantitative. Semi-quantitative safety goals typically
appear at a high level in the structure and often constitute a bridge between a qualitative and a
quantitative safety goal. They include criteria where something is expressed in terms of
“frequent/infrequent” or as being “high/low” compared to something else. An example of a
semi-quantitative safety goal is the requirement in some Member States that the risk from NPP’s
shall be low compared to the risk from other viable means of electricity generation.3.
Quantitative safety goals may be either deterministic or probabilistic, the quantitative
deterministic safety goals often being defined as success criteria for a particular assessment.

2 For NPPs operational states include all modes normal operation and anticipated operational occurrences. Accident conditions
comprise design basis accidents and plant conditions beyond them, including severe accidents, for which the plant may be
designed or not.

3 Semi-quantitative safety goals could be another type, but they have generally been considered as quantitative safety goals



The range of application of safety goals and their types is illustrated in Figure 1.

Safety Goals

(All life cycle stages)

Operational states = Accident conditions

Qualitative Quantitative Qualitative Quantitative
Deterministic/ Deterministic/
Probabilistic Probabilistic

i

FIG. 1. Types of safety goals and field of application.

2.3. HIERARCHICAL APPROACH TO SAFETY GOALS

For establishing a hierarchical structure of safety goals the following general aspects are
expected to be considered:

The hierarchy is to be applicable to all types of nuclear installations (examples are
however often provided for water-cooled NPPs, specifically LWRs).

The hierarchy is to be applicable to all relevant lifetime stages.

The hierarchy is to cover the applicable states of the installation, e.g. operational states
and accident conditions.

The hierarchy is to complement and be in agreement with the structure of the IAEA
Fundamental Safety Principles and Safety Standards.

The hierarchy is to be consistent with the structure and intents of defence-in-depth and
support its implementation.

The Top Level safety goals express overall requirements on society level, while lower
levels will successively detail the top level goals.

Safety goals on different levels are to be consistent and traceable, allowing to derive
lower level goals from higher level ones.

Higher level safety goals are as far as possible to be technology neutral, while lower
level goals are expected to be increasingly technology specific.

The hierarchy is to include qualitative as well as quantitative safety goals.

The structure is to be clearly and unambiguously defined, making it easy to understand,
implement and communicate.



It has to be noted that some further considerations may need to be taken into account during the
process of applying the actual safety goals forming the hierarchy, which are discussed in
Section 4.

2.3.1. Proposed hierarchy of safety goals

The proposed hierarchy of safety goals is shown in Figure 2. The picture also illustrates how
the levels of safety goals relate to different aspects of safety (society/site/facility) and to
technology (technology independent/specific), and the potential overlaps. In Table 1, each of
the levels of safety goals is briefly characterised. A more detailed discussion about each level
is provided in the following sub-sections. In addition, in Section 3, the derivation of the
hierarchy of safety goals is discussed in more detail and examples are given of specific safety
goals on the various levels.

— —

Society —

Technology
" neutral
Site —
. Technology
Lailing = ~ specific

Operational states : Accidentconditions

FIG. 2. Proposed hierarchy of safety goals.



TABLE 1. HIERARCHICAL LEVELS OF SAFETY GOALS

Explanations on the Nature of
Level Overall Objective Description
Safety Goals and Examples*

Top Level Protecting  people | Fundamental safety | Goals at this level are expressed
and the environment | objective as set outin [1] | qualitatively and may presuppose, e.g.
from harmful effect | and society level safety | the prevention of unreasonable harm to
of ionizing radiation | goals as defined in | the public and the environment. These

Primary national legislation or | safety goals may have a wider scope

Safety Goal regulations. The safety | than nuclear.

goals at this level are
society-wide and
technology neutral.

Upper Level | Ensuring adequate | Interpretation of the Top | Upper Level safety goals are high-level
protection in all [ Level safety goal in [ and used as a bridge to support the
states for all facilities | terms that are defined in | development of Intermediate and Low
and installations at | more detail at the | Level safety goals from the Top Level.

Adequate the site Intermediate and Low . .

Protection Level. In some countries, thls is done by

relating to levels of risks from other
The safety goals at this | involuntary sources of risk, using
level are typically | quantitative or  semi-quantitative
technology neutral and | expressions of relation between risks
have a site-wide scope. | from nuclear installations and risks from
They cover operational | other involuntary sources of risk, e.g.
states and accident | fatality risks from other sources of
conditions. energy production.

Intermediate | Providing  general | Formulation of proven | Intermediate level safety goals typically

Level safety provisions | approaches and good | include principles related to defence-in-
including technical | practices to achieve the | depth, safety margins, physical barriers,
and organizational | higher level safety goals | considerations related to independence
measures based on | as well as definition of | and protection of barriers, redundancy

General proven approaches | general requirements on | and independence, doses for normal

Safety and good practices to | site level. operation, amounts of radioactive waste

Provisions ensure  adequate | o safety goals at this generated, etc.
protection level are still largely | This level also includes the definition of

technology neutral and | some high-level quantitative safety
site-wide. goals, e.g. overall large early release
frequency (LERF) for the site.

4 Safety goals mentioned in this table and throughout this section are expected to be seen as examples and do not constitute a

complete list of safety goals.




TABLE 1. HIERARCHICAL LEVELS OF SAFETY GOALS (cont.)

Explanations on the Nature of
Level Overall Objective Description
Safety Goals and Examples

Low Level Providing  specific | Formulation of | A large number of specific deterministic
safety provisions for | technology and facility | safety goals are in use, e.g. related to
each facility and | specific safety goals | maximum fuel cladding temperature in
installation at the site | aimed at assuring that | an LWR.

Specific ili . . o
P o ensure adequate | cach nuplear faCIth at This level may also include quantitative
Safety protection the site  effectively e
g . . probabilistic safety goals, e.g. for a
Provisions contributes to meeting ) .
) specific plant unit, the frequency of large
the higher level safety :
goals release, core or fuel damage, barrier

strength, or SSC reliability.

2.3.2. Top level safety goals

Top Level safety goals are the highest level safety goals as defined in national legislation or
regulations. In many countries, nuclear safety is ultimately governed by qualitative safety goals
at the society level, which are often defined in nuclear legislation but may also be issued by
regulatory authorities. These safety goals differ in wording between countries, but generally
presuppose the prevention of unreasonable harm to the workers, public and the environment
from ionizing radiation, in line with the IJAEA Fundamental Safety Objective [1].

Top Level safety goals are important as high-level statements, but may not be sufficient
themselves to be used as a basis for defining detailed safety goals.

2.3.3. Upper level safety goals

The Upper Level safety goals provide an interpretation of the Top Level safety goals in terms
of overarching requirements to ensure adequate protection and limiting risks of undue harm to
people and the environment in operational states and accident conditions. Upper Level safety
goals are expressed in more detail than the Top Level safety goals, providing a bridge to the
more detailed technical safety goals at the Intermediate and Low Levels. The Upper Level
safety goals may also reflect different aspects of risk, such as effects on individuals and society
at large.

Upper Level safety goals are typically technology neutral and have a site-wide scope thus
providing a basis for Intermediate and Low Level safety goals, which may require an
interpretation in numerical terms of what constitutes an unreasonable risk to an individual or to
the society.

Upper Level safety goals typically define harmful effects in a way that allows detailed
interpretation on the underlying levels. In some countries this is done by comparison with other
involuntary sources of risk, e.g., with fatality risks from other sources of energy production or
cancer fatality risks from other human-made causes, to which an individual is exposed. In
addition, Upper Level safety goals may also be qualitative to draw attention to particular nuclear
safety aspects, such as minimisation of radioactive waste, effective leadership and management,
etc. Upper Level safety goals may also consider tolerable levels of disruption to the population
in the site vicinity, e.g. evacuation, relocation-areas and time scales, and agricultural
restrictions.



2.3.4. Intermediate level safety goals

Intermediate Level safety goals are normally to a large extent technology neutral but can include
the highest level safety goals for application to specific technologies. This is also the
appropriate level to distinguish between facility and site-wide safety goals. Thus, the scope is
basically site-wide, but may also include aspects related to specific facilities.

Intermediate Level safety goals are aimed to cover crucial general safety principles and
provisions such as defence-in-depth, safety margins, physical barriers (including considerations
related to independence and protection of barriers), and redundancy and independence.

Safety goals on Intermediate Level also include site level requirements as appropriate, e.g.
related to potential releases (total frequency for the site for large (early) release) or site level
capability to handle external hazards with a certain frequency and magnitude.

2.3.5. Low level safety goals

The Low Level safety goals are technical and aim at assuring the nuclear installation meets the
higher level safety goals, by addressing siting, design and operational aspects of a nuclear
installation. Technical safety goals are also more directly useful as means to evaluate the
adequacy of existing or proposed designs of safety related SSCs.

At this level, various aspects of the design and operation of a specific nuclear installation are
assessed against safety goals. There is a wide range of safety goals on this level to address both
operational states and accident conditions.

Some Low Level safety goals are qualitative and relate to whether a risk, or a condition that
may result in a risk, is acceptable. Quantitative deterministic safety goals may relate to
maximum or minimum values of crucial parameters, such as fuel temperature, pressure or water
levels. Quantitative probabilistic safety goals are expressed as frequencies or probabilities of
unacceptable states or consequences. Low level safety goals can constitute requirements or
acceptance criteria for design and operation.



3. DERIVATION OF SAFETY GOALS
3.1. INTRODUCTORY REMARKS

This section deals with the derivation of safety goals within the hierarchy of safety goals.
Initially, the context and process of defining safety goals is described, i.e. the process through
which safety goals on a certain level are defined and the organisation typically defining the
safety goals within the hierarchy.

Thereafter, the definition of safety goals on the four levels of the hierarchy is addressed in more
detail, also giving examples of potentially relevant safety goals. Where relevant, a discussion
is provided on the determination of lower-level safety goals from higher-level safety goals on
Top and Upper Levels. These higher-level safety goals could be qualitative and/or quantitative,
and aim at helping in making the assessment that nuclear installations have achieved an
acceptable level of safety for individuals and society in general. The determination of
Intermediate and Low Level safety goals makes possible the coherent use of a set of safety
goals at the organisational and technical level that relates to the established safety goals on
higher levels.

Although safety goals on Top and Upper Levels are less likely to be changed (particularly if
legally established), safety goals on the lower levels may be changed more frequently.

3.2. THE ROLES OF STAKEHOLDERS INVOLVED IN THE DEFINITION OF SAFETY
GOALS

Safety goals are intended to reflect the interests of the public, not only those who are directly
involved in nuclear safety. At the higher levels (mostly Top and Upper levels), it is the
responsibility of Government, or one of its agencies, to define what constitutes an acceptable
level of risk. A possibility adopted in some Member States is to take reference with respect to
risks from other industries or activities, national accident statistics or death rates from specific
causes. These safety goals will be enshrined in legal or other mandatory documents. At levels
below the Top Level, as the goals become more technology and facility specific (mostly
Intermediate and Low Levels), the role of the regulatory body becomes more important. The
input of various expert technical organisations and the licensee becomes more significant in the
definition of the two lower level safety goals. In some countries, Low Level safety goals may
be defined by the licensees and approved or accepted by the regulatory body.

This progression is outlined in the IAEA Safety Fundamentals [1] which states “The
government is responsible for the adoption within its national legal system of such legislation,
regulations, and other standards and measures as may be necessary ...” and “Governments and
regulatory bodies thus have an important responsibility in establishing standards ...” The Safety
Fundamentals [1] also states that the licensee must fulfil its “responsibilities ... in accordance
with applicable safety objectives and requirements as established or approved by the regulatory
body”. Further statements include, “In addition, detailed criteria may be developed to assist in
assessing compliance with these higher level objectives, principles and requirements, including
risk criteria that relate to the likelihood of anticipated operational occurrences or the likelihood
of accidents occurring that give rise to significant radiation risks.”

3.3. SAFETY GOALS WITHIN THE HIERARCHY

This section discusses for each of the four levels of the hierarchy of safety goals, the types of
safety goals to be included at a specific level, and the relationship to the previous (higher) level.



3.3.1. Top level safety goals

Top Level safety goals are normally already in place as part of national legislation or regulatory
authority requirements. They are generally expressed qualitatively and presuppose the
prevention of unreasonable risk to the public and the environment.

No specific recommendations are made regarding the wording or contents of the Top Level
safety goal. It is, however, assumed that some safety goal is in place with a scope and aim
corresponding to the JAEA Fundamental Safety Objective [1] of protecting people and the
environment from harmful effects of ionizing radiation.

3.3.2. Upper level safety goals
Upper Level safety goals are to be defined for both operational states and accident conditions.

The definition of Upper Level safety goals determines the requirements for adequate protection,
which requires inter alia the interpretation of the Top Level safety goal in terms of risk, directly
or implicitly. This interpretation is an important and key step for the feasibility and acceptability
of the hierarchical structure of safety goals.

Upper Level safety goals often express the requirement that risks from the use of nuclear energy
are expected to be low compared to other risks to which the public is normally exposed, and
are often already in place as part of national law or authority requirements.

It is important in setting Upper Level safety goals that the characteristics of the risks posed by
nuclear facilities are taken fully into account. lonising radiation can lead to a range of effects
that can result in restrictions on food production and land occupation to protect public health.
High Level quantitative safety goals are expected to encompass these impacts. In terms of
public perception, key issues associated with nuclear installations appear to be land
contamination and cancer risk. The necessity to provide an emergency response plan is also an
upper level requirement.

The Upper Level safety goals imply that justification of the facility or activity in terms of
providing an overall benefit is required before a facility can operate or an activity is performed.
This justification is generally made at a government or regulatory body level depending on the
nature of the facility or activity. Justification requires assessment of the benefit and whether it
can be achieved by the facility or activity in a way that does not outweigh the radiation risks.

3.3.3. Intermediate level safety goals

Intermediate Level safety goals aim at providing necessary general safety provisions including
technical and organizational measures based on proven approaches and good practices to ensure
adequate protection such that the higher level goals are adequately addressed, thus achieving
the higher level safety goals. At Intermediate Level, some site level issues may also need to be
addressed.

Intermediate Level safety goals cover crucial technical safety provisions relating to
optimization of protection and limitation of risks such that general safety principles are
addressed e.g. defence-in-depth, safety margins, physical barriers (including considerations
related to independence and protection of barriers), and redundancy and independence.
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Safety goals on Intermediate Level also include site level requirements, e.g. related to risk of
total releases from the site rather than from individual facilities on the site (e.g. overall LRF or
LEREF for the site), or site level requirements related to the capability to handle external hazards
(e.g. design of site protective features, effects on shared resources or systems or on emergency
preparedness in cases where several facilities are subject to the same event).

Intermediate Level safety goals may include major design requirements such as requirements
with respect to diversity, redundancy, structural protection and spatial separation to achieve the
required effectiveness and reliability of SSCs, and the single failure criterion. Human factor
issues, such as not requiring operator actions within a certain timescale after the occurrence of
an abnormal event, will also feature at this level.

The following paragraphs highlight further details for several examples of safety goals
corresponding to the Intermediate Level; these include (with no implication for completeness):

A. Radiation Protection Safety Goals for Normal Operation
Effective Defence-in-Depth
Sufficient Redundancy and Diversity

Independence, Protection of Barriers, and Safety Functions

m o a0 w

Effective Barriers
A. Radiation Protection Safety Goals for Normal Operations

Radiation protection safety goals on the Intermediate Level are generally expressed in the form
of dose and contamination levels which are considered to pose acceptable level of risks of latent,
stochastic effects (usually cancer) in the exposed persons. These dose and contamination levels
are described in the IJAEA Requirements for Radiation Protection and Safety of Radiation
Sources [3].

Intermediate Level safety goals used to determine whether the protection of workers is
optimised include designation of controlled and supervised areas, shielding structures, personal
protective equipment including clothing and the control of maintenance activities. Optimisation
of protection of the public is based on setting levels of the radioactive discharges and radiation
effects from the facility or site.

Intermediate Level safety goals for limitation of risks are usually expressed as dose limits
(which are based on the recommendations of the ICRP [11,12]) that are not to be exceeded but
with the requirement to reduce doses below these levels as low as reasonably achievable
(ALARA) taking account of societal and economic factors. For workers, the doses are
monitored and it is usual to have “action levels” at some fraction of the limit. Dose limits cover
specific doses to organs, tissues and extremities as well as whole body levels. Limitation of
dose to the public is achieved through setting limits on the liquid and gaseous discharges from
the site and radiation which, through analysis of the routes by which this leads to exposure, are
shown to not exceed the dose levels in the most exposed individuals.
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B. Effective Defence-in-Depth

The TAEA Fundamental Safety Principles [1] state that the application of the DiD concept is
the primary means of preventing accidents at a nuclear power plant and of mitigating the
consequences of accidents if they do occur. The DiD concept is applied to all safety related
activities. This is to ensure that all safety related activities are subject to independent layers of
provisions, so that if a failure were to occur, it would be detected and compensated for or
corrected by appropriate measures. Application of the DiD concept throughout design and
operation provides protection against all types of credible failures, including those resulting
from equipment failure or human induced events within the plant, and against consequences of
events that originate outside the plant. The brief outline of five DiD levels for NPPs and the
essential means by which they are assured from INSAG-12 report [9] are shown in Table 2.

TABLE 2. DiD LEVELS

DiD Levels Objective Essential Means
Level 1 Prevention of abnormal operation and | Conservative design and high quality
failures in construction and operation
Level 2 Control of abnormal operation and Control, limiting and protection
detection of failures systems and other surveillance features
Level 3 Control of accident within the design Engineered safety features and
basis accident procedures
Level 4 Control of severe plant conditions, Complementary measures and
including prevention of accident accident management
progression and mitigation of the
consequences of severe accidents
Level 5 Mitigation of radiological consequences | Off-site emergency response
of significant releases of radioactive
material

C. Sufficient Redundancy and Diversity

Achieving adequate reliability of DiD levels will, in general, require redundancy in the design
of plant systems. The application of the single failure criterion provides a deterministic
approach for increasing system reliability. In practice however, common cause failures limit
the reliability of redundant systems. Protection from such failures involves measures such as
diversity, physical separation, and functional isolation of systems and components.

D. Independence and Protection of Barriers, and Safety Functions

Independence and protection of barriers are inherent parts of the DiD safety concept. Another
related concept is provision of the fulfilment of a set of fundamental safety functions for the
NPP.

Protection of barriers and fulfilment of fundamental safety functions tends to focus on

engineered design provisions, though not exclusively. SSCs provided to support these two
aspects needs to be sufficiently reliable.
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E. Effective Barriers

INSAG-10 [5] notes that generally, several successive physical barriers for the confinement of
radioactive material are put in place. Their specific design may vary depending on the activity
of the material and on the possible deviations from normal operation that could result in the
failure of some barriers. These barriers may serve operational and safety purposes or safety
purposes only. The DiD concept applies to the protection of their integrity against internal and
external events that may jeopardize it.

The analysis of barriers are expected not only account for the physical barriers but also need to
take into account the systems provided to protect these barriers. INSAG-10 [5] identifies four
barriers for LWRs, i.e., the fuel matrix, the fuel cladding, the boundary of the reactor coolant
system, and the containment structure.

3.3.4. Low level safety goals

Low Level safety goals are technology and facility specific, and are intended to ensure that a
nuclear installation meets the higher level safety goals, including requirements in national laws
and regulations. This is done by addressing the design and site implementation of a nuclear
installation. Low Level safety goals are also more directly useful than the higher levels of safety
goals as means to evaluate the adequacy of existing or proposed designs of safety related SSCs.

For operational states, Low Level safety goals are in general related to the performance of SSCs
and the provision of the operational requirements, e.g. operating procedures for normal
operation and for anticipated operational occurrences. Whilst safety goals related to external
hazards at the site level are included in the Intermediate Level safety goals, detailed
requirements in the form of Low Level safety goals may be included within the design basis
(e.g. seismic fragility-related requirements for SSCs). The Low Level safety goals may include
detailed specification of the safety margins. These margins may be dependent on the technical
specifications of SSCs, properties of materials used and production processes, etc.

In general, Low Level safety goals related to accident conditions deal with engineered safety
features and operator procedures in order to control accidents within the design envelope.

As part of the Low Level safety goals, there may be multiple sub-levels of safety goals, defining
subsidiary (or surrogate) goals. These also need to be consistently defined, e.g. regarding
safety goals addressing LRF and CDF.

Some examples of Low Level safety goals are provided below. The examples given are for a
LWR NPP, but the information may be largely applicable to other types of NPPs, as well as to
other types of nuclear facilities.

Thus, Low level safety goals are often defined on one or more of the following headings for an
installation or facility:
— Deterministic safety goals may include:
* required number of trains in safety systems
*  maximum fuel clad temperature

* design requirements against internal hazards and external hazards
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— Probabilistic safety goals, i.e. quantitative safety goals specifying the frequency of a
specific consequence, may include:

*  Off-site consequence level (could correspond to PSA Level 3)
* Radioactive release from plant level (could correspond to PSA Level 2)
* Core or fuel damage level (could correspond to PSA Level 1)

» Lower technical criteria; numerous possibilities exist (barrier strength, safety
function, safety system, etc.)

3.4. ORGANIZING THE SAFETY GOALS DEFINED WITHIN THE HIERARCHY
3.4.1. Labelling scheme for safety goals

A labelling scheme to provide traceability of safety goals is seen to be useful. Such a scheme
has been introduced in the example below. Each level of safety goals is reflected in the
designation of the identifier which is composed reflecting the following:

— Top Level safety goal is single and does not need an identifier;

— Upper Level safety goals identifiers point to operational states (O) or accident
conditions (A);

— Intermediate Level safety goals identifiers characterize the types of safety goals as
qualitative (Q) and quantitative deterministic (D) and quantitative probabilistic (P);

— Low Level safety goals identifiers point to specific installations at the site and specific
types of safety goals.

Table 3 provides an overview of the example of labelling scheme for safety goals identifiers.
3.4.2. Table of examples of safety goals within the hierarchy

Based on the safety goal hierarchy defined and the discussion of the relation between levels in
the hierarchy and the scope and characteristics of the safety goals to be defined at each of the
levels, a summary table has been compiled (Table 4), and populated with some typical examples
of safety goals at each level.

It has to be emphasized that the contents of Table 4 are viewed solely as an example; the proper
application of the hierarchical structure of safety goals would result in additional or other types
of safety goals being identified. In addition, in this example, which serves only for the purpose
of the overall concept illustration, not all higher level safety goals are detailed to the level of
Low Level safety goals.

14



TABLE 3. AN

IDENTIFIERS (ID)

EXAMPLE OF LABELLING

SCHEME FOR SAFETY GOALS

Safety Goals | Identifiers Used within the
Comment Example
Level Level
Top Level None Not needed
Upper Level [ O — operational states Safety goals are labelled by the LOW RISK TO
relevant ID followed by a | PEOPLE’S LIFE AND
A — accident conditions sequential number within the HEALTH
category, €.g.:
gory. .8 Risk to life and health of
01.02. Al. A2 people from the facilities
T and installations located at
the site should be low
comparing with risk from
other sources to which an
individual is generally
exposed
Intermediate | Q — qualitative The ID created at the previous Al1-P1
Level level is amended by the relevant
P — quantitative probabilistic | ID of the current level followed | Overall L(E)RF for the
by a sequential number within | site for all events and
D — quantitative deterministic | the type, e.g.: hazards
01-Q1, 01-Q2, O1-D1, 02-D1
A1-Ql, A1-P1, A1-P2, A2-Dl
Low Level INST# — the identifier of a | The ID created at the previous | A2-P1-INST1(LRF)
specific installation, and level is amended by the relevant
ID of the current level composed | Probabilistic ~ criterion
(TYPE) — type of the safety [ of an ID of the specific | for LRF for Installation
goal installation at the site and the ID | #1 on the site
characterizing the specific type
of safety goals, e.g.: A2-P1-INST1(CDF)
Probabilistic ~ criterion
for core damage
A1-P1-INST1(LERF), frequency for
Installation #1 on the
A1-P1-INST1(CDF), site.
A2-D1-INST1(Fuel Clad T)
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4. APPLICATIONS OF A HIERARCHY OF SAFETY GOALS
4.1. INTRODUCTORY REMARKS

As described in previous sections, the hierarchical structure of safety goals provides an
approach for developing a structured set of requirements and criteria to support establishing
safety during all life cycles of nuclear installations. It promotes a consistent approach to safety
so that each facility, of whatever technology, will be required to demonstrate an acceptable
degree of safety. In this section, some practical uses of the hierarchy of safety goals are
discussed under the following aspects:

1) Compliance assessment: Assessing whether the overall objectives of safety goals are met
through assessment of safety cases and on-site inspection;

2) Regulatory and Licensee applications: Consideration of how safety goals can assist in
providing assurance of safe design and operational activities, to maintain the required
level of safety;

3) Interfacing with Integrated Risk-Informed Decision Making (IRIDM) process for
regulatory and non-regulatory purposes.

In addition, communication aspects between various stakeholders involved in nuclear safety
are discussed.

4.2. COMPLIANCE ASSESSMENT

Safety goals are set to achieve an acceptable level of safety, but it is important that a way to
demonstrate they are being met exists, hence they recognise the way in which safety assessment
and verification will be carried out. This is partly the driver for developing a hierarchy of safety
goals as the higher level goals are difficult to demonstrate directly. By developing supporting
lower level goals which are more technical or operational the process of demonstration can be
achieved more easily.

Safety of a complex facility or activity requires a range of hazards and risks to be considered.
All safety aspects are important. It is necessary to consider the set of factors, at any one level,
that contribute to meeting the requirements at a higher level. The general approach for assessing
compliance with the hierarchical structure of safety goals is a bottom up process.

In considering the safety of a facility or activity, an assessment of compliance of the design and
operations with the safety goals is carried out by the licensee to determine the necessary actions
to maintain safety. Regulatory decisions on the adequacy of the safety of the facility or activity
will be based on a review of the licensee’s assessment. The purpose of developing the
hierarchical structure of safety goals is to provide the basis for determining whether adequate
safety has been established. The process may be based on qualitative and quantitative
considerations. Compliance assessment is expected to take into account the uncertainties
associated with safety goals.

4.2.1. Compliance with top level and upper level safety goals

Nuclear safety is generally governed by qualitative safety goals set at the level of the effects on
society. Top Level qualitative safety goals are usually defined in the relevant national
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legislation or approved by nuclear regulatory authorities. It is not expected that licensees are
required to demonstrate compliance directly at these levels.

4.2.2. Compliance with intermediate level safety goals

Upper Level safety goals are refined into a set of Intermediate Level qualitative and quantitative
safety goals, which are focussed on proven approaches and good practices including overall
site requirements. This set of safety goals allows explicit assessment of compliance of a site’s
safety performance. Demonstrating compliance with the relevant set of Intermediate Level
safety goals ensures compliance with the higher level goals.

Generally, demonstration of compliance at this level is provided by the licensee when seeking
approval or renewing an operating licence from the regulatory body. Where necessary, these
goals may have to be developed into more technically specific Low Level goals.

4.2.3. Compliance with low level safety goals

Low Level safety goals are usually defined in terms of a specific technology or facility design-
related requirements. Technology specific safety goals are related to safety objectives of SSCs,
and are partially defined in national and international industrial standards, or national and
international nuclear safety standards. Depending on the specific topic, the assessment of
meeting nuclear safety standards could be performed by reviewing the underlying quality
management processes including activities related to safety assessment and design review.

Compliance with many Low Level safety goals requires the use of analytical techniques (e.g.
thermal hydraulic analysis or PSA). These analyses are to be carried out by the licensee and
used in the safety management of the facility or activity. The compliance assessment is
reviewed by the regulatory body. As technology specific safety goals may be adjusted during
the life-cycle phases of a nuclear installation, the quantitative values may change, especially
when modifications are implemented. In these cases, more refined safety analyses may be
necessary to show compliance with the established quantitative safety goals.

In assessing compliance with technology specific safety goals, there is a need to consider the
specific goals for each type of nuclear installation. For each type of installation, the technology
specific goals are determined by considering the specific harm that can occur in case of an
abnormal situation and, are in general, expected to be quantitative in nature.

4.2.4. Compliance with quantitative safety goals

Quantitative safety goals are defined mainly on the lower levels of the hierarchical structure of
safety goals. Examples of quantitative values that can be subject to safety goals are
probability/frequency figures for various types of risks or conditions that may result in risk
(core damage frequency, barrier strength, release frequencies etc.) and requirements related to
different plant states.

Demonstrating compliance with quantitative safety goals is in principle straightforward. It
typically involves either deterministic or probabilistic analysis, i.e. a numerical value derived
by measurement, analysis, or calculation, is compared to a safety goal which is also expressed
numerically. In defining quantitative safety goals, it is also important to define the procedure
and assumptions used for the calculations. In practice, compliance assessment needs to provide
assurance of basic fulfilment of the safety goal (e.g. comparison of best estimate values or mean
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values to the safety goal value) as well as demonstrating robustness. The latter is achieved by
taking into consideration various kinds of uncertainties.

For multi-facility sites, compliance with quantitative probabilistic safety goals are expected to
be demonstrated by consideration of the risk from individual facilities coupled, where
appropriate, with consideration of events that may affect multiple facilities on the site.

4.2.5. Compliance with qualitative safety goals

Demonstrating compliance with qualitative safety goals is not as straightforward as for
quantitative safety goals. Concepts such as, effective DiD features, operating procedures
including Severe Accident Management Guidelines (SAMG), radioactive waste management
policies, and overall requirements for management of safety are important factors. These
concepts describe generally accepted practices that, when followed, permit nuclear sites to meet
the qualitative safety goals. Assessment of compliance with these goals may be achieved by a

review of the licensee’s safety analysis, including organisational safety policies that have been
established.

Where there are multiple facilities on a site, compliance with qualitative safety goals are
expected to consider effects involving incidents or accidents at more than one facility at the
same time, to ensure that sufficient equipment and other resources are available.

4.2.6. Trade-off and integrated compliance

In considering safety goals, particularly at an older nuclear facility or site, it is possible that not
all the individual safety goals may be fully met. Three possible levels of compliance can be
generally defined:

1)  Enhanced compliance — where the safety goal is exceeded;
2)  Compliance — where the safety goal is fully met;
3) Partial (or reduced) compliance — where the safety goal is not fully met.

It may be possible to compensate for those safety goals where there is reduced compliance by
considering whether other safety goals in the same area for which there is an enhanced level of
compliance can compensate for a reduced compliance on one safety goal. The consideration of
the overall hierarchy of safety goals allows the trade-off to be considered in a consistent manner
so that the higher level safety goals can be shown to be complied with. However, it is important
to note that any failure to fully comply with a specific safety goal is expected to be considered
carefully and certain safety goals must be fully complied with, if they are mandatory
requirements. This aspect is dealt in a more comprehensive way in the IRIDM process (see
Sub-section 4.4).

4.3. REGULATORY AND LICENSEE APPLICATIONS

This sub-section presents an overview of possible regulatory and licensee applications of safety
goals at nuclear facilities. The use of a hierarchical structure of safety goals could be used for
informing safety decisions helping to provide confidence to stakeholders, including the public,
that safety management is being properly implemented and assured.
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It is not the intention here to describe the detailed application of safety goals, but to provide
insights on some examples of how a hierarchical structure of safety goals can be used in design
and operational activities.

4.3.1. Application of safety goals in design

Once established, the hierarchy of safety goals can be used in the design process of a facility or
for considering later design modifications. The hierarchy of safety goals, as an intrinsic part of
the design approach, also allows engineering, management and quality assurance processes to
be used in demonstrating compliance with safety goal requirements. Some safety goals related
to operations may not have been developed at this stage but must be in place before active
commissioning (i.e. after introduction of nuclear or radioactive materials).

4.3.2. Application of safety goals during operations

A hierarchical structure of safety goals may facilitate optimisation of operational activities in a
number of key areas, such as:

e Operating limits and conditions
e Control of modifications
e Maintenance planning
e Site wide considerations for multi-facility sites
e Emergency preparedness
e Periodic safety review
4.3.2.1. Operating limits and conditions

Operating limits and conditions (OLCs) are defined to ensure the facility is operated in
accordance with its design assumptions and intent. Safety goals can be used to support
development of the scope and content of the OLCs through, amongst others, engineering
requirements, safety analysis, and operational considerations. OLCs are defined for different
normal operational modes (e.g., full power, or shutdown modes), and consider effective control
of short term risk due to equipment unavailability. The hierarchical structure of safety goals can
assist in determining how to handle these situations, e.g. supporting the development of allowed
outage times addressing the requirement to control risk increase due to equipment
unavailability.

4.3.2.2. Control of modifications

When undertaking modifications to the facility or operational procedures during its lifecycle,
safety goals can be used for ensuring that safety is maintained. The modification process (e.g.
engineering change control) is expected to consider safety goals in the same way as during the
initial design process. This is a rigorous process to address the risks expected from the as-built,
as-commissioned and as-operated facility. The consideration of the safety goals in a
modification process allows efficient identification of appropriate design features and operating
practices to meet the safety requirements.
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4.3.2.3. Maintenance planning

Effective maintenance of all SSCs ensures that they meet the functional and reliability
requirements to perform their intended functions when required. Safety goals can be used to
assist in planning maintenance activities to ensure that safety is maintained when SSCs
important to safety are taken out of service. For example, Low Level safety goals formulated
as numerical risk metrics (see Sections 4 and 5) can be used as thresholds to ensure that planned
maintenance configurations during normal facility operation do not pose unacceptable risks.

4.3.2.4.  Site-wide considerations for multi-facility sites

In a hierarchy of safety goals, the identification of safety requirements for a site and the
individual facilities on the site allows better understanding of the relative risk posed by each of
these facilities. This ensures that the risk of all planned operations at all facilities does not
exceed the overall site safety goals. This understanding also provides an informed perspective
to facilitate better planning of future developments on the site.

4.3.2.5. Emergency preparedness

The emergency preparedness programme for a nuclear site provides guidance aimed at effective
and efficient response to an event with significant off site consequences. The structure of safety
goals can provide the basis for developing this programme by setting both high level societal
goals and detailed technology requirements. In particular, if a site consists of several facilities,
which may be of a diverse nature (e.g. a laboratory complex), the structure of safety goals
provides the overarching site requirements as well as the specific lower level goals for each
facility in a consistent manner. An understanding of the relative risks posed by the different
facilities on a site will allow the emergency preparedness programme to better prioritise and
coordinate the deployment of site-wide resources to manage internal and external events
affecting multiple facilities.

4.3.2.6. Periodic safety review

When a periodic safety review (PSR) is performed, the safety goals can be used as a baseline,
against which to review the current safety provisions and past operating performance. The
review of the current safety provisions will indicate whether modifications to the facility or
operational procedures are meeting the existing standards which may have changed since the
previous safety assessment.

Consideration of the facility performance provides insights on the degree of deviation, if any,
from the baseline safety performance. The PSR findings could be used to improve future safety
provisions and performance and, therefore, maintain the requirements in the structure of safety
goals.

4.4. USE OF SAFETY GOALS IN INTEGRATED RISK INFORMED DECISION
MAKING

The use of safety goals in the context of an integrated risk informed decision making (IRIDM)
process has evolved over time in several countries (e.g., United States, United Kingdom). An
IRIDM process is more effective when combined with a structured hierarchy of safety goals.
An TAEA TECDOC on the IRIDM process [10] is currently under preparation based on the
framework provided in INSAG-25 [11].
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The main goal of the IRIDM process is to define the most balanced decision among several
possible options by considering different key elements (e.g. mandatory requirements,
deterministic, probabilistic, economical, security considerations). One of the major factors that
has to be taken into consideration in the IRIDM process (typically falling in the mandatory
requirements considerations) is the level of compliance with existing safety goals.

The safety goals determine a hierarchy in which the Top and Upper Level goals are those that
are met to satisfy the protection of society and the Intermediate and Low Levels provide detailed
ways to achieve this objective. All these lower level goals can contribute to meeting the higher
level goals and can be considered in making a risk-informed decision.

The weighted approach employed in the IRIDM process allows assignment of different
importance to the specific levels of safety goals being considered in the decision making.

4.5. SAFETY COMMUNICATION
4.5.1. Communication between the regulatory body and the public

The role of the nuclear safety regulatory body is to regulate activities for the safe operation of
nuclear facilities on behalf of the public. Although the nuclear safety regulatory body informs
the licensees of all safety concerns through normal communication means, timely
communications to legislators as representatives of the public and to the general public are
extremely important to assure public confidence on nuclear safety.

IAEA has developed guidance [12] on communications with interested parties. This guidance
notes that: “The regulatory body should routinely make as much information as possible
available to the public relating to safety, including the radioactive risks associated with facilities
and activities, and its independent role to protect people and the environment from harmful
effects of ionizing radiation, its responsibilities and activities.” Decision making mechanisms
may vary considerably from country to country, depending on cultural aspects, history,
government philosophy as well as legal and organisational factors. For the establishment of
processes for information and participation, there are factors, such as cultural prerequisites,
international conventions, legal frameworks and institutional systems that are expected to be
taken into account as they may make the practical activities, even when resting on the same
basic principles, quite different between different countries and different situations. There is no
ideal or prototypical best practice. Instead ‘best practice’ or rather ‘good practice’ might be
nationally or even locally defined to a great extent, given that it fits within an overall regulatory
structure.

IAEA recommends [12] that all countries should create and implement instruments that enhance
transparency, openness and participation of the interested parties considering the guidance
provided by [ 12]. In this context, the use of safety goals could be an invaluable aid to developing
understanding the way in which the risks from ionising radiation are being managed.

4.5.2. Communication between the regulatory body and the licensee/licence applicant

The initial licensing of a nuclear facility, requires the applicant to submit a licence application,
which has to meet the regulatory requirements: these may be prescriptive or goal-setting.
However, the ultimate responsibility for safety rests upon the licensee to effectively implement
all safety requirements. As such, the licensee needs to understand the regulatory requirements
to be complied with and how they assure that the higher level safety goals are achieved.
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In a prescriptive regime, the regulatory body may also set the lower level goals for the licence
application. The structure of safety goals may help demonstrate to the licensee that the goals
are both necessary and sufficient to assure safety. In a goal-setting regime, the licensee may be
responsible for defining the lower level requirements. Therefore, the structure of safety goals
provides an important tool to demonstrate that the lower level goals will satisfy the higher level
goals.

4.5.3. Communication between the operating organisation and the public

Communicating the safety goals of the operating organisation to the public in an open,
transparent and understandable manner is a key element to enhancing public confidence in
nuclear power plant operation. This process cannot be divorced from the communications
between the regulatory body and the general public because the regulatory body is seen as an
independent arbiter. The operators have to demonstrate that their standards are high and that
safety is the overriding priority. Given the complexities of the technologies involved and the
potential impacts on the public acceptance of nuclear facility operation, safety goals provide a
structure which can demonstrate:

e An adequate level of safety in terms that are understandable and meaningful to the
public (the Top and Upper Level goals can assist this);

e A structure for implementation at the technical level which gives confidence that all
elements of safety provision are adequately covered.
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5. CONCLUDING REMARKS

This TECDOC discusses development and application of a hierarchical structure of safety goals
encompassing high level goals and detailed technical requirements that may assist in forming a
coherent and consistent approach to nuclear safety. The suggested hierarchy of safety goals
provides a practical approach to consistently embrace the set of safety-related requirements,
both qualitative and quantitative, and develop the interconnections between them. Specifically,
the structure supports adding country-specific safety goals (e.g. risk metrics) to the overall
safety considerations in a consistent manner. This process can be aided by reference to the
IAEA Safety Standards.

The formalised hierarchy of safety requirements concentrating on technical aspects and design
provisions for safety can be applied to a wide range of nuclear installations and multiple-facility
sites, covering operational and accidental conditions of the installations. The structure starts
from the overarching requirements for safety, that are detailed further in a hierarchical top-
down way. A description of the structure and the general features of safety goals at various
levels within the suggested four-level hierarchy have been provided. Examples are also
presented to illustrate how to derive the detailed safety goals. In addition, compliance
assessment and applications of safety goals, including their use within an integrated risk
informed decision making process, are outlined.

The hierarchy of safety goals described in this TECDOC considered approaches in several
Member States, international organizations and expert groups. The suggested structure has been
developed during a series of Consultants Meetings and was discussed at two IAEA Technical
Meetings.

The following use of the hierarchical structure of safety goals described in this TECDOC is
anticipated:

- For countries which are in the beginning of development of their nuclear power
programmes, the approach described in this TECDOC may assist in developing a
consistent and coherent view of the safety goals to be pursued.

- For countries with developed nuclear power programmes, this TECDOC may be useful
in benchmarking the existing safety goals for consistency and coherence in covering all
aspects important to nuclear safety.

In addition, application of the proposed hierarchy of safety goals may provide support in

effective communication on the topic of nuclear safety between utility organizations, regulatory
authorities and the public.
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SAFETY GOALS FOR NUCLEAR INSTALLATIONS IN CANADA
I-1. INTRODUCTION
I-1.1.  Historical perspective on risk

In Canada, risk concepts have been utilized from the very inception of the nuclear power
program with a view to better understand the significance of safety issues, identify potential
design weaknesses, and achieve improvements in nuclear safety.

As early as 1957, a numerical frequency limit of 10-5 per year was proposed for the likelihood
of a nuclear accident that might result in significant public health impact on the basis that such
an accident should be a factor of five less likely than loss of life due to other forms of electricity
production such as coal-fired plants [I-1]. This figure was used to derive reliability requirements
for control and safety systems, which were then utilized to guide the design of the 20 MWe
Nuclear Power Demonstration (NPD) reactor placed in operation in 1962.

With the prospect of larger power reactors on the horizon in the 1960s, the Atomic Energy
Control Board (AECB), now the Canadian Nuclear Safety Commission (CNSC), developed
rules for the licensing of power reactors, known as the Siting Guide. The effectiveness of safety
systems was required to be such that for any (single) serious process failure requiring safety
system action, the exposure of any individual of the population would not exceed 500 milli-rem
(5mSv) and of the population at risk 104 person-rem. Further, for any postulated combination
of a process failure and failure of a safety system, the predicted dose to any individual was not
to exceed 25 rem (250 mSv) whole body, 250 rem (2500 mSv) thyroid, and to the population
106 person-rem. These came to be called the single failure / dual failure criteria of reactor
licensing. Even though the criteria did not require a quantitative assessment of public risk, their
risk roots are unmistakable.

I-1.2.  Safety goals for nuclear power plants

As discussed above, the earliest commercial nuclear plant design approach in Canada
recognized the need to establish acceptable levels of risk relative to that of other industries. The
drive for formal safety goals came from the increasing use of PSA and the desire to define what
constitutes an acceptable level of risk. With the evolution of IAEA guidance on PSA, the CNSC
developed Regulatory Standard S-294 [I-2], in 2005, to provide high level requirements for
Level 1 and Level 2 PSA development in Canada, following which all utilities were expected
to upgrade their probabilistic assessments as part of their licensing basis. Although S-294 does
not specify quantitative safety goals as a regulatory requirement for existing nuclear power
plants (NPPs), Regulatory Document RD-337 [I-3] specifies quantitative safety goals for new
builds (see below). Further, all utilities in Canada have defined quantitative safety goals for
their existing nuclear plants (see below). It should be noted that, since the accident at Fukushima
Daiichi, the CNSC is re-examining the regulatory framework to strengthen requirements based
on lessons learned. In that light, S-294 has been re-examined as part of omnibus regulatory
changes, and lessons learned have been formally included in REGDOC 2.4.2 approved by the
Commission on March 27, 2014.

I-1.2.1. Safety goals for new builds

The Regulatory Document RD-337 [1-3] for new builds places a limit on the societal risks posed
by nuclear power plant operation. For this purpose, the following two qualitative safety goals
have been established:
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1. Individual members of the public are provided a level of protection from the
consequences of nuclear power plant operation such that there is no significant
additional risk to the life and health of individuals; and

2. Societal risks to life and health from nuclear power plant operation are comparable
to or less than the risks of generating electricity by viable competing technologies,
and should not significantly add to other societal risks.

Due to their very general statements, qualitative safety goals need to be translated into
numerical objectives that can be compared with experience and with analytical predictions, i.e.,
for implementation.

RD-337 [I-3] identifies that for practical application, quantitative safety goals are established
to achieve the intent of the qualitative safety goals. RD-337 [I-3] defines the quantitative safety
goals for new builds as shown in Table I-1.

TABLE I-1. QUANTITATIVE SAFETY GOALS FOR NEW BUILDS (PER UNIT)

Metric Frequency (/yr) Description

Core Damage 1E-05 Sum of frequencies from all event sequences that
can lead to significant core degradation

Small Release 1E-05 Sum of frequencies of all event sequences that can
lead to a release to the environment of more than
10" becquerel of 1-131. A greater release may
require temporary evacuation of the local
population.

Large Release 1E-06 Sum of frequencies of all event sequences that can
lead to a release to the environment of more than
10'* becquerel of Cs-137. The principle concern
is the prevention of long-term land contamination
where a greater release may require long term
relocation of the local population.

In setting the above safety goals, the CNSC considered experience from the Three-Mile Island
and Chernobyl accidents which demonstrated that the effect of nuclear accidents on the health
of the public and on the environment is not limited to the radiological health effects, and that
accidents can have indirect psycho-somatic effects on the population and direct effects on their
life when ground is so contaminated that permanent relocation of towns and industry is required
[I-4]. The same experience applies very well to the Fukushima accident. Although SRF is not
common in other jurisdictions, the CNSC rationale for introducing the SRF is that in CANDU
reactors, some accident scenarios may result in limited core damage, leading to small releases
which can result in severe disruption of public life (these accidents require emergency measures
such as sheltering or short term evacuation of an area around the plant) [I-4]. In summary, the
RD-337 [I-3] safety goals (i.e., the threshold release values) were based primarily on the
conditions that would trigger evacuation and permanent relocation.
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1-1.2.2. Safety goals for existing NPPs

This section discusses safety goals for existing plants from the perspective of both the average
and instantaneous risk. In 1990, Ontario Hydro (now Ontario Power Generation) established a
set of safety goals to be used in conjunction with its PSAs to judge safety adequacy of its plants.
Targets and limits for risk to an individual living in the vicinity of a nuclear facility of early or
delayed fatality were developed, as was a societal risk goal in the form of the frequency of a
large release that could lead to the long-term (months) evacuation of a considerable number of
local residents and the need for decontamination or long-term abandonment of local land and
buildings.

The basis for these safety goals was the principle that the risk to a member of the public from
the operation of nuclear plants should not be more than 1% of the accident risk to which he/she
is normally exposed. For the US-NRC, it is 0.1% of other risks for the average member of the
public, while in the Canadian documents, it is 1% of the other risks for the individual most at
risk.

The Ontario Hydro goals were put in place initially on a trial basis to gain some experience
with their use. Subsequent utility and CNSC initiatives provided the basis for the present day
set of industry safety goals at the three Canadian utilities that continue to operate nuclear power
plants, i.e., Ontario Power Generation, Bruce Power and New Brunswick Power. The regulatory
safety goals for new plants and industry’s safety goals for the existing plants have similar
consequence definitions but the frequency goals for existing plants are an order of magnitude
less stringent.

Small Release Frequency (SRF) is generally not utilized by Canadian utilities in their safety
goals for existing nuclear power plants as the majority of failures contributing to SRF are
already embodied within estimates of Large Release Frequency [I-5]. However, the utilities are
evaluating the SRFs and providing the information to the CNSC.

Latent effects (i.e. frequency of late and early fatalities) are generally not included in utility
safety goals. Given that these are PSA Level 3 measures, there is no requirement (explicit or
implicit) derived from Regulatory Standard S-294 [I-2] that necessitates the calculation of this
safety goal. In the Canadian regulatory environment, the safety goals for limiting societal risk
are qualitative in nature. Moreover, the latent effects safety goals have not been widely adopted
by nuclear safety organizations around the world, by regulators and utilities [I-6]. A practical
reason is that Level 3 measures are associated with inherently higher uncertainties than Level
2 measures.

While there is some variability amongst Canadian nuclear utilities on their established safety
goals, Table I-2 shows the common safety goals that apply to each Canadian utility’.

3 Individual Canadian utilities may choose, for business reasons or otherwise, to define additional safety goals.
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TABLE I-2. AVERAGE SAFETY GOALS PER UNIT

Average Risk
Safety Goal (per year)
Target Limit
Large Release Frequency (LRF) 106 10°
Severe Core Damage Frequency (SCDF) 10 10

The above safety goals are consistent with IAEA INSAG-12, which is referenced in SSG-3 [I-
7].

The safety goal /imit represents the limit of tolerability of risk exposure above which action
shall be taken to reduce risk. The safety goal target represents the desired objective towards
which the facility should strive, provided that measures to further reduce risk are cost effective,
such as when benefits are comparable to, or greater than, the cost of implementing the measure.

The safety goals pertaining to Severe Core Damage are intended to help the nuclear facilities
make routine decisions relating to changes in plant operation, configuration or procedures. For
proposed changes significantly affecting the integrity of containment, either directly or through
crosslink, a further assessment against the Large Release safety goal is required.

Risk based safety goals apply to estimated risk averaged over time, typically one year. This
implies that it is permissible for risk to exceed the limit for a short period of time provided that
risk increase is controlled, assessed and limited. As such, to ensure that reasonable bounds are
placed on the allowable short-term risk, instantaneous limits have also been defined.

I-1.3.  Safety goals for non-NPP installations

Within Canada there exist non NPP nuclear installations. The largest and most complex of
which is Chalk River Laboratories (CRL), located approximately 200 kilometres north west of
Ottawa in the Province of Ontario. It is a multi-facility site unique within Canada where
operations are of a heterogeneous nature. There are no common facilities on site although
certain elements of the infrastructure are shared, e.g. fire protection, radiation protection, power
supply etc. This poses challenges as the site cannot really be compared to a multi-unit
homogeneous site, such as a NPP, where two or more identical units may occupy the one site.

I-1.3.1. Safety goals for new build research reactors

Regulatory Document (RD) 367 [I-8] is entitled “Design of Small Reactor Facilities” and sets
both qualitative and quantitative safety goals for new build research reactors and these are
reproduced below.

Qualitative safety goals

A limit is placed on the societal risks posed by reactor facility operation. For this purpose, the
following two qualitative safety goals have been established:

1. Individual members of the public are provided a level of protection from the
consequences of reactor facility operation such that there is no significant additional
risk to the life and health of individuals; and
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2. Societal risks to life and health from reactor facility operation should not significantly
add to other societal risks.

Due to their very general statements, qualitative safety goals are not directly enforceable.
Therefore, they have to be translated into numerical objectives that can be compared with
experience and with analytical predictions.

Quantitative safety goals

RD-367 [I-8] identifies that for practical application, quantitative safety goals are established
to achieve the intent of the qualitative safety goals. Three quantitative safety goals are:

1. Core damage frequency®;
2. Small release frequency; and
3. Large release frequency

A core damage accident results from a postulated initiating event followed by failure of one or
more safety system(s) or safety support system(s). Core damage frequency is a measure of the
plant’s accident preventive capabilities. Small release frequency and large release frequency
are measures of the plant’s accident mitigative capabilities. They also represent measures of
risk to society and to the environment due to the operation of a research reactor.

RD-367 [1-8] defines the quantitative safety goals for new build research reactors as shown in
Table I-3.

TABLE 1I-3. QUANTITATIVE SAFETY GOALS FOR NEW BUILD RESEARCH
REACTORS

Metric Frequency (/yr) Description

Core Damage 1E-05 Sum of frequencies from all event sequences that
can lead to significant core degradation.

Small Release 1E-05 Sum of frequencies of all event sequences, whose
release to the environment requires temporary
evacuation of the local population.

Large Release 1E-06 Sum of frequencies of all event sequences, whose
release to the environment requires long term
relocation of the local population.

At the CRL site only two of the 16 facilities listed in the site licence are research reactors. The
other 14 facilities either use, process or store nuclear substances that is not in a fissionable state
but also pose risk. Thus for the majority of the facilities at CRL, the CDF safety goal of 10
per reactor year as stated in RD-367 [1-8] would not be applicable.

6 In Canada the term Core Damage Frequency (CDF) is interpreted to mean Severe Core Damage Frequency (SCDF)
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1-1.3.2. Safety goals for existing non-NPP installations

The existing CRL site license makes a number of references to the use of safety goals as a
means to managing safety on site. However, it is stated that these are only one method that the
licensee may adopt and as such few definitive goals are given. What is stated is very much at
the high level and of a qualitative nature such as the licensee’s responsibility to protect people
and the environment from harmful effects of ionizing radiation as taken from the Nuclear Safety
and Control Act [I-9]. Reference is also made to a number of IAEA guidance documents.
Within Canada it is the responsibility of the licensee to demonstrate safety. It is left up to the
licensee to develop a set of safety goals should they wish to do so.

The majority of safety analysis conducted at the CRL is based on deterministic arguments such
as the defence-in-depth principle since PSA’s do not exist for all but one of the facilities on site.

Examples of existing safety goals for non-NPP installations
The following safety goals are taken from the current CRL site license:

e For satisfying the requirement applied to long-term effects, the frequency of a large
release of typically 10'> Bq of Cs-137 should not exceed 10 per year. The combined
fall-out consisting of nuclides, other than cesium-isotopes, shall not cause, in the long
term, starting three months from the accident, a hazard greater than would arise from a
cesium release corresponding to the above-mentioned limit.

e The upper sub-critical limits established in the criticality safety documents will not be
exceeded under both normal and credible abnormal conditions (events or event
sequences having the frequency of occurrence equal to or more than 107 per year)
during operations with fissionable materials outside reactors.

e The dose limits in Table I-4, written into the CRL licence, are taken from the Radiation
Protection Regulations [I-10].

These criteria refer to the committed whole-body dose for average members of the critical
groups who are most at risk, at or beyond the site boundary, as calculated in the deterministic
safety analysis, for a period of 30 days after the analyzed event.
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TABLE I-4 DOSE LIMITS TAKEN FROM THE RADIATION PROTECTION
REGULATIONS

Normal Operation’ AO0QO3 DBA’

Dose | The design shall be such that during normal | 0.5 mSv 20 mSv
operation, including maintenance and
decommissioning, doses are controlled to remain
below the limits prescribed in the Radiation
Protection Regulations. In addition, radiation doses
to the public and to site personnel shall be As Low
As Reasonably Achievable (ALARA).

I-1.4. System-level risk management

To provide assurance that proactive measures are taken prior to safety goal limits being
exceeded, Canada applies a concept where reliability of risk-significant systems (i.e. systems
important to safety) is managed and controlled within system-specific targets that are derived
from the PSA. The regulatory requirements for utility reliability programs are embodied in
regulatory document RD/GD-98 [I-11]. From a high level perspective, the Canadian industry
has adopted a concept where the reliability of a system important to safety is set at about 120%
of the nominal reliability included in the PSA. However, on a case by case basis deviation from
this approach is permissible provided the proposed methodology is accepted by the CNSC.

In each case it is necessary to ensure that system-level reliability targets do not become “moving
targets” during periodic PSA re-quantification as required by Regulatory Standard S-294 [1-2].
Therefore, in addition to establishing system reliability targets, the Canadian industry also
provides the following information in annual reliability reports submitted to the CNSC:

1. Component failure rate trends for systems important to safety
Comparative system-level reliability indices including both predicted and observed
reliability relative to derived system targets

3. Operational performance including any impairments of the system that may have

occurred

4. Changes that were made to design and operation of the systems including any
changes to PSA models

5. Comparative initiating event frequency indices relative to the frequency used in
PSA.

7 Operation within specified operational limits and conditions.
8 An operational process deviating from normal operation which is expected to occur at least once during the operating lifetime
of a facility but which, in view of appropriate design provisions, does not cause any significant damage to items important to

safety or lead to accident conditions.

° Accident conditions against which a facility is designed according to established design criteria, and for which the damage to
the fuel and the release of radioactive material are kept within authorized limits.
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I-1.5. Recent developments

PSA safety goals have been set and analyzed as one method of demonstrating reactor safety,
within the safety goal concept of “how safe is safe enough”. However, the conventional manner
by which safety goals are treated in current practice is based on application of the safety goals
for a single NPP, although certain multi-unit interactions may have been accounted for (in
multi-unit CANDU PSAs, for instance). To date, safety goals are commonly defined on a “per
reactor year” basis.

In past years, and again recently in Canada (especially in light of Fukushima lessons learned),
consideration has been given to the development of more comprehensive, site-based PSA
methodologies that address the aggregation of risks across multiple reactor units, other on-site
radiological sources (i.e., spent fuel pools), different hazard types (internal and external, such
as seismic, fire, flood, high wind, etc.), and various NPP operating modes. Thus far, these
aspects have not been explicitly included within safety goal definitions or in the manner by
which the safety goals are implemented. At present, there is no international consensus on these
long-standing issues.

It is important to note that risks are not fully quantifiable via PSA, and that PSA is often applied
in such a manner as to introduce conservative biases that tend to yield overestimations of the
actual risk. A comprehensive approach to whole-site risk characterization and assessment
should therefore not be solely based on PSA methods, rather, other complementary methods
should be employed as well to address uncertainties and omissions.

Moreover, beyond these analytical/assessment type of methods, there are a myriad of
programmatic activities and defence-in-depth principles that assure NPP risks are maintained
acceptably low. In the grander scheme of nuclear safety assurance, PSA represents one of
multiple lower-tier supporting elements of an overall safety goals hierarchal framework. The
sub-sections below discuss the preliminary Canadian nuclear industry perspective on the
concept of a safety goals hierarchy and its relation to risk management.

I-1.5.1. Concept of safety goals framework

There is general international consensus that achieving the overall Safety Objective and the ten
Safety Principles articulated in the IAEA’s Fundamental Safety Principles document [I-13]
requires a hierarchy of safety goals, rather than one single safety goal or quantified value. The
concept of a hierarchical framework of safety goals is discussed in the main body of the IAEA
TECDOC.

The basic notion is that, collectively, the set of safety goals and their supporting elements serve
to assure that an acceptable level of safety is provided and that the overall safety objective is
met, namely, the protection of the life and health of the public. It is noted that safety goals may
be qualitative or quantitative in nature. Furthermore, the term “goals” is synonymous with

“criteria”, “objectives”, or “targets”, and exceeding any one does not necessarily mean that the
high-level health objectives are not met.

Consistent with these international activities, the Canadian nuclear industry has proposed to
develop a hierarchal framework of safety goals that is an adaptation of the more generic
framework proposed by other international agencies or groups. Conceptually, as depicted in
Figure I-1, the proposed safety goals framework is structured into four levels along with
suggested objectives, principles, and elements. The sample shown below is for illustrative
purposes only; it is preliminary in nature and not exhaustively detailed, however, it serves to
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introduce the concept and offers some suggested possible elements of such a framework.
Further detailed development and rationalization of the elements and their logical linkages are
proposed to be conducted as part of future work.

Following is a brief and preliminary discussion of the various levels of safety goals and the
suggested possible descriptions, including supporting elements.

Top level safety goal

The top level safety goal is a qualitative statement of the fundamental health objective such as
articulated in the IAEA Fundamental Safety Principles document, namely:

“The fundamental safety objective is to protect people and the environment from harmful effects
of ionizing radiation.”

The focus in the Canadian nuclear industry initiative is on protection of life and health of the
public. However, it is recognized that protection of the environment is also important; this issue
is normally addressed in the Environmental Assessment process.

Upper level safety goals

At the second level in the hierarchy, a set of safety goals are defined that, in a semi-quantitative
manner, further characterize the health objectives. Another important objective at this level
relates to the practical elimination of extensive social disruption due to off-site releases of
radioactive materials.

A major purpose of the safety goals at this level is to facilitate risk communication that supports
risk-informed decision-making at senior levels in the CNSC, the licensees and ultimately the
Commission members, and potentially the public. This decision-making is a process of
deliberation that is in accordance with the Oxford dictionary definition of the term, viz. “/ong

and careful consideration or discussion” and is similar to that described in the US NRC
document NUREG-2150 [I-12].
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FIG. I-1. Preliminary Concept-Level Safety Goals Framework.
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Intermediate level safety goals

The third level safety goals are focused on programs, measures and actions that provide defence
in depth for design basis events and for events that may progress beyond the design basis. The
principles that guide the safety goals at this level in the hierarchy relate broadly to risk
management and, as such, are action-oriented. For example:

e aligning licensee programs with the 14 CNSC Safety and Control Areas (SCA);

e aligning with the 14 safety factors articulated in the IAEA periodic safety review
process (IAEA SSG-25);

e aligning safety goals with the licensee Chief Nuclear Officer (CNO) principles for
addressing Beyond Design Basis Events (BDBEs);

e provision and deployment of Emergency Mitigation Equipment (EME) to prevent
accident progression to BDBEs, or to help mitigate BDBEs should they occur;

e implementation of Severe Accident Management Guidelines (SAMG), and;

e implementation of an Emergency Preparedness program.

The action-oriented elements include comprehensive maintenance and testing programs,
rigorous training and qualification of personnel, proven procedures and procedural adherence,
periodic self-assessments, audits, and continual improvement. This helps to support fostering
of a healthy nuclear safety culture, backed up by (deterministic and probabilistic) safety
analysis, severe accident management guidelines and emergency preparedness, demonstrated
by periodic drills. All of the above processes are managed through an integrated management
system, and reflected in operating licenses and subjected to periodic regulatory evaluation. Such
regulatory evaluations by the CNSC include the performance of licensee programs in 14 SCAs,
namely: Management system, Human performance management, Operating performance,
Safety analysis, Physical design, Fitness for service, Radiation protection, Conventional health
and safety, Environmental protection, Emergency management and fire protection, Waste
management, Security, Safeguards and non-proliferation, and Packaging and transport.
Programs aligned with the SCAs are an integral part of a conceptual safety goals framework
that assures adequate protection of public health and safety.

Defense-in-depth principles particular to beyond design basis events are further captured in
principles stated by the Canadian utilities’ senior executives, whereby, in recognition of the
high level of public interest and concern following the Fukushima accident, the Canadian
nuclear utilities developed a set of principles to guide their response and reassure the public.
The Chief Nuclear Officers and Chief Nuclear Engineers have formally committed to these
principles, where the objective is to: “practically eliminate the potential for societal disruption
due to a nuclear incident by maintaining multiple and flexible barriers to severe event
progression”. The means by which this objective is met (e.g., via the diverse use of portable
emergency mitigation equipment to provide fuel cooling and containment protection) is also an
integral part of a conceptual safety goals framework.

Low level safety goals

The fourth level in the hierarchy consists of a set of specific quantitative safety goals and criteria
which include those that have been traditionally employed in deterministic safety analysis and
probabilistic safety analysis. These goals are focused on risk characterization and analysis. For
example, they include:
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e Acceptance criteria applied in deterministic safety analysis to meet regulatory
requirements and define the Safe Operating Envelope (SOE);

e Surrogate safety goals used in PSA: and

e Application of complementary risk assessment methods that systematically address in
either a semi-quantitative or qualitative manner the contributors to residual risk that are
difficult to capture in PSA.

In summary of the basic idea, it is the licensee that predominantly works in the intermediate
and lower levels of the safety goals framework. Collectively, the qualitative (action-oriented)
elements of the intermediate level, together with the low-level specific (quantitative) goals and
criteria, support the case that the top-level health objectives are met. This safety case is not
solely based on numerical values, rather it needs to take into consideration the robustness of the
plant design and operation, as founded on defence-in-depth principles, as well as uncertainties
and mitigating factors. The Regulator generally works in the top and upper levels to make
licensing decisions, based on the above and the licensee's input that stems from the elements of
the intermediate and lower levels of the safety goals framework. The Regulator establishes the
safety goals at the higher levels, and the licensee’s objective is to meet them.

Further work is needed to develop the hierarchy of safety goals and the details and relative
positioning of all of the key supporting elements (generic and site-specific) as well as the logical
linking between goals at each of the different levels.

I-1.5.2. Site safety goals

The primary focus of site-based safety goals should be the protection of the life and health of
the public, and that by also focusing on limiting the potential for extensive long-term relocation
(as a major form of societal disruption and more stringent consequence goal), the public health
risk can be limited to within acceptable levels. To this end, the prevention of long-lived
radionuclide releases is a very important objective for protecting the public since these releases
can result in unacceptable, long-term contamination of the land surrounding the plant. This
view is consistent with the Canadian utilities” CNO/CNE principles that were established post-
Fukushima. Furthermore, consideration of the release of I-131 to account for early effects is
also important. Moreover, while focusing on protection of human health, in so doing the
potential environmental impacts due to nuclear accidents are also covered to a large extent. On
this basis, qualitative safety goals for a NPP site have been proposed by industry [I-1].

To implement these, a quantitative definition of the site safety goals is necessary, at a lower
level, so as to facilitate a numerical evaluation and comparison of some form, e.g., via PSA.
Quantitative site-based safety goals have been proposed [I-1] by industry for use at the lower
level; these include release-based and core-damage based goals expressed in generalized
notation.

The release-based safety goal involves evaluations of both the frequency and consequences of
radiological accidents that lead to off-site radioactive releases. As such, quantitatively, the site
safety goal is evaluated based on results from Level 2 PSA and dose dispersion analysis (where
required). The key terms (parameters) in the general quantitative safety goal definition must be
determined such that the top-level safety goal is met, i.e., the qualitative health objectives,
whilst also supporting the upper-level goal for practical elimination of extensive societal
disruption.
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Supplementary to the frequency calculation for the safety goal evaluation, a consequence
assessment should be considered to confirm that the main intent of the upper-level qualitative
safety goal has been met, taking into account the full radionuclide mix of releases. The
confirmatory assessment is meant to check that smaller releases (below the release threshold
value) indeed do not result in “extensive” societal disruption, i.e., no extensive long-term
relocation as well as a check for no extensive/widespread temporary evacuation.

Key considerations

Targets vs. Limits

The treatment of very low likelihood hazards in PSA often requires use of simplifying models
and assumptions that can result in conservative estimates of the risk from these sources. This,
coupled with the fact that NPP risks are not always fully quantifiable via PSA (e.g. due to some
factors as incompleteness of knowledge, lack of data), suggests that PSA numerical results must
be carefully interpreted when comparing them against quantitative safety goals. In this context,
and considering the role of other supporting elements within the overall safety goals framework,
it is not considered appropriate to impose hard “limits” for safety goals defined in the lower
tier. Instead, utilities should strive to meet “targets” (consistent with the notion of safety
“goals”), whether for single-unit NPP sites or multi-unit sites. Historically, plants have been
licensed based on deterministic defence-in-depth provisions, and PSA has been used to augment
insights concerning design vulnerabilities, not as the sole and hard measure of the safety of the
plant. PSA provides an indicator of risk, not a measure of risk.

Limits are more appropriate in the context of design basis accidents — “for which the damage to
the fuel and the release of radioactive material are kept within authorized limits” (CNSC RD-
310). Goals (or targets) are used in the context of beyond design basis accidents, the analysis
for which, e.g., via PSA — “shall be performed as part of the safety assessment to demonstrate
that:

1) The nuclear power plant as designed can meet the established safety goals; and

2) The accident management program and design provisions, put in place to handle the accident
management needs, are effective.” (CNSC RD-310)

Nevertheless, utilities would still need to have programmatic guidance in place to take action if
the computed safety goal is exceeded. This could include an examination to better understand
the insights generated in the PSA, including sources of potential conservatism and/or possible
improvements to the design and operation of the plant.

Risk aggregation

Risk Aggregation refers to the process whereby risk metrics (i.e., SCDF, LRF) calculated using
PSA for various hazards, plant states and multiple units, are combined together to generate a
value for the site as a whole. Factors to consider in performing such an aggregation are that: a)
there appears to be an international consensus that risk aggregation for the purposes of
comparison with site safety goals should include the risks from all hazards, sources of
radioactivity and all phases of plant operation that have the potential to exceed the LRF release
threshold, b) significant technical issues have been identified in the simple addition of
contributions from these disparate risk contributors, and c¢) it appears that simple addition would
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receive widespread acceptance if PSAs for different hazards were of comparable maturity and
level of uncertainty.

A number of options have been identified by the Canadian nuclear industry [I-1]. It is
considered prudent to further explore the viability of these options in concert with ongoing
international efforts (i.e., by the IAEA, EPRI, etc.). Additional work is necessary to further
develop and support risk aggregation concepts. Once there is widely-accepted guidance on site
risk aggregation methods, then whole-site risk estimation can be pursued.

I-1.6. Summary

This annex identifies how safety goals are defined and applied in Canada for nuclear
installations. Average safety goal targets and limits have been established as a “measuring
stick” to determine if station design, operation and maintenance practices fall within
international guidelines for existing nuclear power plants, and to propose and rank
modifications to reduce risk estimates. Overall, average risk is managed at the system level
through application of reliability targets based on PSA for systems identified important to
safety. Further, a decision-making process has been developed when goals or limits are
exceeded.

As arecent development in Canada, greater interest and consideration is being given to whole-
site risk assessment and site-based safety goal definitions within the context of a hierarchal
safety goals framework. As well, the topic of whether/how to aggregate risks across different
hazard types (internal and external hazards) is being explored. Canada is taking a lead role in
these areas, working in consultation with the broader PSA community at both the industry and
regulatory levels.
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APPLICATION OF THE PROPOSED SAFETY GOALS
FRAMEWORK TO THE GERMAN REGULATORY FRAMEWORK FOR
NUCLEAR POWER PLANTS

II-1. INTRODUCTION

In the past, the safety concept of nuclear power plants as well as licensing and supervising
decisions by the competent authorities and their experts in the Federal Republic of Germany
were mainly based on deterministic principles. Safety-related decision-making during design
and licensing has essentially been based on the verification of compliance with the German
regulations pre-describing technical requirements as laid down, e.g., in the German nuclear
safety standards.

A probabilistic safety assessment has been essentially performed in the framework of the
periodic safety reviews as a supplement to the deterministic safety analysis. Currently, no
specific probabilistic quantitative safety goals for nuclear power plants or other nuclear
facilities and no site-wide safety goals are determined within the German regulatory framework.
However, a recent document requires that modifications of measures, equipment or the
operating mode of a nuclear power plant, compared with the unchanged condition of this plant,
must not lead to an increase in the average core damage frequency and the average frequency
of large and early releases, neither for full power operation nor for low-power and shutdown
states, considering all plant-internal events as well as all internal and external hazards as well
as very rare man-made external hazards.

II-2. CURRENT GERMAN SAFETY REQUIREMENTS FOR NUCLEAR POWER
PLANTS

The German nuclear regulatory framework has been elaborated over a long time period
consisting of the Atomic Energy Act (AtG) [II-1], ordinances such the Radiation Protection
Ordinance (RPO) [II-2], regulatory guidelines such as Guidelines for Periodic Safety Reviews
and a Guide for the Decommissioning, the Safe Enclosure and the Dismantling of Facilities as
well as guidelines and recommendations of the German Reactor Safety Commission (RSK).

Detailed technical requirements are laid down in about 100 German nuclear safety standards
(KTA safety standards), elaborated by German experts from authorities, technical support
organizations, utilities and vendors, issued by the German Nuclear Safety Standards
Commission and announced by the Federal Ministry for the Environment, Nature Conservation
and Nuclear Safety in the Federal Gazette.

Recently, the “Safety requirements for nuclear power plants” [1I-3] have been issued containing
fundamental and general safety-related requirements within the framework of the non-
mandatory safety standards and rules that provide more details regarding the required
precaution that — pursuant to § 7 para. 2 no. 3 of the AtG — is necessary according to the state
of the art in science and technology in order to prevent any damage caused by the construction
and operation of a nuclear power plant. As far as necessary from a safety-related point of view,
document [I-2-3] shall also be applied to nuclear power plants that pursuant to § 7 (1a) AtG
have had their power operating licences revoked or which due to a decision taken by the licensee
are in their post-operational phase.

This new regulatory document is now part of the German regulatory framework as shown in
Figure II-1. Requirements for physical protection are not included in [II-3], but provided
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separately. A further document [II-4] is issued to enable the uniform enforcement of these
requirements.
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FIG. II-1. German regulatory framework.
I1-3. SAFETY GOALS IN GERMAN REGULATIONS

Because the regulatory framework in Germany is very prescriptive compared to other countries
like the UK, specific safety goals are also provided in each level of the German regulatory
framework. Moreover, technical and radiological safety goals are formulated for all level of
defence in depth for all operational states, accident conditions and beyond design basis
conditions.

In the German Atomic Energy Act [II-1] it is stated in the first paragraph that the aim of the act
is to protect life, health and real assets against the hazards of nuclear energy and the harmful
effects of 1onising radiation and to provide compensation for damage and injuries caused by
nuclear energy or ionising radiation. Moreover, it is stated that the purpose of this act is to
prevent danger to the internal or external security of the Federal Republic of Germany from the
application or release of nuclear energy or ionising radiation.

§ 7d of [II-1] requires that the holder of a licence to operate an installation for the fission of
nuclear fuel for commercial electricity production shall provide the realisation of safety
measures according to the ongoing state-of-the-art of science and technology which are
developed, suitable and adequate for providing not only an insignificant contribution to further
precaution against risks for the public.

The purpose of the Radiation Protection Ordinance [II-2] is to regulate principles and
requirements of preventive and protective measures which apply to the use and effects of man-
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made and naturally occurring radioactive substances and ionizing radiation in order to protect
man and the environment from the harmful effects of ionizing radiation.

The fundamental safety objective in [II-3] is the protection of man and environment against the
harmful effects of ionising radiation. Guidelines for the assessment of the design of nuclear
power plants are provided in [II-3] and the correspondent spectra of incidents have originally
been defined in the Radiation Protection Ordinance [II-2].

Those events, which are relevant concerning their radiological impacts and against which
precautions must be taken in terms of engineered safeguards or countermeasures are defined in
[II-3] for nuclear power plants. For these events it must be demonstrated by means of
computational analyses that the requirements specified in [II-3] are met. Especially, it has to be
demonstrated that the safety-related acceptance targets and acceptance criteria applicable to the
different levels of defence in depth are achieved and maintained for these events.

For defined events whose occurrence can be prevented by special measures and equipment — in
the following referred to as precautionary measures — it shall be demonstrated that the
requirements for the effectiveness and reliability of these precautionary measures are fulfilled.
For these events computational analysis is only required if it cannot be demonstrated that the
specified precautionary measures have been met. The verifications of fulfilment of the
acceptance criteria shall consider the assignment of load levels of the reactor coolant pressure
boundary, the systems outside the primary circuit and the containment, presented in [II-3] to
the events included in the event lists.

The confinement of the radioactive materials present in the nuclear power plant shall be
ensured. In order to achieve this safety goal, a safety concept shall be implemented in which
measures and equipment are allocated to different levels of defence in depth (DiD) [11-3]:

e Levelof DiD 1: normal operation (specified normal operation)

e Level of DiD 2: anticipated operational occurrences (specified normal operation,
incident)

e Level of DiD 3: accidents

e Level of DiD 4a: very rare events

e Level of DiD 4b: events involving the multiple failure of safety equipment

e Level of DiD 4c: accidents involving severe fuel assembly damages.

Recently, the German Reactor Safety Commission described its understanding of safety
philosophy including orientation values for the four levels of defence in depth [II-5].

Furthermore, additional measures and equipment to identify and limit the consequences of plant
conditions that are not allocated to the abovementioned levels of defence 1 — 4a due to their
low probability of occurrence shall be provided to an adequate extent as a precaution. Therefore,
measures and equipment of the internal accident management shall be provided and planned in
supplement on levels of defence 4b and 4c of the defence in depth concept. Therefore, a safety
goal on the intermediate level, e. g, is to maintain effective defence in depth.
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A further safety goal is to provide effective features to support the external accident
management in order to assess the consequences of accidents for accidents involving severe
fuel assembly damages with potential or actually occurred releases of nuclear materials into the
environment and to mitigate as far as possible their effects on man and the environment.

All equipment that is necessary for shutting the reactor down safely, for maintaining it in
shutdown condition, for removing the residual heat or for preventing a release of radioactive
materials shall be designed and maintained in such a condition that they fulfil their safety-
related functions even in the case of internal and external hazards as well as very rare man-
made external hazards.

Radiological safety goals are set for the different levels of defence in depth:
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On levels of DiD 1 and 2

radiation exposure of the personnel shall be kept as low as achievable for all
activities, even below the limits of the Radiation Protection Ordinance, taking
into account all circumstances of each individual case,

any discharge of radioactive materials with air or water shall be controlled via
the specially provided discharge paths; the discharges shall be monitored as well
as documented and specified according to their kind and activity, and

any radiation exposure or contamination of man and the environment by direct
radiation from the plant as well as by the discharge of radioactive materials shall
be kept as low as achievable, even below the limits of the Radiation Protection
Ordinance, taking into account all circumstances of each individual case.

On level of DiD 3

the maximum radiation exposure limits for the personnel in connection with the
planning of activities for the control of events, the mitigation of their effects or
the removal of their consequences shall not exceed the relevant limits of the
Radiation Protection Ordinance,

the maximum design limits for the plant for protecting the population against
any release-induced radiation exposure shall not exceed the relevant accident
planning levels of the Radiation Protection Ordinance,

any release shall only happen via specially provided release paths; the release
shall be monitored and shall be documented and specified according to its kind
and activity; and

the on-site and off-side radiological consequences shall be kept as low as
possible, taking into account all circumstances of each individual case.

On level of DiD 4

the planning of activities to control events of level of defence 4a as well as for
the planning of activities in connection with internal accident management
measures shall be based the relevant requirements of the Radiation Protection
Ordinance regarding the anticipated radiation exposure of the personnel,



- the monitoring of releases of radioactive materials from the plant according to
their kind and activity shall be ensured and

- the on-site and off-side radiological consequences shall be kept as low as
possible,

Taking into account the measures and equipment for the internal accident management
provided on levels of DiD 4b and 4c,

- any releases of radioactive materials into the environment of the plant, caused
by the early failure or bypass of the containment and requiring measures of the
external accident management for the implementation of which there is not
sufficient time available (early release), or

- any releases of radioactive materials into the environment of the plant requiring
wide-area and long-lasting measures of the external accident management (large
release)

- shall be excluded, or their radiological consequences shall be limited to such an
extent that measures of the external accident management will only be required
to a limited spatial and temporal extent. The occurrence of an event or event
sequence or a state can be considered as excluded if it is physically impossible
to occur or if it can be considered with a high degree of confidence to be
extremely unlikely to arise.

Moreover, intervention reference levels are set in [1I-6] for

e Sheltering: 10 mSv from external exposure in seven days and effective dose
commitment resulting from radionuclides inhaled during this period.

e Evacuation: 100 mSv from external exposure in seven days and effective dose
commitment due to the radionuclides inhaled during this period.

e Temporary resettlement: 30 mSv external exposure in one month,

e Long-term resettlement: 100 mSv external exposure in one year due to deposited
radionuclides.

With regards to intervention in supplies of foodstuffs for the population, a distinction is made
between (precautionary) warning of the population against eating freshly harvested foods and
fresh milk on the one hand, and intervention in supplies of food-stuffs and feeding stuff on the
basis of maximum contamination levels on the other. The warning to the population is issued
in the area surrounding an emission source no later than the beginning of a hazardous release
or in unclear radiological situations, or in more distant areas in the event of substantial
radionuclide concentrations in the air. The maximum radioactivity levels in foodstuffs and
feeding stuff in the event of a nuclear accident are laid down in EU regulations.

As prerequisite for the limitation of radiation exposure of the general public and of discharges
of radioactive substances (see Table II-1 below), general technical safety goals are described in
[1I-3] to ensure sufficient reliability of the equipment of level of defence 3 (safety equipment)
such as providing sufficient redundancy, diversity, segregation and physical separation of
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redundant subsystems, and automation (i.e. not requiring operator actions within 30 minutes
after an initiating event).

The safety equipment necessary for the control of events on level of defence 3 shall be available
redundantly and segregated in such a way that the safety functions necessary for controlling
events are still sufficiently effective if it is postulated that, in the event of their required function,

- asingle failure of a safety equipment with the most unfavourable effects occurs due to a
random failure, and

- there is at the same time an unavailability of a safety equipment due to maintenance
measures with the most unfavourable effects in combination with a single failure.

Single failures are generally postulated for active as well as for passive equipment, exceptions
shall be justified.

According to [II-3] specific requirements for the protection against internal and external hazards
as well as very rare man-made external hazards have to be fulfilled, among others the following
specified requirements: A design basis earthquake and the associated impacts shall be
determined for the site under investigation based on site-specific deterministic and probabilistic
seismic hazard analyses. For the determination of the seismic engineering parameters of the
design basis earthquake, the intensity and, corresponding to the associated seismo-tectonic
conditions, the range of magnitudes, distances and focal depths of the earthquake shall be
indicated. Irrespective of any site specific hazard analysis, the design shall at least be based on
the intensity VI EMS (European Macroseismic Scale).

A further intermediate level safety goal is to ensure that the safety of the plant is not
inadmissibly impaired by an aircraft crash. The design shall be based on the load assumptions
provided in [II-3] describing the impact-load time diagram, impact area and impact angle.

Suitable protection measures and equipment shall ensure that postulated plant external
explosions do not inadmissibly impair the safety of the plant. Apart from chemical explosions,
explosions of vapour, gas or liquid clouds, deflagration-to-detonation transition and physical
explosions shall be considered. For the structural design, the pressure time diagram according
to the guideline for the protection of nuclear power plants against pressure blast waves from
chemical explosions [II-7] shall be postulated, unless there are indications of higher pressure
time curves to be expected.

The goal to maintain the integrated management system and to maintain and enhance safety
culture is addressed in [1I-3].

Typical deterministic examples for deterministic low level safety goals which have to be
fulfilled are:

e No critical boiling at cladding tube or maintenance of an appropriate temperature-time
criterion of the cladding tube,

e C(Cladding tube temperature < 1200 °C or

e Amount of shutdown reactivity.
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The recently issued German safety requirements for nuclear power plants [1I-3] extend the use
of probabilistic safety assessment to supplement deterministic safety demonstrations to assess
the safety significance in case:

e of modifications of measures, equipment or the operating mode of the plant, as well as

e of findings that have become known from safety-relevant events or phenomena that
have occurred and which can be applied to the nuclear power plants in Germany that
are referred to in the scope of application of the "Safety Requirements for Nuclear
Power Plants"

for which a significant influence of the results of the PSA can be expected.

Compared with the unchanged condition of the plant, modifications of measures, equipment or
the operating mode of the plant must not lead to an increase in the average core damage
frequency and the average frequency of large and early releases, neither for power operation
nor for low-power and shutdown states, considering all plant-internal events as well as all
internal and external hazards as well as very rare man-made external hazards.

Comparison with the unchanged condition refers to the actual core damage frequency evaluated
within the (periodic) safety review of the respective plant. If the unchanged condition was not
modelled in the safety review, the unchanged condition as well as the planned modification has
to be analysed and compared.

In the following, as a detailed example for low-level safety goals, the procedure in case of
storage and handling of fuel assemblies and associated items in nuclear power plants with light
water reactors is given. Table II-1 below shows as an example the safety-related acceptance
targets and criteria for fuel element storage and handling according to [11-3].

According to [1I-3] criteria for the handling and storage of the fuel elements are provided. On
levels of DiD 1 to 4a, the control of reactivity during fuel element storage is ensured for all
operating phases. Measures and installations for the handling and storage of non-irradiated and
irradiated nuclear fuel are provided such that a criticality event in the storage facilities is not to
be postulated even under accident conditions or events on the level of DiD 4a. Fuel cooling
(heat removal from the facilities for the storage of fuel elements) is ensured on levels of DiD 1
to 4a. The general criteria for the handling and storage of fuel elements in a nuclear power plant
for level of DiD 1 are described in [II-3].

As preventive accident management measures according to [II-3] it is necessary to demonstrate
the effectiveness of the accident management measures for cooling of the fuel elements in the
fuel pool for the representative event sequences considered if the fuel elements are covered with
coolant and measures for maintenance or restoration of the required sub-criticality of the fuel
elements in the fuel pool is demonstrated for the representative event sequences if long-term
sub-criticality of kesr < 0.999.
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TABLE II-1. SAFETY-RELATED ACCEPTANCE TARGETS AND CRITERIA OF LEVEL
OF DEFENCE IN DEPTH 2 TO 4A FOR FUEL ELEMENT STORAGE AND HANDLING
[1I-3]

Level of defence

Anticipated operational

Accidents (3)

Very rare events

in depth occurrences (2) (4a)
Protection goal control of reactivity
Acceptance target ensuring sub-criticality
Acceptance <0.95 <0.95; <0.99
criterion: neutron for special events < (.98
multiplication
factor kegr

Protection goal

cooling of the fuel elements

Acceptance targets

(1) Limitation of the pool
water temperatures to
values which ensure
accessibility of the
pool area with
customary measures

Sufficient water
coverage for ensuring
the required inlet
condition for the pool
pumps

)

(1) Limitation of the pool
water temperatures to
values  below  the
design temperature of
the pool

(2) Sufficient water
coverage for ensuring
fuel element cooling

(1) Limitation of
the pool water
temperatures
to values
which ensure
pool integrity

Sufficient
water
coverage for
ensuring spill
or evaporation
cooling (main-
tenance of fuel
rod integrity)

2

Protection goal

confinement of radioactive material

Acceptance targets
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TABLE II-1. SAFETY-RELATED ACCEPTANCE TARGETS AND CRITERIA OF LEVEL
OF DEFENCE IN DEPTH 2 TO 4A FOR FUEL ELEMENT STORAGE AND HANDLING

[1I-3] (cont.)

Level of defence
in depth

Anticipated operational
occurrences (2)

Accidents (3)

Very rare events
(42)

Acceptance criteria

Compliance with the limit
values according to §§ 46,
47 RPO (per one calendar

year)

(1) Limitation of radiation
exposure  of  the
general public

(a) 1 mSv

(b)eye lens 15 mSv; skin
50 mSv

(2) Limitation of the

discharge of

radioactive substances

(a) limits of the radiation
exposure of individual
members of the general

Compliance  with  the
accident planning levels
according to § 49 RPO

(1) Safety-related design
for the operation of
NPP for the proximate
storage of irradiated
fuel elements and for
Federal facilities for
the safeguarding and
final  disposal  of
radioactive waste

an effective dose of 50
mSv,

organ specific absorbed
doses, e.g., for the
gonads, uterus and bone
marrow (red) of 50 mSv

public: effective dose each.
0.3 mSyv;
(b)organ specific

absorbed doses, e.g. for
gonads, uterus, bone
marrow (red) 0.3 mSv

II-4. APPLICATION OF THE PROPOSED SAFETY GOALS FRAMEWORK

This annex was primarily aimed at tentatively applying the proposed safety goals framework
on the situation in Germany, taking into consideration mainly laws and regulations.

Table II-2 provides the application of the safety goals framework proposed in this TECDOC.
The top level, upper level and part of the intermediate level safety goals like the radiological
limits could in general also be applied to other nuclear installations than nuclear power plants.
However, the safety goals, exemplary illustrated in Table II-2, are focussed on German nuclear
power plants because they are explicitly described in the several documents within the German

regulatory framework.

As can be seen from Figure II-2 [II-8], there is only one site in Germany with three nuclear
power plants where two of them are still in operation and one site in Eastern Germany with five
nuclear power plants, all of them are shutdown since 1990.
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At all other sites only one nuclear power plant is operating or only one plant has been built; a
further nuclear installation is only an intermediate storage facility for the spent fuel, sometimes
separated by its own fence.

The number of further nuclear installations in Germany is limited: one facility for production
of fuel elements for light water reactors, one enrichment plant, one pilot conditioning plant and
two centralized interim storage facilities. Only the pilot conditioning plant and one centralized
interim storage facility are at one site.

Different types of nuclear installations are only at the two research centres in Germany with
research reactors (already shutdown) and with operating facilities for conditioning of
radioactive waste and its storage. The still operating research reactors are gain at sites without
any other nuclear installation.

Therefore, most of the intermediate level safety goals and the low level safety goals are only
formulated exemplary for nuclear power plants. Moreover, no site-wide safety goals have been
developed.

It is important to recognise that the application was not aimed to be complete. In particular, a
large set of low level safety goals exists.

However, it can be illustrated from Table I1-2 how the German safety goals can be integrated
in the safety goals framework as proposed in Section 4 of this TECDOC.
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Legend

Data:
Status:

In operation h Finally shut down

Under Decommissioning

Capacity gross MWe
As of 31.12.2012

FIG II-2. Location of nuclear power plants in Germany.
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APPLICATION OF THE GENERAL SAFETY GOALS
FRAMEWORK FOR NUCLEAR INSTALLATIONS TO SWEDEN

[II-1. INTRODUCTION AND BACKGROUND

This section is an attempt to apply the TECDOC framework of safety goals to the existing
situation in Sweden, taking into account mainly laws and regulations but also covering low
level probabilistic requirements defined by utilities.

The application was done using the hierarchy of safety goals defined as well as the matrix
presented in the TECDOC, aimed at being an aid in the practical application of the Safety Goals
Framework in a national context.

For reference, the TECDOC hierarchy of safety goals is shown in Figure III-1. It is described
in detail in Section 2 of the TECDOC.

— —

Society —

Technology
—
neutral
Site —
i Technology
Facility — - —

Operational states : Accident conditions

FIG. IlI-1. Hierarchy of Safety Goals.

As a basis for the application, a matrix has been developed showing an early example of a
hierarchy of safety goals for a nuclear installation, see Figure I1I-2. The example was developed
in preparation for the Technical Meeting held in July 2013.

Just as the safety goals hierarchy shown in Figure III-1, the matrix includes four levels, and is
split into the main parts “Operational States” and “Accident Conditions”. It has been detailed
by defining a number of examples of upper level safety goals that are expected to exist in most
frameworks. However, it must be stressed that the matrix contents is an example, and that a
proper application of the framework would result in further types of safety goals being added.
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The result of the application is summarised in a 2-page attachment to this annex, using the same
matrix format as shown in Figure III-2 above. A more detailed discussion of the contents of the
matrix and of the results of the application is provided in the coming four sections, one for each
level of the Safety Goals Framework.

I11-2. APPLICATION TO THE GENERAL SAFETY GOALS FRAMEWORK
I11-2.1. Top level safety goals

These are presented in the Safety Goal Framework as being the highest level safety goals, as
defined in national legislation or regulations. They generally presuppose the prevention of
unreasonable harm to the public and the environment. Top level safety goals are important as
high-level statements, but cannot in themselves be used as a basis for defining detailed safety
goals. In a Swedish context, Top Level Safety Goals are expressed in a number of laws, and to
some extent also regulations.

On the highest level are the Act 1984:3 on Nuclear Activities (Lagen om kdrnteknisk
verksamhet) and the Radiation Protection Act 1988:220 (Stralskyddslagen), expressing the aim
to protect people, animals and the environment from harmful effects of radiation.

Another important top level document is the Regulation on Handling of Radioactive Waste and
Spent Fuel from Nuclear Installations (SSMFS 2008:22), which includes requirements on
minimisation of the amounts of waste and on avoiding harmful impact from radiation now and
in the future. This regulation also includes a requirement stating that radioactive releases shall
not cause worse effects on health and environment outside the borders of Sweden than would
be accepted within Sweden.

Further high level requirements (but less specific) are expressed in, e.g., the Environmental
Code 1998:808 and in the Act 2006:263 on Transportation of Dangerous Materials.

I11I-2.2. Upper level safety goals

This level provides an interpretation of the Top Level safety goals in terms of risks of undue
harm to people or the environment. Upper Level safety goals are the implicit basis for
Intermediate and Low level safety goals, which may require an interpretation in numerical terms
of what constitutes an unreasonable risk (or dose) to an individual or to society.

The matrix includes the following typical examples of Upper Level safety goals, all of which
are covered in a number SSM regulations as well as (in a few cases) in laws.

Operational states

Ol To protect workers, the public and the environment
02 To provide design features for security

03 To minimize radioactive waste

04 To provide design features to facilitate decommissioning
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Accident conditions

Al Risk to life and health of people from the facilities and installations located at
the site should be low comparing with risk from other sources to which an
individual is generally exposed

A2 Large off-site releases leading to land interdiction should be practically
eliminated

A3 Safety-security interface should be addressed
A4 Emergency response should be provided

A more specific example will be given describing the basis for the quantitative requirements
(safety goals) related to unacceptable radioactive releases.

The focus of the SSM is on avoidance of radiological accidents, i.e., requirements have been
directed towards protection of the public rather than towards avoidance of core damage. This
became evident in the discussions related to the government decisions following the Reactor
Safety Investigation [III-1] requiring the introduction of severe accident mitigation system first
at the Barsebéck plants 1981 [III-2] and then at all other NPPs in 1986 [III-3]. Basically, these
government decisions define the conditions for allowing continued operation of the plants. On
the basis of the government's proposition [I1I-4] regarding guidelines for the national energy
policy, it was stated that in spite of the fact, that the risks for uncontrolled radioactive release
from nuclear power plants is extremely small, measures shall be taken to further reduce such
risks.

The FILTRA system in Barsebédck was taken into operation in October 1985; for the remaining
Swedish NPPs severe accident mitigating systems including filtered venting were to be installed
by the end of 1989. The document that served as a basis for the decision in 1985 had the title
"Release mitigating measures after severe accidents" [1II-5]. Based on the document, a number
of acceptance criteria for the mitigating systems after a severe accident were defined:

— Events with extremely low probabilities (extremt 1dga sannolikheter) can be neglected.
1t is accepted that the filtered venting system cannot handle a reactor vessel rupture.

— The same requirements on maximum acceptable release of radioactive substances apply
to all NPPs, regardless of location.
The justification for this requirement is that the same level of individual risk shall be
achieved at all sites, regardless of population density and property values.

— Long-term ground contamination of large areas shall be avoided.
This is judged to be fulfilled if the radioactive release after a severe accident is limited
to below 0,1 % of the inventory of the caesium isotopes Cs-134 and Cs-137 in a core of
1800 MW, excluding noble gases.

— There shall be no short-term fatalities in acute radiation syndrome (akut strélsjuka).
This is judged to be fulfilled if the radioactive release after a severe accident is limited
to below 1 % of the inventory of a core of 1800 MW, excluding noble gases.

— The containment shall remain intact for 10-15 hours after a core melt.

A simplifying interpretation of part of the requirements is given by stating that these require-
ments can be considered fulfilled if the radioactive release after a severe accident is limited to
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below 0,1 % of the inventory of the caesium isotopes Cs-134 and Cs-137 in a core of 1800
MWt, provided all nuclides causing unacceptable ground contamination are limited
correspondingly. Considering the fact, that the inventory of Cs-134 is 89 TBq/MW and of Cs-
137 is 57 TBq/MW, the 0,1 % / 1800MW requirement corresponds to a release of 160 TBq of
Cs-134 and of 103 TBq of Cs-137. The requirement that the containment shall remain intact for
10—15 hours after a core melt implies that mitigating measures protecting the containment from
over-pressurisation and by-pass shall be designed in a way that practically eliminate the
possibility of early releases.

I11-2.3. Intermediate level safety goals

Intermediate Level safety goals cover crucial safety provisions such as defence-in-depth, safety
margins, physical barriers (including considerations related to independence and protection of
barriers), and redundancy and independence.

Requirements on the Intermediate level are typically stated in a set of regulations, including the
following important examples:

— SSMEFS 2008:1 Regulations concerning Safety in Nuclear Facilities

— SSMEFS 2008:12  Regulations (and general advice) on the Physical Protection of
Nuclear Installations

— SSMEFS 2008:13  Regulations on the Mechanical Devices in Nuclear Installations

— SSMEFS 2008:15 Regulations concerning Emergency Preparedness at Certain
Nuclear Facilities

— SSMFS 2008:17 Regulations (and general advice) concerning the Design
and Construction of Nuclear Power Reactors

— SSMEFS 2008:22  Regulations Regulation on Handling of Radioactive Waste and
Spent Fuel from Nuclear Installations,

— SSMEFS 2008:23  Regulations on Protection of Human Health and the Environment
in connection with Discharges of Radioactive Substances from certain Nuclear
Facilities

— SSMEFS 2008:26  Regulations on Radiation Protection of Individuals Exposed to
Ionizing Radiation at Nuclear Facilities

To give some specific examples from two of these regulations, the “Regulations concerning
Safety in Nuclear Facilities” (SSM FS 2008:1), includes requirements related to Defence in
depth, Organisation and management, Safety criteria and guidelines, Safety analysis, Review
activities, Periodic Safety Reviews, and Technical Specifications.

In another regulation, the “Regulations concerning the Design and Construction of Nuclear
Power Reactors” (SSM FS 2008:17) includes requirements related to redundancy, functional
and physical separation, single failures, requirements on capacity and robustness of various
safety functions. The latter requirements are related to event classification, which includes the
following classes:
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— Normal operation (HI)

Includes disturbances successfully managed by regular operations and control systems
without interrupted operation

— Anticipated events (H2)
Events that can be expected to occur during the lifetime of a nuclear power reactor
— Unanticipated events (H3)

Events that are not expected to occur during the lifetime of a nuclear power reactor, but
which can be expected to occur if several reactors are taken into account

— Improbable events (H4)

Events that are not expected to occur; this also includes a number of postulated events
that are analysed to verify reactor robustness independently of the event frequency.
These events are often called ‘design basis events’.

— Highly improbable events (HS)

Events that are not expected to occur; if the event should nevertheless occur, it can result
in major core damage. These events are the basis of the nuclear power reactor’s
mitigating systems for severe accidents.

— Extremely improbable events (residual risks)

Events which are so improbable that they do not need to be taken into account as
initiating events in connection with safety analysis

These event classes have been given the following approximate interpretation by the industry
(expressed per reactor year):

H2 F> 1E-2
H3 1E-2 >F> 1E4
H4 1E-4 >F> 1E-6
HS5 1E-6 >F> 1E-7

I11-2.4. Low level safety goals

Low level safety goals are technical and operational, and aim at assuring the nuclear installation
meets the higher level safety goals, by addressing the design and site implementation of a
nuclear installation. Technical safety goals are also more directly useful as means to evaluate
the adequacy of existing or proposed designs of safety related SSCs. Some Low Level safety
goals are qualitative and relate to whether a risk, or a condition that may result in a risk, is
acceptable. Quantitative deterministic safety goals may relate to maximum or minimum values
of crucial parameters, such as fuel temperature, pressure or water levels. Quantitative
probabilistic safety goals are expressed as frequencies or probabilities of unacceptable states.
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On this level there will be a large number of specific safety goals related to the higher level
safety goals that have been defined.

Example — Low level probabilistic safety goals in Sweden

As a specific example, the probabilistic safety goals defined by the industry related to core
damage frequency and frequency of unacceptable releases will be presented in some detail. This
has been based on the outcome of the first phase of the Nordic PSA Group project “The Validity
of Safety Goals™ [1II-6] which included, inter alia, a detailed description of the background and
basis for probabilistic safety goals in Sweden and Finland. This means that the developments
since the publication of this report are not fully covered.

Requirements from authorities

As evident from the section, describing the basis for defining Upper Level safety goals
regarding unacceptable radioactive releases, no frequency requirement was included in the
requirements.

Thus, the interpretation by the industry of the frequency requirement, i.e., converting
“extremely low probabilities” into a frequency of occurrence, was done by relating to the
concept of residual risk, which at that time was suggested to correspond to an event with a
frequency of about 107 per year. However, this frequency was not spelled out in any of the
government decisions, neither in [III-5].

It is worth mentioning in this context, that the Regulation concerning Safety in Nuclear
Facilities (SSMFS 2008:1) requires the licensees to have clearly defined goals for their
activities. The regulation mentions documented safety goals, which is commented in the
following way in the general advice accompanying the SSMFS: “The safety goals may be both
quantitative and qualitative. Goals should be formulated so that they can be followed up.” The
basis for the safety assessment is deterministic, but in the view of SSM, PSA can and should be
used to verify the deterministic requirements. SSMFS 2008:1 states: “In addition to
deterministic analyses ... the facility shall be analyzed by probabilistic methods in order to
obtain as comprehensive a view as possible of safety.”

The use of safety goals at the utilities

The Swedish nuclear power plants are operated by companies belonging mainly to the
Vattenfall group (Ringhals 1 BWR, Ringhals 2-4 PWR, and Forsmark 1-3 BWR:s) and to the
EON group (Oskarshamn 1-3 BWR:s and the decommissioned Barsebick 1-2 BWR:s).

At Vattenfall, safety goals were first discussed at the end of the 1980s, resulting in the
publication of a company policy for reactor safety in 1990 [III-7]. PSA related issues in the
safety policy have been continuously discussed through the years, and minor revisions of the
policy, not affecting the PSA related safety goals, were made from time to time. The policy
states that high priority is given to safety enhancing measures if probabilistic analyses indicate
that the core damage frequency is above 107 per year or above 1077 per year for an unacceptable
release. An “unacceptable release” is defined as above 0,1 % of the inventory of the caesium
1sotopes Cs-134 and Cs-137 in a core of 1800 MWt; the plant specific percentage is calculated
based on the actual power rating of each NPP.

The latest version of the policy [III-8] is part of the management system for electrical
production. The policy stresses the integrated aspects of safety assessment, stating that the
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planning of safety improvements shall be based on a combination of deterministic criteria,
probabilistic methods, human factors analysis and utilisation of experience feedback. The
numerical safety goals have remained unchanged relative to the previous policy. The safety
policy on company level has been converted to site specific policies at the Ringhals and
Forsmark plants, with more specific evaluation criteria including a graded approach similar to
the one outlined in the IAEA Safety Report 12, TAEA (1998) [111-9].

The Sydkraft group (now part of EON Nordic) issued a safety policy in 1995, which included
safety goals for the frequency of core damage and large releases [III-10]. The levels defined
were 107 per year for core damage and 107 per year for an unacceptable release, with an
“unacceptable release” defined in the same way as defined above for Vattenfall. The safety
goals were not mandatory, but in case of PSA results above these levels, safety enhancing
measures were to be prioritised. The policy was effective until 2004 when it was updated and
re-issued as the EON Nordic Safety Policy [III-11 and III-12]. As part of the update, the
quantitative safety goals were slightly revised; the core damage criterion kept at 10~ per year
but applied to severe core damage, and the criterion for unacceptable releases stating that the
frequency shall be considerably lower than the core damage criterion of 107 per year, which
was suggested to imply at least a factor of 10 (the factor is not defined in the policy).

The EON group policy is the basis for the local policy applied by the OKG utility operating the
three Oskarshamn NPPs. Detailed local criteria for interpretation and judgement of PSA results
have been developed, including a graded approach similar to the one outlined in the IAEA
Safety Report 12, IAEA (1998) [11I-9]. In addition, probabilistic criteria have been defined with
a focus on assessment of the remaining system barrier after an initiating event. These are
typically applied for rare initiating events with large uncertainties in the event frequency, such
as internal fires or external events.

Table I1I-1 provides a summary of Swedish probabilistic Low Level safety goals.
Summary of experiences

PSA results and fulfilment of safety goals has been important in some applications and
influenced the decision taken by the SSM, e.g., in the FENIX project (mid-90s) for restart of
Oskarshamn 1 after a major upgrade including considerable improvements of some safety
related systems and functions.

At the utilities, the use of probabilistic safety goals is judged to have triggered a number of
important safety improvements. PSA has generally provided an aspect on safety that has been
valuable for the total activities at the plants, but this has largely been achieved independently
of the safety goals. A general concern with formal probabilistic safety goals was the risk of
these being seen as absolute limits, as it was feared that this might indirectly have an impact on
the quality and relevance of the PSA models.

Some utilities have moved from a rather negative impression of PSA to a more positive one.
PSA in the right context and accompanied by other relevant information is now generally seen
to give a very valuable contribution to safety analysis, and PSA has become an integrated part
of the total safety analysis concept. Safety goals have contributed to an increased awareness of
the usefulness of PSA. They have also increased the focus on the correctness of the PSA models.
Another experience is that the quality requirements on PSA increase in risk-informed
applications.
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TABLE III-1. SUMMARY OF SWEDISH (PROBABILISTIC LOWER LEVEL) SAFETY

GOALS

Authorities

Vattenfall

EON (Sydkraft)

1985

Core damage

No  numerical criteria
defined.
Release
No numerical criteria
defined.
”Extremely unlikely”

release of more than 0,1 %
of the inventory of the
caesium isotopes Cs-134
and Cs-137 in a core of
1800 MWt.

No frequency defined, but
interpreted by industry as
implying < 107/year.

1990

Core damage

10-/year with a high degree of confidence

Release

10”7/year for a release involving more than
0,1% of the core inventory of substances
causing ground contamination.

1995

Core damage

10-3/year

Release

10”7/year for release involving more than
0,1% of the core inventory excluding noble
gases.

2006

Core damage

10-/year

Release

10”7/year for a release involving more than
0,1% of the core inventory of substances
causing ground contamination

2006

Core damage

10-/year for severe core damage

Release

Frequency of release involving more than
0,05-0,1% (depending on thermal effect)
of the core inventory excluding noble
gases shall be considerably lower than
107/year.

III-2.5. Conclusions

This annex was primarily aimed at tentatively applying the proposed Safety Goals Framework
on the situation in Sweden, taking into consideration mainly laws and regulations, but also
addressing some utility requirements.

It is important to recognise that the application was not aimed to be complete. Still some general
conclusions can be drawn. Thus, existing laws and regulations seem to provide a good coverage
of the four layers of the Safety Goals Framework, including demonstrating adequate coverage

of different types of facilities and covering the entire life span.

The application of the Safety Goals Framework to Swedish conditions was quite easily done,
1.e., it seems the framework and work process suggested in the TECDOC are quite easily

applied.
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It is clear from the review (and from the previous Nordic PSA Group project), that there is still
only limited use of probabilistic criteria, and that the most detailed ones are defined by the
utilities.

The triangle depicting the framework is judged to fully capture the conceptual aspects of the
framework and hierarchy, and the matrix provides specific examples. It is, however, important
not to see the matrix as a complete checklist. Additional work is needed as part of any
application to prepare relevant matrix contents.

Finally, the safety goals matrix, once it has been developed, can serve as a completeness check,
1.e., it indicates areas that are lacking or unclearly defined.
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UK FRAMEWORK FOR NUCLEAR SAFETY GOALS AND
TARGETS

IV-1. NTRODUCTION

The health and safety regulatory system in the UK is based on a goal-setting approach and
nuclear safety follows the same principles that are used in regulating health and safety in
industrial situations across virtually all types of work. Thus the regulatory body does not set
prescriptive requirements but determines broad safety goals which the licensee has to comply
with and hence its own detailed requirements. However, the overall effect of this regulatory
approach can be seen to fit the general approach described in this report.

IV-2. TOP LEVEL SAFETY GOAL

The top level safety requirement is promulgated in the Health and Safety at Work etc Act, 1974
(HSWA) [IV-1] which sets a requirement on employers to carry out their work in such a way
that the health, safety and welfare of employees is ensured and that risks to the health and safety
of those not in their employ are controlled “so far as is reasonably practicable”. This phrase is
also used in relation to importers, designers, manufacturers in relation to risks to the users of
the equipment they provide. The acronym SFAIRP is usually used instead of the full phrase “so
far as is reasonably practicable”, but even more common is the acronym ALARP which stands
for “as low as reasonably practicable”!? as in the expression “risks should be ALARP”. The
requirement to demonstrate reasonable practicability is fundamental and the only test in law.
This requirement has been included in various UK laws for well over 100 years.

Any organisation wanting to install or operate a prescribed nuclear installation will need a
nuclear site licence issued under the Nuclear Installations Act 1965 [as amended] (NIA) [IV-2]
by the Health and Safety Executive (HSE), the prime body for regulating health and safety at
work in the UK: this power is delegated to the Office for Nuclear Regulation (ONR), which is
an agency of HSE. The safety parts of the NIA are now a Statutory Provision of the HSWA ie
subsidiary legislation under this Act. The NIA also requires the protection of other people’s
property. Thus the two acts provide obligations to protect people and the environment. They
also place the prime responsibility for safety on the licence holder, who must do all that is
reasonably practicable to reduce the risk posed to both employees and the public from the
operation of the installation.

UK law is based on precedent i.e. what has been decided in the courts — until there has been a
decided case, the precise meaning the law is considered to be “undetermined”. The definition
of what is necessary to demonstrate reasonable practicability derives from a legal case in 1949
[TV-3]. The judgement stated it was necessary to compare the sacrifice, in terms of money, time
and trouble, of implementing further safety measures to reduce risks with the risks that have

10 The requirement for risks to be as low as reasonably practicable (ALARP) is fundamental and applies to all activities within
the scope of the Health and Safety at Work (etc) Act 1974 [HSWA] in the UK. In simple terms it is a requirement to take all
measures to reduce risk where doing so is reasonable. In most cases this is not done through an explicit comparison of costs
and benefits, but rather by applying established relevant good practice and standards. The development of relevant good practice
and standards includes ALARP considerations so in many cases meeting them is sufficient. In other cases, either where
standards and relevant good practice are less evident or not fully applicable, the onus is on the licensee to implement measures
to the point where the costs of any additional measures (in terms of money, time or trouble — the sacrifice) would be grossly
disproportionate to the further risk reduction that would be achieved (the safety benefit).

Source: ONR, Guidance on the demonstration of ALARP, NS-TAST-GD-005 Revision 6, September 2013
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been averted. If the comparison showed that it would be grossly disproportionate to implement
the measures, then they did not need to be implemented. It was noted that this comparison had
to been done before any accident or incident occurred. It was also stated that the higher the risk,
the less important the cost should be.

No legal meaning has been put to the term “grossly disproportionate”; though it is clear the
judge was looking for an imbalance on the side of safety, which has been upheld in later cases.
At a public inquiry into a new nuclear power plant at Sizewell in the early 1980s, the Director-
General of HSE, gave figures of between 2 and 10 for the public, depending on the risk, and
about 3 for workers, which was not questioned. This was also stated without challenge at a later
public inquiry.

A later legal judgement [IV-4] defined the meaning of the word “risk”, which clearly, given the
date of the former case, was not the output of a PSA. Risk was defined as the “possibility of
danger” which is some way from a probabilistic definition and also moves the meaning more
towards the hazard, i.e. what poses the potential for harm, rather than the chance of harm which
is the more common modern definition of risk.

It is a consequence of this goal-setting approach that older facilities, built to different standards,
may pose a greater risk than modern ones as the sacrifice in bringing the older facility up to
modern standards would be too great. However, it is expected that the older facility will be
modified to achieve as near modern standards as possible, within the requirements of reasonable
practicability.

Explaining the top level safety goal

Thus in the UK the top level safety goal, and the only one enshrined in law, is about
demonstrating that it is not reasonably practicable to do more to prevent harm to people. At the
same inquiry into the NPP at Sizewell, the Inspector asked what the application of this
requirement meant in terms of risk to people. He specifically asked what was a tolerable risk
and what was an acceptable risk? HSE were asked to set this down so that Parliament and the
public could consider the position.

This resulted in a document called “Tolerability of Risk from Nuclear Power Plants” (ToR)
[IV-5], which was published in its final form in 1992. ToR provided a background discussion
of risk, separating individual risk from societal risk (the latter was a comprehensive facet
covering multiple casualties through effects on land to more intangible effects on society).

The document also gave statistics on accidents both in the UK and elsewhere from accidents
and natural events to both workers and the public. From this data, it was deduced that for
workers, the upper level of fatality was around 1x 107, yr for industries such as mining,
quarrying and deep-sea fishing, whereas in most other occupations the level was nearer to 10
4/year. From data on such activities as car driving, a similar figure of 10"*/yr was derived. These
figures were considered “tolerable” as there were no attempts to ban the activities but there
were several pressures to get the rates lower. At the other extreme, the deaths from events such
as lightning strikes or influenza were of order 10°/yr, and these seemed to be “broadly
acceptable” as there was little pressure to reduce them. It was suggested a similar figure should
apply to workers.

On societal risks there was little information, but based on industrial hazards and the case made
for erecting the Thames Barrier to protect London a figure of around 10™#/yr to prevent about
100 -1000 deaths was considered tolerable, though the document was not as explicit as this
statement suggests.
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Subsequently, in 2000, HSE published a further document, Reducing Risk, Protecting People
(R2P2) [IV-6] which widened the application of the ToR concept to other industries. This
endorsed the individual risk values and set a firmer “tolerable” level of societal risk as a
frequency no higher than 2x10*/yr for a single accident causing 50 or more deaths, but did not
suggest a “broadly acceptable” figure.

Note that these are expectations from applying the requirement of reasonable practicability and
are not legal values: they are a guide to health and safety inspectors in carrying out their work.
In particular, “broadly acceptable” should be interpreted as meaning that, provided the safety
measures are secure the inspectors will turn their attention to other higher risks, but the
employer must still implement further measures if they are reasonably practicable. Equally,
risks higher than the “tolerable” level may be allowed in specific situations.

IV-3. UPPER LEVEL SAFETY GOALS

In the UK, the nuclear safety regulator has developed an approach based on reasonable
practicability, or in the case of environmental regulation on a similar concept of Best Available
Technology (BAT) not entailing excessive cost, in line with that used in other industrial sectors.
The first aspect is that, wherever possible, relevant good practice should be used to determine
the necessary safety measures.

ONR has produced Safety Assessment Principles for Nuclear Facilities (SAPs) [IV-7] to assist
its staff in applying consistent judgement on whether the licensee has demonstrated reasonable
practicability. The SAPs describe some fundamental safety expectations, which are largely
based on the recommendations of the ICRP [IV-8] and the IAEA Fundamental Safety Principles
[IV-9], for example:

1. No person shall receive doses of radiation in excess of the statutory dose limits as
a result of normal operation.

2. The exposure of any person to radiation shall be kept as low as reasonably
practicable (ALARP).
3. The collective effective dose to operators and to the general public as a result of

operation of the nuclear installation shall be kept as low as reasonably practicable.
4. All reasonably practicable steps shall be taken to prevent accidents.

5. All reasonably practicable steps shall be taken to minimise the radiological
consequences of any accident.

The ONR also uses conditions attached to the Nuclear Site Licence (NSL) to promote Upper
Level Safety Goals. Licence conditions [IV-10, 11] can be attached to the NSL, under the
powers in the NIA, which makes them legal requirements. The 36 conditions are added to all
licences, regardless of the type of facilities on the site, and require the licensee to make and
implement arrangements to meet them: in many cases these are approved by the ONR which
means they cannot be changed without a further approval process. Licence conditions cover
production of safety cases, emergency arrangements, modifications of plant or management
arrangements, minimisation of waste etc. The site licence is issued to a single licensee and
covers all facilities and activities on the site.

Since the operators have the prime responsibility for safety, the legal requirements set goals,
rather than prescribing detailed requirements. Operators in the UK have in the past set down
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their own framework for meeting the top level goals for the specific activities they are carrying
out. These provide the starting point for the detailed technical requirements for the activities to
be carried out, but must also ensure that this delivers a safe operating plant, which meets the
regulators expectations. The regulator in turn must be satisfied that the licensee is adequately
discharging its responsibility for safety.

IV-4. INTERMEDIATE LEVEL SAFETY GOALS

At the intermediate level, it is necessary to consider the differences between the role of the
nuclear regulator and the licensee.

Within the SAPs, ONR sets out its expectations for modern nuclear installations in relation to,
inter alia: the importance of considering inherent safety, fault tolerance, defence in depth in the
design; the application of segregation, redundancy, diversity to safety systems; the need for
strong leadership and management for safety in operation; and a sound demonstration of the
adequacy of safety in design and operation. Whilst the SAPs are intended for use by ONR’s
own staff, they are published so that licensees are aware of their expectations. The SAPs are, in
general, technology neutral applying to the whole range of facilities that ONR regulates.

The SAPs also contain certain numerical targets which follow the general structure of the ToR
framework and are intended to ensure a similar level of risk as in ToR. These targets are not
mandatory (unless legislation such as the Ionising Radiation Regulations, 1999 [IV-12], which
set upper levels for doses, is invoked — these are based on the ICRP recommendations) and
cover: normal operational doses to workers, persons on site and the general public due to
activities on the site; design basis doses to the public and workers; total risks of fatalities to
workers and the public both for the site and an individual facility; and, societal risk which
covers fatalities to the workers and public. Note that in considering the site, simple addition of
individual facility risks is not acceptable unless there is complete independence of the facilities.
The Annex 2 of Reference [IV-13] explains in more detail the derivation of the numerical
targets.

As part of the Licence Condition arrangements for producing and assessing safety cases, the
licensee defines standards against which it will assess the acceptability of the safety of any plant
or installation, which it will be procuring. This would then be incorporated into the tender
specification as well as forming the assessment criteria. The design safety criteria set down
fundamental principles, engineering principles and radiological assessment targets. Within the
current operator of NPPs these exist for the existing AGRs and PWR as well as for new nuclear
plants. The safety requirements for new plants are based on the European Utilities Requirements
Document, but use UK specific numerical targets, consistent will the regulators assessment
principles. It should be noted that although the requirements are generally consistent the
regulator does not formally approve them. They are intended to be demanding requirements for
use by the operator in design assessment and safety case production; the regulator
independently assesses the outcomes of these processes using their own assessment principles.

The UK numerical targets are generally set in terms of doses to operators or members of the
public or in terms of risks. Underlying the approach used by the operators of civil nuclear power
stations has been a target level for the individual risk of death to the most exposed individual,
below which the risk is considered to be “acceptable/tolerable”: i.e. 10°/yr. To achieve this the
design target was that the total probability of exceeding the design basis should be less than this
and that no individual fault group should contribute more than 10% i.e. should be <107. The
design basis in the UK is defined in terms of fault sequences derived from initiating faults or
hazards, rather than single Postulated Initiating Events (PIE). The design basis covers all
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initiating faults or hazards with a frequency >10"/yr, based on best estimate considerations,
except for natural external hazards where a cut-off at 10™#/yr is used, but this should be based
on conservative judgements.

As part of the implementation of defence in depth it is recognised that common cause failures
may limit the reliance that can be placed on redundant systems. Limits are therefore applied to
allow for common cause failure. This results in a requirement for diverse protection for PIEs
with frequencies > 1073/yr. Thus some design extension condition faults are already included in
the design basis.

In addition to the requirements derived from individual risks there are also requirements related
to societal impacts. The modern plants were all designed to ensure that there should be no need
to evacuate personnel outside the site fence as a result of any (UK) design basis fault. In addition
even for beyond design basis faults it is necessary to show that there is not a “cliff-edge”
immediately beyond the design basis, Level 3 PSA analysis has been used to help define what
represents an unacceptable cliff edge in terms of disruption of the population, land
contamination and agricultural restrictions. Based on this, a societal risk measure has been
defined to bound a whole range of consequences and is expressed in terms of the frequency of
exceeding 100 fatal cancers. In practice this is not broken down into more detailed design goals
because it is used as part of the overall assessment of the design to ensure that a balanced design
has been achieved and that all reasonably practicable measures have been taken to reduce the
risk. The PSA will help identify the main contributors to each measure of risk but they are often
different for each measure of risk.

IV-5. LOW LEVEL SAFETY GOALS

The use of doses and risks to workers and the public provides a generic safety framework,
which is technologically neutral; it is left to the licensee to define lower level technology
specific targets to ensure that during operation all that is reasonably practicable is done to meet
these generic targets. This will include targets for Core Damage Frequency [CDF] for reactors
and targets for accidental criticality for fuel processing plants. As an example some of the lower
level targets used for PWRs and the way in which they are derived are described.

As was noted above, one of the upper level goals is to ensure that the risk of death to the most
exposed person as a result of the operation of a nuclear power station is less than 10°/yr.
Assuming there is no threshold for radiation effects (which is probably conservative), this risk
comes from both normal operation and from accidents. Controls on normal discharges and
operator doses are set to provide the assurance for normal operation and in general these are
based on Ionising Radiation Regulations.

The high level approach to accident conditions requires the probability of accident sequences
exceeding the design basis to be reduced below 10”/yr and the total probability of exceeding
the design basis to be less than 10°%yr. If exceeding the design basis is interpreted as core
damage then this leads to a very demanding target for CDF of 10°/yr. In practice it has been
shown that this is very conservative and much higher core damage frequencies result in
consequences below the individual risk target so the targets which have been used for CDF are
1073/yr for new plants and 10™#/yr for older plants.

Core damage is assumed to occur if the secondary fuel limits are exceeded since these are
precursors to the loss of coolable geometry. The commonly used temperature limit of 1204C
(2300F) is empirically based and represents the temperature at which breakaway oxidation of
the cladding occurs. This roughly corresponds to a phase transition in ZrO> and is probably due
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to the protective oxide layer spalling off the surface. Thus this limit applies to Zirconium based
alloys and would not be expected to be the same for stainless steel, say. The limit is conservative
since the fuel melting will not have occurred but the progression is likely to be rapid.

Protection systems are provided to detect faults and provide the necessary protective measures
to achieve the reliabilities required. This will lead to increased redundancy. In addition
conservative rules are applied to allow for potential failures and differences in the plant states.
The single failure criterion represents a way to allow for potential unreliability and to permit
maintenance it is assumed that one train of protection will be out for maintenance. Combining
this with the potential effects of the initiating fault on the protective systems generally leads to
a requirement for 4 trains of safety equipment for each safety function.

As part of the implementation of defence in depth it is recognised that common cause failures
may limit the reliance that can be placed on redundant systems. In general a reliability limit of
between 1073 and 107 is used. Thus using the central estimate implies that for frequent faults
(>107%/yr) diverse protection is required. Thus frequent initiators plus the failure on the first line
of protection are design basis faults in the UK. However there will be some relaxation in the
analysis assumptions (e.g. limiting heat sink temperatures) to reflect the lower frequency of
occurrence.
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DEVELOPMENT OF USNRC SAFETY GOALS FOR LIGHT
WATER REACTORS

In a 1986 Safety Goal Policy Statement [V-1], the U.S. Nuclear Regulatory Commission
(USNRC) described safety goals to help articulate a level of acceptable risk for safe operation
of U.S. commercial nuclear power plants. The Commission established two goals that are stated
in terms of public health risk — one addressing individual risk and the other addressing societal
risk. The risk to an individual is based on the potential for death resulting directly from a reactor
accident, i.e., a prompt fatality. The societal risk is stated in terms of nuclear power plant
operations, as opposed to accidents alone, and addresses the long-term impact on those living
near the plant. In both cases, the Commission based its acceptable level of risk on a comparison
with other types of risk encountered by individuals and by society from other causes, applying
the rule that the consequences of nuclear power plant operation should not result in significant
additional risks to life and health. The safety goals were expressed in qualitative terms, so that
the philosophy could be understood by all. In both cases, however, the Commission also
expressed the qualitative goals for the safety of nuclear power plants in terms of individual and
societal “quantitative health objectives” or “QHOs.” These QHOs were established at one-
thousandth of the risk arising from other causes presenting the same type of risk.

The established QHOs were based on these assumptions:

e The risk to an average individual in the vicinity of a nuclear power plant of prompt
fatalities that might result from reactor accidents should not exceed one-tenth of one
percent (0.1 percent) of the sum of prompt fatality risks resulting from other
accidents to which members of the U.S. population are generally exposed.

e The risk to the population within the area near a nuclear power plant of cancer
fatalities that might result from nuclear power plant operation should not exceed
one-tenth of one percent (0.1 percent) of the sum of cancer fatality risks resulting
from all other causes.

The Commission believes that this ratio of 0.1 percent appropriately reflects both of the
qualitative goals, i.e., to provide that individuals and society bear no significant additional risk.
However, this does not necessarily mean that an additional risk that exceeds 0.1 percent would
by itself constitute a significant additional risk. The 0.1 percent ratio to other risks is low enough
to support an expectation that people living or working near nuclear power plants would have
no special concern due to the plant's proximity.

It should be noted that the QHOs per se have never been directly reflected in the USNRC
regulations, but were promulgated to provide guidance as to the level of public protection which
nuclear plant designers and operators should strive to achieve. The QHOs were also meant to
provide guidance to the USNRC staff to use in the regulatory decision-making process.
However, the Commission was clear that the safety goals were not meant to serve as a sole
basis for licensing decisions. In fact, the Commission disclaimed the intent to use safety goals
in making plant-specific regulatory decisions. While the safety goals provided a metric to
address the question of “how safe is safe enough”, practical implementation of the
Commission’s guidance proved to be difficult. This was due to the large uncertainties involved
in calculation of risk in the mathematical sense of multiplying probability with consequences.
As aresult, the USNRC staff began looking for other metrics to use as surrogates for the QHOs
in regulatory decision-making.

85



In 1990, the Commission provided additional guidance regarding the USNRC Safety Goals,
endorsing surrogate objectives concerning the frequency of core damage accidents and large
releases of radioactivity [V-2]. The numerical value of one-in-ten-thousand for core damage
frequency (CDF) was cited as a “very useful subsidiary benchmark.” In addition, a conditional
containment failure probability of one-tenth was approved for application to evolutionary light
water reactor designs. This resulted in a large early release frequency (LERF) of one-in-one-
hundred-thousand, since containment failure is necessary for a large release to occur. The
following two numerical objectives have currently been adopted as surrogates for the two
QHOs:

* A CDF of <10 per year as a surrogate for the latent cancer QHO.
» A LERF of <107 per year as a surrogate for the early fatality QHO.

These numerical objectives are used in support of risk-informed regulatory decision-making
[V-3]. However, some groups challenge the complex calculations that go into predicting such
accident frequency estimates, contending that accidents with serious public health
consequences may be more frequent. Nevertheless, the above two numerical objectives can be
derived from QHOs as shown below:

Surrogate for the Early QHO

The individual risk of a prompt fatality from all “other accidents to which members of the
U.S. population are generally exposed,” such as fatal automobile accidents, etc., is about
5x10"* per year. The safety goal criterion of one-tenth of one percent of this figure implies
that the individual risk of prompt fatality from a reactor accident should be less than 5x10°
7 per reactor year (ry); i.e.: (1/10 * 1% * 5x10*) = 5x1077. The “vicinity” of a nuclear power
plant is understood to be a distance extending to 1 mile from the plant site boundary. The
individual early risk (IER) is determined by dividing the number of prompt or early fatalities
(societal risk) to 1 mile due to all nuclear power plant accidents, weighted by the frequency
of each accident, by the total population to 1 mile and summing over all accidents.

It can be shown that if a plant’s LERF is 10 per year or less, the early fatality QHO is
generally met. This acceptance can be demonstrated numerically using the results of
probabilistic consequence assessments carried out in Level 3 PSAs as follows:

a) assuming that one accident sequence “n” dominates the early fatality risk and the LERF
b) assuming the accident sequence dominating the risk is the worst case scenario:
* alarge opening in the containment which occurs early in the accident sequence

* an unscrubbed release that also occurs early before effective evacuation of the
surrounding population

¢) using results from NUREG-1150 [V-4] for the Surry PRA (Table 4.3-1)

the largest conditional probability of early fatality (CPEF) within 1 mile radius of the
plant for internal initiators is 3x107%

This conditional risk value corresponds to a large opening in containment and a very
large release that is assumed to occur early before effective evacuation of the
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surrounding population. The definition of an early release is based on no effective
evacuation. Consideration of when or if the vessel is breached as a result of the core
melt is not directly pertinent to the definition for early release. Therefore, a “late release”
is one where there is effective evacuation. It is consistent with the worst case

€C_.9%

assumptions for accident scenario “n”.

Using the above value of CPEF and assuming a LERF goal of 107 per year, an estimate of
the individual early risk (IER) can be calculated as:

IERy = (3x102) * (10%) = 3x107/year.

The IER corresponding to a LERF = 107 per year is less than the early fatality QHO of
5x107 per year by a factor of about two. Using a LERF goal of 10~ per year will thus
generally ensure that the early fatality QHO is met. Therefore a LERF of 10”/year is an
acceptable surrogate for the early fatality QHO.

Surrogate for the Latent QHO

The risk to the population from cancer “resulting from all other causes” is taken to be the
cancer fatality rate in the U.S. which is about 1 in 500 or 2x10 per year. The safety goal
criterion of one-tenth of one percent of this figure implies that the risk of fatal cancer to the
population in the area near a nuclear power plant due to its operation should be limited to
2x10°%/ry; i.e.: 1/10 * 1% * 2x1073 = 2x10°6,

The “area” is understood to be an annulus of 10-mile radius from the plant site boundary.
The cancer risk is also determined on the basis of an average individual risk, i.e., by
evaluating the number of latent cancers (societal risk) due to all accidents to a distance of
10 miles from the plant site boundary, weighted by the frequency of the accident, dividing
by the total population to 10 miles, and summing over all accidents.

It can be shown that if a plant’s CDF is 10 per year or less, the latent fatality QHO is
generally met. This acceptance can be demonstrated numerically using the results of
probabilistic consequence assessments carried out in Level 3 PSAs as follows:

(1) assuming that one accident sequence “m” dominates the latent fatality risk and the
LLRF

(2) assuming the accident sequence dominating the risk is the worst case scenario:
* a large opening in the containment

» an unscrubbed release that occurs after effective evacuation of the surrounding
population (i.e. no early fatalities occur)

(3) assuming that the accident occurs in an open containment, the conditional probability
of large late release (CLLRPm) is 1.0

(4) using results from NUREG-1150 (Table 4.3-1) [I-5-4] for the Surry PRA

the largest conditional probability of latent fatality (CPLF) within a 10-mile radius
of the plant for internal initiators is 4x107.
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The calculated CPLF values are very uncertain and therefore the approach adopted was
to select a conservative estimate of CPLF. A CPLF value was therefore selected from
the high consequence-low frequency part of the uncertainty range. This CPLF value
corresponds to a large opening in containment and a very large release. It is therefore

13 2

consistent with the worst case assumptions for accident scenario “m”.

Using the above value of CPLF and assuming a CDF goal of 10" per year, an estimate of the
individual latent risk (ILR) can be calculated as:

ILRm = (4x107%) * (104) = 4x107/year.

The ILR corresponding to a CDF = 10" per year is less than the latent cancer QHO of 2x10°¢
per year by a factor of about five. Using a CDF goal of 10 per year will thus generally ensure
that the latent cancer QHO is met. Therefore a CDF of 10™/year is an acceptable surrogate for
the latent cancer QHO.

The application of the USNRC safety goals has evolved over time to serve as the basis for many
USNRC regulatory initiatives, with the explicit consideration of risk as only one factor among
many in making regulatory decisions. The consideration of risk information in regulatory
decision making processes is consistent with the risk-informed approach to balance risk insights
from PSAs with safety insights from deterministic analyses to assure activities at nuclear power
plants are conducted safely. In this context, USNRC has continued ongoing activities in many
risk-informed regulatory applications that help the agency to achieve a high level of confidence
in public health and safety.
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EXAMPLES OF SAFETY GOALS HIERARCHIES

This annex provides an overview of three examples of safety goals hierarchies developed by
expert groups within other projects:

VI-1: Western European Nuclear Regulators Association
VI-2: Multinational Design Evaluation Project
VI-3: Nordic PSA Group

VI-1. DEVELOPMENTS BY WESTERN EUROPEAN NUCLEAR REGULATORS
ASSOCIATION

The Western European Nuclear Regulators Association (WENRA) has the aim of developing
a common approach to nuclear safety amongst its members. In 2006 it published a detailed set
of Reference Levels for Existing Reactors [VI-1], which all participating nuclear regulators
agreed to encompass in their regulatory requirements. WENRA then considered new reactors,
defined as those in a final design or early construction stage, with the aim of developing a
common position on Safety Objectives so that new nuclear power plants, licensed across Europe
in the next few years, will be safer than existing ones.

WENRA'’s expectation [VI-2] is that compared to currently operating nuclear power plants,
new nuclear power plants are to be designed, sited, constructed, commissioned and operated
with the objectives of:

O1. Normal operation, abnormal events and prevention of accidents

e reducing the frequencies of abnormal events by enhancing plant capability to stay within
normal operation.

¢ reducing the potential for escalation to accident situations by enhancing plant capability
to control abnormal events.

02. Accidents without core melt
e ensuring that accidents without core melt induce no off-site radiological impact or only
minor radiological impact (in particular, no necessity of iodine prophylaxis, sheltering
nor evacuation).

e reducing, as far as reasonably achievable,

o the core damage frequency taking into account all types of credible hazards and
failures and credible combinations of events;

o the releases of radioactive material from all sources.

e providing due consideration to siting and design to reduce the impact of external hazards
and malevolent acts.
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03. Accidents with core melt

e reducing potential radioactive releases to the environment from accidents with core
melt, also in the long term, by following the qualitative criteria below:

o accidents with core melt which would lead to early or large releases have to be
practically eliminated;

o for accidents with core melt that have not been practically eliminated, design
provisions have to be taken so that only limited protective measures in area and
time are needed for the public (no permanent relocation, no need for emergency
evacuation outside the immediate vicinity of the plant, limited sheltering, no
long term restrictions in food consumption) and that sufficient time is available
to implement these measures.

04. Independence between all levels of defence-in-depth

e enhancing the effectiveness of the independence between all levels of defence-in-depth,
in particular through diversity provisions (in addition to the strengthening of each of
these levels separately as addressed in the previous three objectives), to provide as far
as reasonably achievable an overall reinforcement of defence-in-depth.

OS. Safety and security interfaces

e ensuring that safety measures and security measures are designed and implemented in
an integrated manner. Synergies between safety and security enhancements should be
sought.

06. Radiation protection and waste management

e reducing as far as reasonably achievable by design provisions, for all operating states,
decommissioning and dismantling activities:

o individual and collective doses for workers;

o radioactive discharges to the environment;

o quantity and activity of radioactive waste.
O7. Leadership and management for safety

e ensuring effective management for safety from the design stage. This implies that the
licensee:

o establishes effective leadership and management for safety over the entire new
plant project and has sufficient in house technical and financial resources to fulfil
its prime responsibility in safety;

o ensures that all other organizations involved in siting, design, construction,
commissioning, operation and decommissioning of new plants demonstrate
awareness among the staff of the nuclear safety issues associated with their work
and their role in ensuring safety.
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The objectives do not constitute a structure in themselves but do represent a set of higher level
goals which are either technologically neutral or applicable to LWRs. However many of the
terms used, which are generally defined in footnotes in reference [VI-2] need further
amplification and are still under discussion.

The WENRA Reactor Harmonisation Working Group has published a further report [VI-3].
This report sets out the common positions established by the Reactor Harmonisation Working
Group (RHWG) of WENRA on the selected key safety issues. The work was initiated and also
a major part of the work was carried out before the Fukushima Dai-ichi accident. Therefore, the
report also discusses some considerations based on the major lessons from the Fukushima Dai-
ichi accident, especially concerning the design of new nuclear power plants, and how they are
covered in the new reactor safety objectives and the common positions.

VI-2. DEVELOPMENTS BY THE MULTINATIONAL DESIGN EVALUATION
PROJECT

The Multinational Design Evaluation Project (MDEP) is a group of nuclear regulatory
authorities from fifteen countries, which have firm plans for new nuclear programmes:
members are from North America, Europe and Asia. As part of their aim to get greater
harmonisation of regulatory requirements and practices, a group was tasked with considering
how to harmonise Safety Goals. A report [ VI-4] and a position paper [ VI-5] have been produced
and published.

The MDEP work has two major differences from that of WENRA: firstly, it is explicitly
intended to both apply to current technologies but also to advanced designs and, secondly, it
attempts to set out a hierarchical approach. The hierarchy (Figure VI-1) starts from a practical
statement of the requirements embodied in the Fundamental Safety Objective of the IAEA
(protecting people from radiation risks), to which everyone subscribes. The second level, based
partly on the basic defence-in-depth approach, introduces fourteen goals. The intention is that
from these, lower level goals, probably still to some extent technology independent can be
derived, which eventually can be technology specific. The claim is that by using this approach
the level of safety achieved should be similar across different technologies and, perhaps more
importantly, there is a clear connection between detailed Safety Goals and the overall safety
aims.
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Fundamental safety objective

Level

Safety Goal

High Level Safety Goals

(DiD and Risk Goals)

Lower Level Safety Goals and Targets

(Deterministic and probabilistic)

Technology Specific Safety
Targets

FIG VI-1. MDEP Hierarchy of Safety Goals.

MDEP has decided not to develop the structure further, although some suggested goals have
been considered, but to encourage the IAEA to make use of it and the insights gained for its
further work.

VI-3. NORDIC PSA GROUP PROJECT ON SAFETY GOALS FOR NUCLEAR POWER
PLANTS

The project ‘The Validity of Safety Goals’ was initiated in 2006 by the Nordic PSA Group
(NPSAG) composed by the utilities in Sweden and Finland and the Swedish Radiation Safety
Authority. It is a four-year Nordic project dealing with the use of probabilistic safety criteria
for nuclear power plants, and was documented in three project reports, [VI-6], [VI-7] and [VI-
8]. An overview of the entire project is given in Figure VI-2.
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FIG. VI-2. Overview of the 4-year NPSAG project “The Validity of Safety Goals” (2006-2009).

The first phase of the project (“BASIS”) was carried out with the aim to discuss and document
current views, mainly in Finland and Sweden, on the use of Safety Goals, including both
benefits and problems. The work has clarified the basis for the evolution of Safety Goals for
nuclear power plants in Sweden and Finland and of experiences gained. This was achieved by
performing a rather extensive series of detailed interviews with persons who are or have been
involved in the formulation and application of the Safety Goals. The project report [II-6]
presents the project context and a background to Safety Goals, as well as a historical review
describing reasons for defining Safety Goals, context of goals and experiences. A number of
specific issues related to the definition, interpretation and use of probabilistic Safety Goals were
also identified and discussed. Towards the end of project phase 1, the OECD/NEA Working
Group RISK started preparations for carrying out a task aimed at mapping probabilistic safety
criteria in use in the member countries, and at collecting experiences from application of
probabilistic criteria. The OECD/NEA task was defined and carried out in co-operation with
the NPSAG project.

The second, third and fourth project phases (“ELABORATION”) increased the scope and level
of detail of the project by addressing a number of specific issues related to the application and
use of Safety Goals, i.e.: consistency in the usage of Safety Goals, usage of probabilistic
analyses in support of deterministic safety analysis, criteria for assessment of results from PSA
Level 2 (criteria for off-site consequences), and the use of subsidiary criteria and relations
between these. These phases also included the addition of a more systematic overview of
international Safety Goals and experiences from their use, including participation in the
OECD/NEA WGRISK Task 2006:2 ‘Probabilistic safety criteria’ [VI-9], and a concise review
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of Safety Goals related to other man-made risks in society, with focus on the railway and oil
and gas industries. The fourth and final project phase has resulted in a final report summarising
results from project phases 2-4 [VI-7].

The fourth project phase also included a “GUIDANCE” element aimed at providing practical
guidance for the formulation, application and interpretation of probabilistic safety criteria. This
was documented in a separate guidance document [VI-8].

The safety goals hierarchy suggested within the NPSAG project is comprised of four levels as
shown in Figure VI-3.

FIG. VI-3. Hierarchy of Safety Goals as described in Nordic NPSAG project.

The focus of the NPSAG project was on probabilistic safety goals, and the following
summarises the way the four levels were defined in the project.

Society level

In many countries, nuclear safety is ultimately governed by qualitative criteria on society level,
which are defined in nuclear legislation or issued by regulatory authorities. These criteria differ
in wording between countries, but generally presuppose the “prevention of unreasonable risk
to the public and the environment”. Society level criteria are important as high-level statements,
but cannot in themselves be used as a basis for defining numerical criteria.

Intermediate level

Intermediate level criteria are more precise and can be both qualitative and quantitative. They
typically define “unreasonable” risk by comparison with the levels of risks coming from other
involuntary sources of risk, e.g., with fatality risks from other sources of energy production or
cancer fatality risks from other unnatural causes to which an individual is generally exposed.
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Generally they express the requirement that “risks from use of nuclear energy shall or should
be low compared to other risks to which the public is normally exposed”. Thus, intermediate
level criteria are the implicit basis for defining the primary safety goal, which requires an
interpretation in numerical terms of what constitutes an unreasonable risk to an individual or to
society.

Technical level (high / low)
Criteria on technical level are quantitative, and always in some way or other aim at deciding
whether a risk is acceptable or not. Criteria on technical level are typically defined on one or
more of the following levels:
Higher technical level

e Off-site consequence level (corresponding to PSA level 3)

e Radioactive release from plant level (corresponding to PSA level 2)

e Core or fuel damage level (corresponding to PSA level 1)
Lower technical level (examples)

e Dbarrier strength,

e reliability of safety function

e reliability of safety system
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EXAMPLE OF AN APPROACH FOR DEFINING LOW LEVEL
PROBABILISTIC SAFETY GOALS

The approach described in this annex is based on the approach defined in the guidance for the
definition and application of probabilistic safety criteria issued by the Nordic PSA Group [VII-
1].

VII-1. MAIN CONSTITUENTS OF A PROBABILISTIC SAFETY GOAL

Defining low level probabilistic safety goals involves a number of steps. After the important
initial definition of the basis for the safety goal, i.e., stating why it is needed and what it is
expected to bring, defining a probabilistic safety goal on a technical level typically consists of
four parts as described below.

Please note that the examples given are not recommendations, but rather hypothetical
examples of how each part might be defined in a specific case.

—  The definition of the safety goal

This states the safety goal, e.g., “the core damage frequency of a nuclear power plant
shall be < 10~/year”.

NB: In order for the safety goal to be relevant, further definition is required, e.g., of
“core damage”, and of “< 107 /year”.

— The scope of the safety goal

This defines what the safety goal is to be applied on, e.g., “a full scope PSA for the
power operation mode”.

—  The target of the safety goal

This defines the facility to which the safety goal applies, e.g., “the safety goal applies
to new NPPs only” or “the safety goal applies on a per reactor-unit basis where the
facility is a multi-unit site”

— The application procedure

This defines how the safety goal is to be applied, including when to apply it, how to apply it
and the consequences of not meeting the safety goal, e.g., “The safety goal is to be applied in
connection with every major PSA update. In case the safety goal is not met, the reason shall be
identified and, if needed and justified corrective actions related to the PSA model (addressing,
e.g., simplifications, conservative assumptions, or completeness issues), or plant design or
procedures, shall be initiated”.

VII-2. DEFINITION OF A PROBABILISTIC SAFETY GOAL

A probabilistic safety goal is generally defined by a consequence, a metric for the consequence,
a risk metric, and a frequency or probability.

— The consequence is the end state considered for a specific probabilistic safety goal, e.g.,
the consequence may be “core damage” for a safety goal related to PSA Level 1.

—  The metric is needed in order to define the consequence further, e.g., by characterizing
the nature or extent of fuel damage or by defining “core damage” to have occurred if
the local fuel cladding temperature in any part of the core has exceeded e.g. 1204 °C for
a LWR NPP using Zr based fuel clad material.
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— The risk metric is defined by assigning a frequency of occurrence or probability to the
metric, e.g., by measuring the risk of “core damage” in terms of the “core damage
frequency”.

— The frequency or probability define the acceptance level for the risk metric, e.g., by
stating that the “core damage frequency shall be shown to be < 10~ per reactor year of
operation”.

Some further definitions relate to the presentation and interpretation of the risk metric, i.e.:
— Consideration of uncertainties

The safety goal should state whether the application relates to the best estimate (or mean
value) of the frequency or probability, or if it shall be related to some level of

confidence. The definitions for “best estimate”, “confidence level”, etc., requested in
the application should be provided.

— Justification of the definitions made

Reference documents or supporting analyses are needed to justify the selected
definitions, e.g., in order to justify why the metric "core damage" is interpreted (for
LWR’s) as "fuel cladding temperature > 1204 °C".

This section provides guidance on the definition of PSA-based low level safety goals. The
examples given are for a LWR NPP, but the information given should be largely applicable to
other types of NPPs as well, and partly applicable to other types of facilities.

Thus, low level safety goals are often defined on one or more of the following rubrics:
— Off-site consequence level (could correspond to PSA Level 3)
— Radioactive release from plant level (could correspond to PSA Level 2)
— Core or fuel damage level (could correspond to PSA level 1)

— Lower technical criteria; numerous possibilities exist in terms of PSA and/or non-PSA
criteria (barrier strength, reliability of safety function, reliability of safety system, etc.)

Below, some general considerations are given for each of these criteria levels; this is largely
based on the NPSAG guidance document [VII-1].

VII-3. DISCUSSION ON OFF-SITE CONSEQUENCE SAFETY GOALS

Off-site consequence safety goals are most closely related to the higher level safety goals,
related to off-site health, societal and environmental effects. In terms of application to a NPP,
a PSA Level 3 may be used to address off-site consequence safety goals.

Health risks are divided into fatal acute or fatal late health risks and these can be calculated for
an individual or a group. In both cases, risk is defined as the risk to the member of a critical
group that receives maximum exposure from an accident. Typically acute health effects have a
threshold dose value under which the probability of health effect is not considered, but above
which the probability of acute health effect is increased with increasing dose. Most late health
effects are assumed not to have threshold values for dose. Based on these assumptions acute
health effects can be expected in the vicinity of the release point if the release is above the
threshold value, whereas late health effects potentially appear in the public exposed to radiation
over larger areas.
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The societal and environmental effects of a severe reactor accident include temporary
evacuation and permanent relocation of the population, restrictions to the land use and effects
on biosphere. The qualitative safety objective is to reduce the need for off-site countermeasures
such as permanent relocation, emergency evacuation outside the immediate vicinity of the plant,
limited sheltering, and long term restrictions in food consumption. Quantitative safety goals,
related to the release criteria, could include the chance of not meeting timescales for initiation
of countermeasures and limitations of the areas involved.

Safety goals defined on this level deal with risk to individuals or groups of the population or
workers as well as with risks to the environment. As safety goals cover both acute and late
effects, multiple safety goals need to be defined. In setting the goals consideration needs to be
given to the counter-measures assumed and the extent to which their effectiveness will depend
on the time of year and the time of day as the hypothetical persons for which the doses are
evaluated will behave differently. In addition, the effective timescale for which a calculation is
needed and the geographical spread should be defined.

The concepts involved in defining a safety goal for off-site consequences are shown and
described in Table III-1, using as an example a set of criteria defined by the UK HSE [VII-2].

TABLE VII-1. CONCEPTS INVOLVED IN DEFINING AN OFF-SITE CONSEQUENCE
SAFETY GOAL

Concept Definition Example

Consequence Defines the health effects and the | Accident resulting in a dose to individuals
individual/group to which the safety | off-site.
goal applies.

Metric Qualifies the consequence (in this case | Dose received in the interval 10 to 100 mSv
“health effect”) in terms of a measurable
magnitude.

Risk metric Defines how the risk is to be expressed. | Frequency of achieving a dose rate in the

interval defined.
Frequency/ Defines specific levels related to the | The UK approach involves the definition of
probability frequency/probability. a basic safety limit (BSL) not to be exceeded

(except in exceptional circumstances), and a
basic safety objective (BSO), below which
the risk is considered to be broadly
acceptable.

BSL: 1xE-4/year
BSO: 1x E-6/year

VII-4. DISCUSSION ON RELEASE SAFETY GOALS

Release safety goals are related to radioactive releases from the facility. In terms of application
to a NPP, a PSA Level 2 may be used to address release safety goals.

Typically, releases for which safety goals have been defined can be expressed in several
different ways, some examples being:

— Large release

Expressed in terms of an absolute threshold magnitude of activity and isotopes released

— Large early release
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Usually defined more qualitatively, e.g., “Large off-site releases requiring short term
off-site response” or “Significant, or large release of Cs-137, fission products before
applying the offside protective measures”.

— Containment failure safety goal (conditional probability)
Related to robustness of the 4" level of Defence-in-Depth.

The definition of what constitutes an unacceptable release typically differs widely among
different countries. Part of the reason for the complexity of the release definition, is the fact that
in many countries it constitutes the link between the PSA Level 2 results and an indirect means
of assessing health effects from the release. Such consequence issues can be more fully
addressed in PSA Level 3.

The definition of release safety goals involves many parameters, the most important ones being
the time, the amount, the temperature, and the composition of the release. Additionally, other
aspects may be of interest, such as the height above ground of the point of release. This means
that multiple safety goals may be defined, which is however unusual.

The concepts involved in defining release criteria are shown and described in Table VII-2, using
as an example the release criterion defined by the SSM in Sweden [VII-3] and by STUK in
Finland [VII-4].

TABLE VII-2. CONCEPTS INVOLVED IN DEFINING A RELEASE SAFETY GOAL

Concept Definition Example

Consequence Defines the consequence related to the | Unacceptable release with respect to long-
release. term ground contamination.

Consequence Qualifies the consequence (in this case | Sweden: Release of Cs-137 in excess of an

measure “release causing long-term ground | amount corresponding to 0.1% of the core
contamination”) in terms of a |inventory in a 1800 MWt reactor
measurable magnitude. (equivalent to about 103 TBq of Cs-137).

Finland: Release of > 100 TBq of Cs-137.

Risk metric Defines how the risk of exceeding the | Sweden: No risk metric has been defined by
specified consequences is to be | SSM. However, it is stated that a release
expressed. exceeding the limit shall be “extremely

unlikely”, indicating consideration of an
occurrence frequency.

Finland: Frequency of exceeding the
release limit.

Frequency/ Defines specific levels related to the | Sweden: “Extremely unlikely” has been
probability frequency/probability. interpreted to indicate a limit between 107
and 1077 per year.

Finland: The criterion is defined as a
frequency limit, which is set to 5-1077 per
year.

VII-S. DISCUSSION ON CORE DAMAGE SAFETY GOALS

Core damage safety goals are related to damage to the fuel in the core. In terms of application
to a NPP, a PSA Level 1 may be used to address core damage safety goals. It is worth noting,
that there is some vagueness in the use of the concept “core damage”, as fuel may be damaged
or overheat in other locations than the core.
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The definition of what constitutes a core damage is rather homogenous among countries using
the criterion for LWRs, usually defined as local fuel temperature above 1204 °C, i.e., the limit
defined in section 1b of 10 CFR 50.46, Acceptance criteria for emergency core cooling systems
for light-water nuclear power reactors [VII-5].

In success criteria analysis for PSA, it can be more practical in some scenarios to use other
criteria than local fuel temperature, having, however, the same intention to define a criterion
when core cooling is considered lost resulting in fuel melting.

Another question is whether mechanical damage of fuel due to dropped load or fuel handling
error should be defined as fuel damage. Such events are relevant to the refuelling outage PSA,
and there is a variation regarding the way mechanical fuel damage is accounted.

The concepts involved in defining a criterion for core damage are shown and described in Table
VII-3, using as an example criteria defined for the Oskarshamn NPPs by E.ON Nordic [ VII-6].

It should also be noted that in some facilities (including NPPs) damage of fuel in different
locations is to be included in the safety considerations.

TABLE VII-3. CONCEPTS INVOLVED IN DEFINING CORE DAMAGE SAFETY GOALS

Concept Definition Example

Consequence Defines the consequence related to the | Severe core damage
fuel overheating.

Metric Qualifies the consequence (in this case | “Severe” is not qualified, but previous
“severe core damage”) in terms of a | versions of the safety policy have referred to
measurable magnitude. 10 CFR 50.46 (local fuel temperature above

1204 °C).
Risk metric Defines how the risk is to be expressed. | Frequency of exceeding the limit.

Note: As long as “severe” is not defined,
there is some vagueness in the definition of
the risk metric.

Frequency/ Defines specific levels related to the | The criterion is defined as a frequency target,
probability frequency/probability. which is set to 1-107 per reactor year.

VII-6. DISCUSSION ON SSC LEVEL SAFETY GOALS

SSC level safety goals can be useful for assessing barrier strength, especially in the defence in
depth context. In order to create a connection with defence in depth, barrier strength safety
goals may be defined. Lower level safety goals can also be useful as design guidance.

The concepts involved in defining a lower level safety goal are the same as on higher levels,
but the definitions may obviously differ considerably from case to case. In Table VII-4, an
example is given for a containment integrity criterion.
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TABLE VII-4. CONCEPTS INVOLVED IN DEFINING LOWER LEVEL SAFETY
GOALS (EXAMPLE FOR CONTAINMENT INTEGRITY CRITERION)

Concept Definition Example

Consequence Defines the consequence related to the | Loss of containment integrity (resulting in
fuel overheating. an unacceptable release) after core damage

has occurred.

Metric Qualifies the consequence (in this case | Must be based on the metric already defined
“loss of containment integrity”) in terms | for the criteria on the levels of core damage
of a measurable magnitude. and release.

Risk metric Defines how the risk is to be expressed. | Probability of exceeding the metric related

to the release criterion, after the metric
related to the core damage criterion has been

exceeded.
Frequency/ Defines specific levels related to the | The criterion is defined as a conditional
probability frequency/probability. probability, with a limit set to 0.1.

Note: This criterion can be used both if the
higher level criteria are defined as single
criteria and if they are ALARP criteria with
a limit and an objective.
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AGR
ALARA
ALARP
BWR
CANDU
CDF
DBA
DiD
ICRP
LERF
LRF
LWR
MDEP
NEA
NPP
NPSAG
OECD
PSA
PSR
PWR
QHO
SAM
SAMG
SSC
SSM
WENRA

ABBREVIATIONS

Advanced Gas-Cooled Reactor

As Low As Reasonably Achievable

As Low As Reasonably Practicable
Boiling Water Reactor

CANada Deuterium Uranium (reactor)
Core Damage Frequency

Design Basis Accident

Defence in Depth

International Commission on Radiological Protection
Large Early Release Frequency

Large Release Frequency

Light Water Reactor

Multinational Design Evaluation Project
Nuclear Energy Agency

Nuclear Power Plant

Nordic PSA Group

Organization for Economic Cooperation and Development
Probabilistic Safety Assessment

Periodic Safety Review

Pressurized Water Reactor

Quantitative Health Objective

Severe Accident Management

Severe Accident Management Guidelines
Systems, Structures and Components
Swedish Radiation Safety Authority

Western European Nuclear Regulator Association
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