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SKI-PERSPEKTIV

Bakgrund

En probabilistisk sékerhetsanalys (PSA) for ett kdrnkraftverk genererar bade kvalitativa
och kvantitativa resultat. Kvantitativa resultat presenteras typiskt som frekvensen for
hirdskada eller som frekvensen for oacceptabla radioaktiva utsldpp. For att kunna
bedoma om resultaten fran en PSA &r acceptabla behovs kriterier for tolkning och
virdering av resultaten. Acceptanskriterierna har normalt en dubbel funktion, d.v.s. de
definierar en acceptabel sikerhetsniva, men har ocksa en bredare och mera generell roll
som beslutskriterier.

SKI:s och rapportens syfte

I denna projektfas har syftet i forsta hand varit att ge en klar beskrivning av temat i sig,
probabilistiska sidkerhetsmaltal for karnkraftverk, att beskriva termer och begrepp som
anvinds i definition och tillimpning av probabilistiska maltal, samt att beskriva status
och erfarenheter i Finland och Sverige.

Resultat

Utgaende fran en serie intervjuer och en begrinsad internationell 6verblick beskriver
projektet de probabilistiska sékerhetsmaltalens historia och aktuella status i Sverige och
Finland. Ett antal omraden diskuteras mera i detalj, inklusive maltalens status mot
bakgrund av att de har 6verskridits under delar av den tid de varit i bruk, strategier for
hantering av 6verskridanden, och kopplingen mellan sédkerhetsmaltal pa olika nivaer,
exempelvis hdrdskada respektive oacceptabla utslidpp. Projektets resultat kan anvindas
som en plattform for kraftbolagens diskussioner om hur man skall definiera och
anvinda sikerhetsmaltal, och kan ocksa anviandas av myndigheter som en referens for
riskinformerade aktiviteter. Projektresultaten kan ocksa paverka krav pa PSA, t.ex.
rorande kvalitet, omfattning, detaljeringsniva och dokumentation. Slutligen bedoms
resultaten kunna vara av generellt intresse som ett stod for pagaende och planerade
riskinformerade tillampningar.

Eventuell fortsatt verksamhet inom omradet

Ett antal av de omraden som identifierats som intressanta eller problematiska kommer
studeras mera i detalj under nista projektfas. Detta inkluderar anviandning av maltal i
situationer ndr PSA-resultat varierar 6ver tiden, kopplingen mellan probabilistiska och
deterministiska beslutskriterier, och kriterier for oacceptabla utsliapp (PSA niva 2),
Dessutom kommer en férdjupad ldgesbeskrivning att géras genom att utvidga den
internationella dverblicken och dven studera anvindningen av maltal inom vissa andra
industrigrenar.

Effekt pa SKI:s verksamhet
Resultaten bidrar till 6kad forstaelse for anvindningen av probabilistiska maltal som
besluts- och acceptanskriterier.

Projektinformation
SKI:s handldggare: Ralph Nyman
Diarienummer: SKI 2005/1061

Projektnummer: 2005 02 008



SKI PERSPECTIVE

Background

The outcome of a probabilistic safety assessment (PSA) for a nuclear power plant is a
combination of qualitative and quantitative results. Quantitative results are typically
presented as the Core Damage Frequency (CDF) and as the frequency of an unaccepta-
ble radioactive release. In order to judge the acceptability of PSA results, criteria for the
interpretation of results and the assessment of their acceptability need to be defined.
However, safety goals usually have a dual function, i.e., they define an acceptable
safety level, but they also have a wider and more general use as decision criteria.

The aim of SKI and of the report

In this first phase of the project, the aim has been on providing a clear description of the
issue of probabilistic safety goals for nuclear power plants, to define and describe
important concepts related to the definition and application of safety goals, and to
describe experiences in Finland and Sweden.

Results

Based on a series of interviews and on literature reviews as well as on a limited interna-
tional over-view, the project has described the history and current status of safety goals
in Sweden and Finland. A number of issues were discussed more in detail, including the
status of the safety goals in view of the fact that they are often exceeded, strategies for
handling violations of safety goals, and relation between safety goals defined on diffe-
rent levels, e.g., for core damage and for unacceptable release. The results from the
project can be used as a platform for discussions at the utilities on how to define and use
quantitative safety goals. The results can also be used by safety authorities as a
reference for risk-informed regulation. The outcome can have an impact on the
requirements on PSA, e.g., regarding quality, scope, level of detail, and documentation.
Finally, the results can be expected to support on-going activities concerning risk-
informed applications.

Possible continued activities within the area

A number of the issues identified as interesting or problematic will be studied more in
detail in the next project phase. This includes consistency in the usage of safety goals,
realtions between deterministic and probabilistic safety goals,a and criteria for
unacceptable releases (level 2 PSA). In addition, the international overview will be
extended, and safety goals in some other industries will be studied.

Effect on SKI activities
The project results are expected to increase the understanding of probabilistic target
values as decision and acceptance criteria.

Project information

Project responsible at SKI:  Ralph Nyman
Project number: SKI 2005/1061
Diary number: 2005 02 008
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Sammanfattning

En probabilistisk sékerhetsanalys (PSA) for ett kdrnkraftverk genererar bade kvalitativa
och kvantitativa resultat. Kvantitativa resultat presenteras typiskt som frekvensen for
hirdskada eller som frekvensen for oacceptabla radioaktiva utsldpp. For att kunna
bedoma om resultaten fran en PSA &r acceptabla behovs kriterier for tolkning och
virdering av resultaten. Ytterst skall dessa kriterier eller maltal definiera nivan for
acceptabel risk fran driften av ett kdrnkraftverk. Acceptanskriterierna har dock normalt
en dubbel funktion, d.v.s. de definierar en acceptabel sidkerhetsniva, men har ocksa en
bredare och mera generell roll som beslutskriterier. Den exakta nivan for dessa kriterier
varierar mellan olika organisationer och linder. Det finns ocksa skillnader i definitionen
av maltalen och i deras formella status, d.v.s. om de &r tvingande eller e;j.

I denna projektfas har syftet 1 forsta hand varit att ge en klar beskrivning av temat 1 sig,
probabilistiska sdkerhetsmaltal for kdrnkraftverk, att beskriva termer och begrepp som
anvinds i definition och tillimpning av probabilistiska maltal, samt att beskriva status
och erfarenheter i Finland och Sverige.

Utgaende fran en serie intervjuer och en begriansad internationell overblick beskriver
projektet de probabilistiska sidkerhetsmaltalens historia och aktuella status i Sverige och
Finland. Ett antal omraden diskuteras mera i detalj, inklusive foljande:

e Maltalens status mot bakgrund av det faktum att de har 6verskridits under stora
delar av den tid de varit 1 bruk, liksom implikationer av dessa 6verskridanden.

e Sikerhetsmaltal som tvingande respektive vigledande kriterier.

e Strategier for hantering av overskridanden, inklusive graderade angreppssitt av
typen ALARP (As Low As Reasonably Practicable).

e Kopplingen mellan sikerhetsmaltal pa olika nivaer, exempelvis hirdskada
respektive oacceptabla utslipp.

Ett antal av dessa omraden kommer studeras mera i detalj under nésta projektfas.

Projektets resultat kan anvidndas som en plattform for kraftbolagens diskussioner om
hur man skall definiera och anvinda sidkerhetsmaltal, och kan ocksé anvindas av
myndigheter som en referens for riskinformerade aktiviteter. Projektresultaten kan
ocksa paverka krav pa PSA, t.ex. rorande kvalitet, omfattning, detaljeringsniva och
dokumentation. Slutligen bedoms resultaten kunna vara av generellt intresse som ett
stod for pagaende och planerade riskinformerade tillimpningar.



Summary

The outcome of a probabilistic safety assessment (PSA) for a nuclear power plant is a
combination of qualitative and quantitative results. Quantitative results are typically
presented as the Core Damage Frequency (CDF) and as the frequency of an unaccepta-
ble radioactive release. In order to judge the acceptability of PSA results, criteria for the
interpretation of results and the assessment of their acceptability need to be defined.
Ultimately, the goals are intended to define an acceptable level of risk from the opera-
tion of a nuclear facility. However, safety goals usually have a dual function, i.e., they
define an acceptable safety level, but they also have a wider and more general use as
decision criteria. The exact levels of the safety goals differ between organisations and
between different countries. There are also differences in the definition of the safety
goal, and in the formal status of the goals, i.e., whether they are mandatory or not.

In this first phase of the project, the aim has been on providing a clear description of the
issue of probabilistic safety goals for nuclear power plants, to define and describe
important concepts related to the definition and application of safety goals, and to
describe experiences in Finland and Sweden.

Based on a series of interviews and on literature reviews as well as on a limited interna-
tional over-view, the project has described the history and current status of safety goals
in Sweden and Finland, and elaborated on a number of issues, including the following:

e The status of the safety goals in view of the fact that they have been exceeded
for much of the time they have been in use, as well as the possible implications
of these exceedances.

e Safety goals as informal or mandatory limits.

e Strategies for handling violations of safety goals, including various graded
approaches, such as ALARP (As Low As Reasonably Practicable).

e Relation between safety goals defined on different levels, e.g., for core damage
and for unacceptable release.

A number of important issues have been identified for continued studies in the next
project phase.

The results from the project can be used as a platform for discussions at the utilities on
how to define and use quantitative safety goals. The results can also be used by safety
authorities as a reference for risk-informed regulation. The outcome can have an impact
on the requirements on PSA, e.g., regarding quality, scope, level of detail, and
documentation. Finally, the results can be expected to support on-going activities
concerning risk-informed applications.
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1 Introduction

1.1 Background

The outcome of a probabilistic safety assessment (PSA) for a nuclear power plant is a
combination of qualitative and quantitative results. Quantitative results are typically
presented as the Core Damage Frequency (CDF) and the frequency of an unacceptable
radioactive release. The radioactive release is a more complex outcome, and usually
important sub-categories are defined, e.g., the Large Early Release Frequency (LERF).
In order to judge on the acceptability of PSA results, criteria for the interpretation of
results and the assessment of their acceptability need to be defined.

Target values for PSA results, both for CDF and for radioactive releases, are in use in
most countries having nuclear power plants. In some countries, the safety authorities
define these target values or higher level safety goals. In other countries, they have been
set only by the nuclear utilities. Ultimately, the goals are intended to define an accepta-
ble level of risk from the operation of a nuclear facility. There are usually also
important secondary objectives, such as providing a tool for identifying and ranking
issues with safety impact, which includes both procedural and design related issues.
Thus, safety goals usually have a dual function, i.e., they define an acceptable safety
level, but they also have a wider and more general use as decision criteria. The exact
levels of the safety goals differ between organisations and between different countries.
There are also differences in the definitions of the safety goals, and in the formal status
of the goals, i.e., whether or not they are mandatory.

Defining quantitative goals for reactor safety may have a large impact on both the
analysis burden and on requirements for safety improvements at nuclear power plants. It
is therefore of great importance that safety goals are soundly based, that they can be
effectively and unambiguously applied, and that they can be accepted and understood
by all parties concerned (nuclear utilities, decision makers, analysts, etc.).

The notion of risk acceptance appeared already in 1967 in a paper on siting criteria by
F.R. Framer [Farmer_1967] where he outlined the concept of probabilistic safety
assessment. He proposed a safety criterion based on the F-N curve. Subsequently, the
reactor safety study [WASH-1400] and some pioneering PSA:s, e.g., [NUREG-1150]
made comparisons of individual and societal risks from nuclear power plant with other
industrial risks.

In most countries, safety goals started to be discussed and defined in the late 1980s
[NUREG-0880, IAEA_INSAG-3]. At that time, PSA models were rather limited in
scope, often consisting mainly of internal process events (transients and LOCA) during
power operation. For various reasons, including limitations in analysis scope and capa-
city problems with the computer codes used for the analyses, the level of detail of the
PSA models was also rather limited. In addition, the focus was on level 1 PSA, i.e., on
calculation of CDF. Furthermore, the actual use of early PSA:s was generally rather
limited, even if the issue of Living PSA (LPSA) received considerable attention during
the 1980s.



During the 1990s, PSA models expanded considerably, both regarding operating states
and classes of initiating events. The level of detail of the analyses also increased, espe-
cially regarding initiating events (definition of common cause initiator events, CCI),
inclusion of functional dependencies (signals, power supply, control logics), and model-
ling of non-safety systems. In parallel, PSA:s were expanded to level 2, making it
possible to calculate the frequency of radioactive releases.

Thus, the scope, level of detail and areas of use of PSA have changed considerably
since the time the safety goals were originally defined. This is a change both in quality
and in maturity of the PSA technique. At the same time, PSA applications are becoming
more and more important. This has lead to an increased interest and need to make active
use of PSA results, and thus to make judgments concerning the acceptability of risk
contributions calculated with PSA.

1.2 Project aim and scope

The project has been financed jointly by NKS (Nordic Nuclear Safety Research), SKI
(Swedish Nuclear Power Inspectorate) and the Swedish and Finnish nuclear utilities.
The national financing went through NPSAG, the Nordic PSA Group (Swedish contri-
butions) and SAFIR, the Finnish research programme on NPP safety (Finnish contri-
butions).

The first phase of the project “The Validity of Safety Goals” was carried out mainly
during 2006, and the phase 1 results are presented in this project report. The overall aim
in this phase has been to discuss and document current views, mainly in Finland and
Sweden, on the use of safety goals, including both benefits and problems. Another
important aim has been to identify and clearly define the concepts involved in the
definition, interpretation and use of safety goals.

The main objective has been to clarify the basis for the evolvement of safety goals for
nuclear power plants in Sweden and Finland and to describe the experiences gained.
This has been achieved by performing a rather extensive series of detailed interviews
with people who are or have been involved in the formulation and application of the
safety goals, putting the focus on the question of where the safety goals came from,
what they are perceived to stand for, and how they are interpreted. The experiences
from their use has also been discussed, as well as development needs. To provide
further perspective, crucial references related to the formulation and use of safety goals
have been identified and reviewed.

In addition, a limited review of the current status internationally has been performed by
letting a number of people and organisations outside the Nordic countries answer a
revised version of the questionnaire used for the Nordic interviews.

The results of this project phase was presented at a project seminar in Stockholm in
November 2006 [SG_Semin_2006]. The project has also been presented at PSAM 8, an
international conference on Probabilistic Safety and Management [PSAMS8-0162].

The project report includes the following parts:

Chapter 1. Introduction and background
Aim and scope; Project context; Related previous Nordic activities.



Chapter 2. Background to safety goals
Concepts; Quantification of risk; Consequences; Risk criteria; Decision
theory.

Chapter 3. The evolvement of safety goals
Historical review; Reasons for defining safety goals; Context of goals;
Parties involved; Areas of application; Experiences with safety goals;
Limited international overview.

Chapter 4. Specific issues
Discussion of status related to a number of important issues associated
with the definition, interpretation and use of probabilistic safety goals.

Chapter 5. Conclusions
Conclusions, including a summary of planned activities for phase 2 of the
project.

1.3 Previous Nordic research projects related to safety
goals for nuclear power plants

The issue of safety goals has been discussed in several previous Nordic projects,
especially within the NKS programme, i.e., the same framework within which the
present project has been performed.

In the NKA1 programme 1981-84, the project NKA/SAK-1 “PRA uses and techniques”
focused on method development of PSA (called PRA in that time) [NKA/SAK-1]. The
question of implementation of PSA safety goals in regulatory work was left open, since
there was little interest in the Nordic countries concerning the possible implementation
of quantitative safety goals. Using PSA results in a qualitative manner was preferred,
because there were limited experience from the performance and use of PSA.

In the NKA programme 1985-89 [NKA _1989:91], several projects dealt with safety
goals. The project NKA/RAS 490 “Principles for risk assessment and decision making”
developed a scheme for decision making involving risk [NKA/RAS-490]. Cost-benefit
evaluations were considered as a possible approach, but such a trade-off was recognised
to be surrounded by controversy.

The project NKA/RAS 450 ”Optimization of technical specifications by use probabilis-
tic methods” developed methods and decision making criteria for comparison of
alternative requirements in Technical Specifications [NKA_1990:33]. Various
acceptance and optimisation criteria were discussed, but no formal cost-benefit ratio
was addressed. The following procedure was recommended: 1) Quantitative
demonstration of numerical acceptability with or without the use of a formal criterion;
2) Case-by-case decision based on weighing of quantitative results against qualitative
boundary conditions.

The project NKA/RAS 470 “Dependencies, human interactions and uncertainties in
probabilistic safety assessment” concentrated on limitations in PSA techniques

I NKA is the previous acronym of NKS



[NKA_1990:57]. One conclusion of the project was that intrinsic and practical limita-
tions of PSA make the use of absolute probabilistic criteria in decision making difficult.

In the next NKS programme 1990-94, the project NKS/SIK-1 “Safety evaluation by
living probabilistic safety assessment and safety indicators” developed the concept of
living PSA [SKI_1994:2]. Risk criteria needed in different LPSA applications were
presented. It was concluded, that probability based criteria could give guidance of first
indication about the acceptability of decision alternatives, but that they alone are not
sufficient in complex decision making situations [VTT Publ 146]. In the same project,
multi-attribute decision analysis as a tool to support risk decision making was demon-
strated [RiskAnal 94 983-991], and the decision analysis panel method was further
demonstrated in two cases [STUK-YTO-TR 61].

The External Events? Programme (1994-97) of the Swedish utilities and the SKI
included the project “Presentation and Interpretation of Results in the Probabilistic
Analysis of External Events” [SKI_1997:49]. It was concluded, that many PSA
applications presuppose the comparability of results, i.e., that relevant quantitative
comparisons can be made between the various parts of the PSA (e.g. between the risks
from transients and internal fires). This was perceived to be a problem, as most PSA
analyses of area events were based on simplified models and on a mixture of conserva-
tive and non-conservative assumptions. The report discusses the prerequisites for
comparability and provides an outline of two alternative methods for performing the
comparison.

In 1994-97, NKS/RAK-1 “Strategies for Reactor Safety,” explored strategies for safety
management of NPP:s in Finland and Sweden [NKS(97)FR1]. Quantitative safety goals
and other probabilistic decision criteria were discussed only implicitly.

In the next NKS programme, NKS/SOS (1998-2001), the project NKS/SOS-1 “Nuclear
Safety in Perspective” aimed at enhancing the common understanding about require-
ments for nuclear safety by finding improved means of communicating the subject in
society [NKS-60].

The project NKS/SOS-2 “Advances in Operational Safety and Severe Accident
Research” performed studies related to uncertainty and incompleteness in PSA [NKS-
61]. Various probabilistic criteria were reviewed and their use was discussed [NKS-44].
A decision analytic framework for evaluating the criteria was developed, and the
different criteria were analysed with regard to their behaviour under incompleteness or
uncertainty of the PSA model. Recommendations on the application of the criteria in
different decision situations were given.

A comparison was made of the PSA:s for two nearly identical NPP:s, Forsmark 3 and
Oskarshamn 3, both third generation ABB Atom BWR:s [NKS-36]. The results of the
project indicated that PSA is not a robust method regarding absolute quantitative
results, and that results and conclusions can vary a lot between different versions.
Therefore a harmonisation of methods would be needed before reasonable comparison
of results can be done. In consequence, the use of absolute risk criteria in decision
making is problematic, since the scope and level of realism varies between studies.

2 External events refer here to area events such as fires and floodings



2 Background to Safety Goals

2.1 Concepts

2.1.1 Probability and risk concepts

Probability expresses quantitatively the uncertainty related to an event. Mathematically,
it is a measure that assigns a number [0,1] to a subset of a given set, and it follows the
axioms of the probability theory. In practical application, the interpretation of a subset
can be an event, so that the assigned probability represents the uncertainty of the event.

When using probabilities and probability models in decision making, it is important to
agree with the interpretation of the probability. The two main interpretations are the
subjective interpretation (also called Bayesian), and the frequency interpretation.

According to the frequency interpretation, the probability of an event is the relative
frequency with which the event occurs in an infinitely long experiment. This means that
the probabilities cannot be known exactly, since in practice there are no infinite series
of experiments. However, the frequency interpretation makes it possible to estimate
probabilities and to determine confidence bounds for unknown probabilities.

According to the subjective or Bayesian interpretation, probability is a rational degree
of belief about the occurrence of an event. The probability depends on the information
which the observer has about the occurrence of an event, which means that the assumed
probabilities of different observers may be different. The Bayesian approach requires
that all uncertainties are modelled with probabilistic concepts, and that the rules of
probability calculus are followed in all inference.

The two interpretations of probability understand uncertainties differently. In the
Bayesian approach, the probability is the measure of uncertainty, i.e., the uncertainty
about the probability can be expressed by probability. This probability of probability,
however, disappears when, e.g., finally assessing the uncertainty about an event. In the
frequency approach, confidence bounds can be derived for the probability estimate. The
confidence bounds cannot be compared with the Bayesian metaprobabilities, since they
are answers to different questions.

Two types of uncertainties are distinguished: epistemic and aleatory. Epistemic uncer-
tainty is attributable to incomplete knowledge about a phenomenon that affects our
ability to model it. Acknowledging epistemic uncertainty would, e.g., mean that the
probability of a failed component function can be said to be in certain range, without
the possibility to specify it more in detail. Epistemic uncertainty may be reduced with
time as more data is collected and more research is completed.

Aleatory uncertainty is caused by the nondeterministic (stochastic, random) nature of
phenomena. Aleatory uncertainty is also called variability. Acknowledging aleatory
uncertainty would, e.g., mean saying that the probability of a failed function of a
generic component is p, but as conditions vary between specific components and
contexts, the failure probability of a specific component is within a certain range.
Aleatory uncertainty cannot be reduced by further study, as it expresses the inherent
variability of a phenomenon.




Since most probability estimates include both aleatory and epistemic uncertainties, the
range of estimates that would account for both factors will generally be broader than
either range assessed separately.

Risk is defined relative to hazards or accidents. A hazard is something that presents a
potential for health, economical or environmental s#arm. Risk associated with the hazard
is a combination of the probability (or frequency) of the hazardous event and the magni-
tude of the consequences. The consequences can be represented in several dimensions.

A usual engineering definition of risk associated with an event i is:
Risk(event 1) = “the probability of an eventi” - “the consequences of an event 1.

To assess the risk associated with a system (e.g. a nuclear power plant), integration over
all accidental events associated with the system must be carried out.

In the classical approach to risk assessment, the probability p = P(4) of the unwanted
event 4 is understood in a frequentist sense. p is estimated by using a model linking p
and some parameters ¢, p = f(q). The parameters g can be estimated from data, thus
yielding an estimator p* of p, i.e., p* = f(¢g*). With this approach, the only type of
uncertainty that can be quantified is the statistical variation of ¢* [RESS_61(1998)3].

In the Bayesian approach, a clear distinction is made between observable quantities
(events) and unobservable model parameters, so that the model for the probability of 4
is P(4) = g(¢). Uncertainties are modelled explicitly using the Bayesian approach. The
uncertainty of 4 is epistemic [RESS_75(2002)93].

The individual risk is the risk faced by any specific individual as a result of an acciden-
tal event. Typically, in risk analysis this is calculated for an anonymous person in the
most exposed position. The collective, group or societal risk is the expected total risk in
the population exposed to risk, often expressed as the number of casualties per unit

time. Collective risk can be expressed by an F-N curve3 (The top right corner is associated
with the high risk, and bottom left corner with the low risk.

Figure 1), which demonstrates the relation between the collective risk from small and
large accidents. In F-N space, the top right corner is associated with the high risk, and
bottom left corner with the low risk. If F-N curves for two systems do not intercept, it
can be stated which system has lower risk and which has higher. If the F-N curves
intercept, a risk comparison cannot be made without a utility function which expresses
how much weight is put on smaller vs. larger accidents (see further discussion in the
next chapter).

Risk measure and risk metrics are two concepts used in the presentation and interpre-
tation of results from a risk assessment. The risk measure is an operation for assigning a
number to something, and the risk metrics is our interpretation of the assigned number.
In the PSA context, the various numeric results obtained from the quantification of the
model are risk measures. The interpretations of these numbers as core damage risk,
plant risk profile, safety margin, etc., are risk metrics.

Risk criteria refer to any quantitative decision making criterion used when results of
risk assessment are applied to support decision making. Various types of criteria can be

3 F-N = Frequency-Number of fatalities



used, such as: absolute criteria, relative criteria, differential criteria and trade-off criteria
[RESS_36(1992)23]. Absolute criteria are discussed in the next chapter.

F(N)
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N = number of casualties, F(N) = the frequency of an accident with N or more casualties.

The top right corner is associated with the high risk, and bottom left corner with the low risk.

Figure 1. Hypothetical F-N curve of risk associated with a system in log-log scale.

2.1.2 Risk acceptance concepts

Risk is acceptable if it is tolerated by a person or group. Whether a risk is "acceptable"
or not, will depend upon the advantages that the person or group perceives to be
obtainable in return for taking the risk, whether they accept whatever scientific and
other advice is offered about the magnitude of the risk, and numerous other factors,
political, social, and psychological.

Risk acceptance is often presented using the ALARP4 (As Low As Reasonably
Practicable) framework. ALARP divides levels of risk into three regions:

1. Unacceptable (intolerable) region. Risk cannot be justified on any grounds.

2. The ALARP or tolerability region. Risk is tolerable if the benefit is desired. Trade-
off analysis is made to evaluate the need for risk reductions.

3. Broadly acceptable region. Risk is negligible. No need for further risk reduction.

ALARP can be applied to a single risk metric. It can be also defined with an F-N curve.
Figure 2 presents the risk acceptance criteria for major industrial accidents defined by
the Dutch safety authority [VROM-1988].

F(N)=10"- N”.

4 Somemetimes also referred to as ALARA (As Low As Reasonably Achievable), with the same
meaning.



A risk neutral acceptance criterion has the form k - N”, where k is a non-negative
factor. Thus, the Dutch criterion for unacceptable risk has an added aversion to large
accidents.

While the F-N curve represents a high level safety goal, the CDF and LERF criteria
used for interpreting PSA results can be regarded as surrogate safety goals of the high
level safety goals. By using surrogate safety goals, which are easier to address, the role
and importance of individual safety barriers can be assessed.
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Figure 2. Societal risk curve with ALARP region as defined by VROM [VROM-1988].

Residual risk is the remaining risk which cannot be defined in more detail after
elimination or inclusion of all conceivable quantified risks in a risk consideration.
Reactor vessel rupture is often given as an example of a residual risk. Based on
[WASH-1400], this has been interpreted to correspond to an event with a frequency of
about 107 per year. The residual risk concept is applied in safety analysis as a screening
criterion, e.g., as defined in [SKIFS 2004:2].

Safety objectives are the objectives to be achieved, e.g., for safe operation of nuclear
power plants (see e.g. [TAEA_INSAG-12]). In the implementation of safety objectives,
quantitative targets called (quantitative) safety goals or numerical safety objectives need
to be defined.

Regarding safety goals, the terminology varies between different references and
countries. For instance, EUR, the European utility requirements document for new light
water reactors use the concepts “safety targets” and “probabilistic design targets”
[EUR_2002]. EUR defines “targets” as values established by the utilities (e.g. related to
the frequency of release of radioactivity), which are more demanding than current
regulatory /imits, but which are considered reasonably achievable by modern, well
designed plants. On the other hand, the UK NII translates the risk acceptance criteria
(limit of tolerability) into a Basic Safety Limit (BSL), which has the function of the
upper bound of the ALARP region. The lower bound of the ALARP region is called
Basic Safety Objective (BSO).




2.2 Decision theoretic background

In decision theory, decision making means comparison of alternatives using some rule.
There is no theory providing a framework for rational collective decision making® under
risk [NED_93(1986)319]. Nevertheless, decision theory provides a framework for
characterising and comparing aspects of different approaches to risk decision making
and use of safety goals.

Three types of approaches to risk decision making can be distinguished [NKS-44].
These are defined by the way deterministic analyses and risk analyses together address
uncertainties and how the decision makers view the completeness and credibility of the
related risk assessment.

1. An approach based on the theory of expected utility.
2. Value theoretic approach (risk-based).
3. Risk-informed approach.

These approaches are all described below. The two main points of view in nuclear risk
decision making are also discussed, i.e., the investor’s point of view and the regulator’s
point of view. In simplified terms, the investor makes comparison between risks and
benefits of different investments, while the regulator makes comparison between risks
(and perhaps benefits) of different risks in society.

2.2.1 The theory of expected utility

The first approach, and the normative way of risk decision making, is the subjective
expected utility theory. According to the this theory, a decision maker is rational, when
he/she chooses the decision option, which maximises the expected utility
[French_1986]. This requires that the decision maker is in a position to formulate all the
criteria explicitly and to measure the outcomes of different decision options with
respect to these.

The risk model completely represents the best state of knowledge, and deterministic
models and analyses have a supporting role only in defining the risk model. Insights
obtained from these are redundant or embedded in the risk model. In this approach, all
uncertainties are expressed as subjective probabilities (see Figure 3).

Risk acceptance criteria play no role in the expected utility framework. A risk, i.e., a
decision option involving a risk, is accepted if it is better than the alternatives. The
expected utility of the alternatives determines the acceptance.

5 Collective decision making involves multiple decision makers
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Figure 3. A utility theoretic approach to risk assessment and decision making.

The applicability of the theory of expected utility as a practical guideline in decision
making under risk can be questioned for several reasons. The theory supposes that
possible outcomes and associated probabilities can be fully assessed, which is a very
hard requirement for real world cases. Both the assessment of outcomes and of probabi-
lities are demanding exercises. Secondly, real world cases are usually diffuse and
complex, so that any model only reflects a small piece of the decision making problem.
Thirdly, the points of view of multiple stakeholders should be accounted for. If stake-
holders do not agree on the probabilities and outcomes, the problem is outside of the
theory of expected utility. Finally, in practical decision making, people do not behave
according to the axioms of the theory [Kahneman-Tversky]. These situations deal more
with decision making under uncertainty, where the probabilities of outcomes are not
well explicated.

2.2.2 Risk-based approach using value theory

The second approach to risk assessment is based on the use of value theory
[Fishburn_1970]. The risk model yields probabilities of defined adversarial consequen-
ces. The decision maker expresses his/her preferences in the form of a value function
aggregating the different attributes, which are now the probabilities and the correspon-
ding consequences. The decision option with the maximum value is selected.

In this approach, deterministic models have a double role; in addition to supporting the
definition of the risk model, they provide evidence related to deterministic decision
criteria, as shown in Figure 4. The deterministic decision criteria may be incorporated
into the value model, and it is possible to make trade-offs between the different criteria.
The deterministic criteria are typically related to design and/or safety principles, etc.,
which are models in themselves. The deterministic analyses guide the development of
the risk assessment which, in turn, completes the insights obtained from the
deterministic analyses.
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Figure 4. A value theoretic approach to risk assessment and decision making.

It should be noted that known probabilities, e.g., CDF and LERF, are possible to treat as
decision criteria in the approach. It is therefore possible to interpret e.g. the ALARP-
principle and risk-based decision making from this perspective. Acceptable risk can be
used as a boundary condition of the value function.

2.2.3 Risk-informed approach

The third approach to risk assessment is risk informed decision making, which is more
informal compared to the previous approaches. It admits a very complex decision
context, and only some of its aspects can be described with deterministic and probabi-
listic models. The risk analysis yields the probabilities of consequences, but the
uncertainties are significant, which means there is a need for the stakeholders to
establish among themselves a shared understanding of the risk assessment results.

The decision rule(s) and criteria are determined for each case separately, and the values
and preferences of the decision maker(s) are informally linked to the risk assessment.
Decision panels or other group decision approaches are utilised (Figure 5).

It is important to note that the stakeholders and the decision maker(s) search for
evidence consolidating their personal confidence regarding the risk assessment scope
and the risk analysis method. Completeness and credibility are important attributes in
this process. This informal approach to risk assessment corresponds to the risk informed
decision making process.

11
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Figure 5. An informal approach to risk assessment and decision making.

2.2.4 Risk decision making as an investment problem

In an investment decision making situation, the following elements need to be assessed
and explicated:

e benefits of the intended enterprise (e.g. operation of a nuclear power plant) in
monetary terms

e risks (costs and probabilities) associated with the enterprise
e comparison of investor’s preferences over different types of investments.

If the investment is accepted, a boundary for the level of acceptable risk can be
calculated. The alternative is not to make the investment. In the case of an operating
plant, the ultimate alternative for judging the level of acceptable risk is the terminal
plant shutdown.

The acceptable risk is specific to the decision making situation. It varies between
different plants, it is different for a new plant compared to an operating plant, and it
changes during the lifetime of the plant.

2.2.5 Risk decision making from the regulatory perspective

The regulator’s perspective is to supervise and regulate all risks to human beings and
environment. The decision making on acceptable risk is culminated in the licensing
process. A nuclear power plant is a source of risk among other industrial risks. The
regulator would like to see a demonstration that the risk from a nuclear power plant is
small enough compared to other technological risks. This is the idea of, e.g., the safety
goals defined by the U.S.NRC.

To apply the comparative risk acceptance principle, the following tasks should be
carried out:
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e comparison and valuation of risks in society to be used as reference
e justification of results and conclusions of the risk assessment.

Accident statistics exist for the determination of the overall risk level for human beings.
The assessment of different risks is a more complex issue since, many factors affect
people’s risk perception.

When considering risk from a nuclear power plant, this risk cannot be directly
compared to any other man-made risk. However, appropriate references could be risks
from other industrial facilities and other cancer-related risks. The assessment of an
acceptable risk level can, thus, be a many faceted decision making situation:

e itis a political problem in the sense that society should decide what kind of risks
are accepted and carry the responsibility of this decision;

e it is a juridical problem in the sense that the legal role of a safety goal needs to
be clarified;

e it is aresearch problem in the sense that objective knowledge needs to be gained
about various risks in society;

e it is a systems engineering problem first to design a plant that fulfils the
requirement, and then to demonstrate the fulfilment of the requirement.

2.3 Context of safety goals

There are different reasons for defining safety goals, and the reasons may differ
between different types of organisations. One aim may be to provide a tool to control
the risk posed to society by the operation of nuclear power plants by defining a
maximum acceptable risk. This risk may be related to the population potentially
exposed to the risk, but may also be related to some other entities, e.g., land
contamination. When relating calculated risks to such a safety goal it can in principle be
used in an absolute manner giving the answer ‘Yes’ or ‘No’ to the question of whether
the risk is acceptable or not.

In other cases the focus is more on using the safety goal as part of a decision criterion.
Here, the safety goal constitutes a reference level and the key issue in the analysis is the
relative deviation from the absolute level, or the degree of change relative to the results
for other plant configurations or designs.

The actual definition of a safety goal involves two elements, the definition of the risk
metric and of the maximum frequency allowed in terms of the risk metric chosen. The
frequency part is quite simple (but not necessarily uncontroversial), and is done by
stating one or more frequency levels, e.g., 107 per year. The process used to derive the
frequency may be more or less complex and sometimes relates to higher level safety
goals, e.g., to overall safety goals on a national level.

The definition of the risk metrics can be a more complex activity, as it should be
possible to relate the risk metrics to the degree of harm experienced by the population
exposed to the risk (or other risk metrics). As an example, there is no simple connection
of this kind between the core damage frequency for a nuclear power plant and the
degree of risk experienced by the public. For level 2 PSA criteria (radioactive release),
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the connection is more evident, but not necessarily straight-forward and easily
interpreted. In contrast, safety goals for other man-made risks are often expressed in
terms of frequency and number of fatalities (F-N curves), which usually provides safety
goals which are easier both to interpret and to apply. The F-N curve approach may also
be chosen for criteria related to the results of a level 3 PSA.

A related question is the definition of the target PSA of the safety goal, which needs to
be precisely stated in order not to create ambiguity in the application of the goal. The
target PSA is the probabilistic plant model and calculation procedure that are used in
order to calculate the risk level which is to be compared to the safety goal. Thus, the
scope of the analysis leading up to the quantitative assessment of the risk measure needs
to be clearly stated. Basically the precise and unambiguous definition of the target PSA
should be part of the statement of the safety goal.

Once a safety goal has been defined, there is a need for an accepted procedure for
carrying out the quantitative risk assessment, for applying the goal to the relevant risk
measure, and for acting on the outcome of the application. In this context a number of
issues must be considered. The basic outcomes are either that the safety goal is fulfilled,
or that the plant is found not to meet the safety goal. In case of exceedance of the safety
goal, there is a need for a procedure for handling the deviation and for assessing the
severity of the deviation.

Thus, there is a need for defining how to decide that a safety goal has been met, i.e.,
criteria for accepting a calculated risk. Among other things, it needs to be stated
whether it is the mean value of the calculated risk metric that shall meet the goal or if
the comparison with the safety goal shall be done for some percentile in the uncertainty
distribution of the result.

If, on the other hand, the outcome is that the safety goal is exceeded, there is a need for
procedures to handle the deviation. Usually the simple answer “acceptable” or “not
acceptable” is not sufficient, and there is often a need for a graded approach, which
considers the extent to which the calculated risk deviates from the safety goal.

An important question in cases where the safety evaluation of an activity is more or less
continuous, as is the case with the PSA for a NPP, is the consistency of risk judgments
over time. Safety goals are typically quite stable, while PSA results may vary
considerably over time. This may be due to changes in the actual plant (system
redesigns, procedure changes, etc.). However, there is typically also a large impact from
changes in the scope of the PSA or from changes in analysis methods or data used.
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3 The Evolvement of Safety Goals

3.1 Introduction

This chapter summarises the various probabilistic safety goals defined for nuclear
power plants in Finland and Sweden, and also includes a more general PSA related
background. It presents the history of the evolvement of safety goals, as well as views
and experiences from their usage. The contents of this chapter is to a large extent based
on interviews with some of the people who were involved in the definition of the safety
goals, or who have had reason to apply the goals in various situations. Much of the
information also comes from the background documents referenced in the interviews.
The people interviewed are listed in Attachment 1, which also presents the interview
questions used.

Table 1 provides an overview of PSA related activities in Sweden and Finland from
around 1975 until today.

Table 1. Overview of PSA activities in Sweden and Finland from 1975 until today.

Phase Activities Sweden Activities Finland
1975-1980 e Government Energy Commission e Application of WASH-1400 to Loviisa
e Reactor Safety Investigation (limited level 2 PSA)
e Comparison with WASH-1400 e Reliability analyses of safety systems
1980 - 1985 e PSA level 1, internal events e Initiation of PSA programmes

e NKA/SAK Nordic Research Program
e Data collection and evaluation (T-book etc.)
e Development of computer tools for PSA

1985-1990 e Severe accident mitigation e First YVL-2.8 PSA guide from STUK
o [Initial level 2 PSA:s e Basic level 1 PSA:s completed
e PSA for area events e STUK’s requirement on severe
o SUPER-ASAR comparative PSA accident mitigation at operating units
review
o NKA/RAS Nordic Research Program
1990 - 1995 e Completeness of existing PSA models e Council of State decision 395/1991
e Common Cause Initiators (CCI) e Use of PSA for safety improvements
e PSAlevel 2 e PSA for area events / external events
e PSA for shutdown period e PSA for shutdown period
e Living PSA and PSA applications
e NKS/SIK Nordic Research Program
o APRI — Research on severe accident phenomena
1995 - e PSA for external events e PSAlevel 2
e Living PSA and PSA applications e YVL 2.8 guide updated 1996/2003
e Quality assurance of PSA:s e Design phase PSA for Olkiluoto 3
e SKIFS 1998:1/2004:1 (Safety in e Risk-informed applications

Nuclear Facilities)
e Risk-informed applications
e NKS/RAK Nordic Research Program
e NKS-R Nordic Research Program

In the 1970s, a few limited PSA:s were made inspired by WASH-1400. The plant-
specific PSA programmes were initiated in the 1980s. During this decade, methods and
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PSA codes were developed and systematic reliability data collection was initiated. In
the 1990s and up to today, PSA:s have been complemented with missing parts and
living PSA applications have been tried out. During the past decade, significant plant
modifications, involving safety improvements, power up-rates and modernisation of
1&C systems, have taken place in the plants. PSA has been used in the planning of these
modifications as well as in the licensing context.

3.2 History of PSA safety goals in Finland

The possibilities of using probabilistic methods in nuclear safety management were
recognized by the Finnish authorities and licensees in the early 1970s while the Loviisa
and Olkiluoto NPP:s were under construction. The first PSA projects were initiated for
both the plants in the early 1980s and the first level 1 PSA:s, including analysis of
internal initiating events, were submitted to STUK in 1989.

In the 1990s, the PSA:s were complemented with analyses of area events, low power
and shutdown operating modes, external events and level 2 PSA. Also the use of PSA in
different applications started. Now, PSA:s are part of risk-informed regulation and
safety management.

A special aspect in the Finnish history of PSA and safety goals is the long lasting plan-
ning of the fifth unit. The STUK’s regulatory guide on PSA, YVL2.8, first issued in
1987, was formulated from the very beginning to be used in the licensing of a new NPP.
Since the mid 1980s, several NPP concept candidates have been analysed using PSA,
keeping not only the STUK’s numerical objectives in mind, but also other guides, such
as the European Utility Requirements [EUR_2002]. The Olkiluoto 3 NPP, which is now
under construction, is the only Finnish plant that has gone through a regulatory review
including the comparison with quantitative probabilistic limits.

3.2.1 Radiation and Nuclear Safety Authority of Finland (STUK)

3.2.1.1 Nuclear regulation in Finland

Nuclear regulation in Finland is set forth in the Nuclear Energy Act [YE-laki 990/1987]
and the nuclear decree [ YE-asetus 161/1988]. The nuclear law and decree are rather
detailed and define some fundamental issues connected to the licensing process and to
nuclear safety. The Decision of the Council of State [VnP 395/1991] gives the second
level of nuclear regulatory requirements as applied in Finland. More detailed require-
ments, i.e., the YVL guides, are issued by STUK according to Nuclear Energy Act 55 §
and VNp 990/1991 29 § [YVL-review].

The YVL guides form the actual regulatory system, although they in principle are on a
lower level (less prescriptive) than the decisions of STUK. YVL guides are not legally
binding, but constitute advisory rules for the licensees. The regulatory system allows
deviations from the requirements of the YVL guides, provided the licence holder
presents an acceptable solution by which the safety level given in the YVL guides is
attained.

The YVL guides as such apply to new nuclear facilities. Upon revision of an old guide
when a new guide is issued, the licensees send to STUK a statement, how the require-
ments of the new guide are to be applied on the installation. STUK then makes a
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separate decision regarding the application to existing installations. The publication of a
YVL guide does not necessarily alter any decisions made by STUK prior to the publi-
cation.

The nuclear energy act and decrees gives STUK the mandate to define and supervise the
safety requirements of the nuclear installations. In Finland this is done through the
regulatory system and not in individual plant licensing conditions. In addition STUK
can issue letters (decisions) to the licence holder if a plant inspection or some other
cause reveals findings that require corrective actions. Letters may also list new require-
ments to implement or actions that the licence holder must conduct within a specified
time. As an example, requirements on PSA activities for operating plants are mostly
stated in letters. According to VNp 395/1991, 27 §, actions for further safety safety
enhancement shall be taken which can be regarded as justified considering operating
experience and the results of safety research as well as the advancement of science and
technology.

3.2.1.2 History of safety goals

In the late 1980s, the plan to build a new plant caused a need to develop regulatory
guides for licensing a new NPP. The first version of the regulatory guide for PSA,
Guide YVL 2.8 was issued in 1987 [STUK_YVL-2.8-1987]. In this issue, performance
of a so called mini-PSA was required for the construction permit, and numerical design
objectives were defined for important safety functions. The idea of using safety function
level criteria was STUK’s own innovation. At this time, the PSA methodology was not
regarded as mature enough for use of CDF- and LERF-level criteria.

The mini-PSA required for a construction permit was a level 1 PSA including the most
important initiating events. For an operating license, a complete level 1 PSA and a
concise level 2 PSA were required.

The YVL 2.8 was revised in 1996, e.g., by extending the requirements on the use of
PSA to further applications [STUK_YVL-2.8-1996]. A design phase PSA was required
for a construction license. The contents of the design phase PSA was defined in more
detailed compared to the mini PSA defined in the 1987 guide. Regarding PSA safety
goals, numerical design objectives were now also defined for the core damage
frequency and the frequency of a large radioactive release. The numerical objectives 10°
? per year for core damage and 5-10” per year for release were derived by comparing
results from existing PSA:s in the 1980s and early 1990s and criteria presented in
international guidelines, above all the IAEA INSAG-3 [TAEA_INSAG-3].

The CDF criterion 10” per year was considered a challenging but possible objective for
a new NPP. The release criterion 5-107 per year corresponds to a conditional probability
of 0,05 for a containment failure. The limit for a severe accident, 100 TBq release of
Cs-137, was defined in a Decision of the Council of State [VnP 395/1991] in 1991. It
was taken from Swedish studies performed in the context of designing filtered venting
systems in the 1980s [SKI_SSI_1985], further described in Chapter 3.3.2.2. The limit of
100 TBq corresponds to a small release, which makes the level 2 PSA objective very
tight. In this way the probabilistic criterion is in line with the stringent deterministic
criteria.

The present version of YVL 2.8 was issued in 2003 [STUK_YVL-2.8]. It extended
further the area of PSA applications and former optional applications were made
mandatory. Regarding numerical design objectives, safety function level objectives
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were removed from the guide. The reason for this was, that safety functions presumed
the reactor type to be of certain kind, which could make the guide inapplicable for other
conceivable reactor types.

Table 2 summarises the numerical design objectives defined in different versions of
guide YVL 2.8.

Table 2.  Numerical design objectives defined in different versions of STUK’s PSA
guide YVL-2.8

Version | Numerical design objective

1987 The unreliability of the most important safety functions is required to be below the
following design objectives, with a confidence of at least 90 %:
Safety function Failure probability per demand
e Reactor scram 10°
e Isolation of the containment 5107

o Supply of feedwater when off-site power is lost 10
and the main feed water system has failed

e Operation of emergency core cooling, including 107
long term recirculation in the case of a small

LOCA
o Reactor depressurisation together with long- 104
term cooling of condensation pool (BWR)
1996 The mean unreliability of the most important safety functions shall be smaller than the
following design objectives:
Safety function Failure probability per demand
e Reactor scram 10°

o Supply of feedwater to steam generators (PWR) 107
or to the reactor vessel (BWR)

e Operation of emergency core cooling in the 10
case of a small LOCA
e Isolation of the containment 1073

The mean value of the probability of core damage is less than 10 per year. The mean
value of the probability of a release exceeding the target value defined in section 12 of
the Council of State Decision (359/1991)" must be smaller than 5-10” per year.
However, the containment has to be designed in such a way that its integrity is
maintained with a high likelihood in case of both low and high pressure core damage.

2003 The mean value of the probability of core damage is less than 107 per year. The mean
value of the probability of a release exceeding the target value defined in section12 of
the Government Resolution (359/1991) ' must be smaller than 5-107 per year.

! Section 12 of the Government Resolution (359/1991) [VnP 395/1991]. Limit for a severe accident:

The limit for the release of radioactive materials arising from a severe accident is a release which
causes neither acute harmful health effects to the population in the vicinity of the nuclear power
plant nor any long-term restrictions on the use of extensive areas of land and water. For satisfying
the requirement applied to long-term effects, the limit for an atmospheric release of Cs-137 is 100
TBq. The combined fall-out consisting of nuclides other than caesium isotopes shall not cause, in the
long term, starting three months from the accident, a hazard greater than would arise from a caesium
release corresponding to the above-mentioned limit.

In addition to the above numerical objectives, the regulatory guide requires a balanced
risk profile: The risks associated with various initiators and accident sequences, taking
into account their uncertainties, shall be compared with the numerical safety objectives
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and with each other in order to ensure that no single or few prevailing risk factors will
stay at the plant. Particularly, such phenomena whose frequency of occurrence and
consequences include large uncertainties shall be carefully examined. These are for
example exceptional weather conditions, other possible harsh environmental conditions
and seismic events. This paragraph has been used in Olkiluoto 3 licensing context.

According to STUK’s decision on the application of Guide YVL 2.8, the numerical
objectives are not applied to the operating plants. However, the principle of further
safety enhancement is applied.

3.2.2 Teollisuuden Voima Oy (TVO)/Olkiluoto NPP

TVO operates two identical boiling water reactor units of ASEA Atom design, Olki-
luoto 1 and 2 and is constructing Olkiluoto 3, a new pressurised water reactor of Areva
design.

TVO started development of numerical criteria while developing PSA applications in
the early 1990s. The first applications were planning of preventive maintenance during
power operation, optimisation of allowed outage times, and test interval optimisation.
The criteria were based on results from PSA, numerical objectives defined in YVL-2.8
and the U.S.NRC’s regulatory guides 1.174-1.178 [RG_1.174, RG_1.175, RG_1.176,
RG_1.177, and RG_1.178]. They are formulated in an internal PSA guide [TVO-PSA-
ohje].

According to the PSA guide, a permanent design change is not allowed to increase the
core damage frequency or frequency for unacceptable radioactive release by more than
1% of the target value. Target values are the same as in YVL 2.8 (10 per year, 5-107
per year). A higher risk increase must be justified. Temporary work (done only once in
plant lifetime) may not cause more than a 40% risk increase compared to the annual
target value. The 40% criterion relates to the planned lifetime for the plant, i.e., 40
years.

For temporary exemptions from Technical Specifications, STUK requires a PSA
evaluation. In this case as well, TVO applies the 1% risk increase criterion, as well as
the requirement, that higher risk increases must be justified.

TVO’s PSA guide has been sent to STUK for notification. STUK has not formally
approved the criteria, and each PSA application is evaluated separately by STUK.

Regarding objectives for core damage frequency and LERF, the numerical objectives
defined in YVL-2.8 are desired but not mandatory targets for the operating units
OL1/OL2. Currently (2006), the CDF calculated by PSA is 1,5-10” per year. For OL3,
the numerical objectives defined in YVL-2.8 are mandatory.

3.2.3 Fortum/Loviisa NPP

Fortum operates two identical Russian type (VVER) pressurised water reactor units,
Loviisa 1 and 2.

In Loviisa NPP, PSA has been used in decision making on plant modifications since
1989 when the basic level 1 PSA was completed. The first results showed high core
damage frequency, which lead to several safety improvements. PSA was used in the
prioritisation of changes and comparison of alternatives. In this decision making,
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criteria are needed and therefore goals were developed. The aim has been to have
realistic goals. Comparisons have been made with goals defined in other countries and
with risks accepted by the society in other activities. US references were used mostly,
since the USA has the longest history in the nuclear field.

Numeric PSA goals are formulated in a bulletin, which is not part of an official
instruction procedure. The goal regarding core damage frequency is 107 per year and
regarding frequency of large release 107 per year. Loviisa has so far always been above
these goal numbers, but the CDF is now below 10" per year [CM-06-Fortum]. Signifi-
cant plant improvements have been made during the last decades to decrease the risk
level of the plant.

Loviisa has also developed economic criteria for justification of safety improvements
[NED_185(1998)335, Vaurio_NKS-99]. These criteria could be used also for justifi-
cation of plant modifications that can increase core damage risk. In practice, compensa-
ting measures are often applied, especially since the CDF has not been below the limit
10”7 per year until now. Criteria have been defined based on an estimation of the
monetary value of core damage and large release. In the mid 1990s, the value in level 1
PSA was 200 kFIM equal to ACDF = 10" per year®. In level 2 PSA, the price was 30
times higher.

3.2.4 Finnish experience

The overall Finnish experience on the use of PSA safety goals is positive. Attention is
paid to the comparison of numerical results. Safety goals also affect the quality of PSA
by requiring more detailed modelling of some issues. Conservative assumptions need to
be avoided since they do not only make the numbers look too bad but most importantly,
can misdirect resources to areas that may not be as important as others. Safety goals
thus are an incentive to make better analyses.

There is a common view regarding the definitions for core damage and large release.
Core damage is defined as local fuel temperature above 1204 °C and large release as an
atmospheric release of more than 100 TBq of Cs-137, as defined in [VnP 395/1991]. It
is also a common understanding that a full scope PSA should be used in the comparison
with safety goals.

For old plants, the safety goals defined by the utilities are unofficial targets, and set an
ambitious goal for safety improvements. Safety goals also mean that plant changes and
exemptions from licensing conditions need to be assessed numerically. PSA and PSA
criteria have become well-known in the organisations.

The probabilistic criteria applied to operating plants are not strict, which allows more
flexible handling of risk. An open question is how old plants will be treated in the
regulatory decision making in the future. Application principles may change, which
may cause uncertainty among licensees.

Making plant improvements promptly based on the most current PSA has satisfied
authorities and so allowed the utility to proceed in a self-controlled manner. In some
cases PSA has helped to avoid unnecessary changes suggested on a deterministic basis.

6 200 kFIM corresponds to about 35 kKEUR/KUSD.
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PSA has gained acceptance, although in some cases a later PSA update has shown that
earlier modifications were not quite enough or optimal. Whenever PSA is
complemented and updated, the risk profile will change, which can weaken trust in
PSA.

Concerning needs for improvements, the most discussed issue in Finland is the
definition for a large release, which is currently considered to be very stringent in the
PSA context. The current release limit was originally defined as a deterministic require-
ment to be used in the design of severe accident management strategy and systems. The
performance of level 3 PSA could be needed to judge the feasibility of the 100 TBq
limit. On the other hand, an update of the Government Resolution (359/1991) is
ongoing. The caesium release based definition is not considered to be fully logical in
the present form, and could be improved in order to enhance the communication.

3.3 History of PSA safety goals in Sweden

3.3.1 Overview of early PSA activities in Sweden

The PSA status report [SKI_1996:40] describes in detail the development of PSA in
Sweden up to the mid-90s; an extract from the report is presented below.

After the Three Mile Island accident (TMI), the Reactor Safety Investigation (RSU,
Reaktorsikerhetsstudien) [SOU 1979:86] was initiated in 1979, with the aim to

e consider if there was reason to change the general assessment of the level of
safety in the production of electrical energy in nuclear power plants, and

e propose possible safety enhancing measures in Swedish nuclear power plants, as
well as indicate the need of research concerning such measures.

The RSU showed that there was no reason to change the conclusions from previous
assessments of the level of safety in nuclear power plants. However, it was stressed that
both previous risk assessments and the TMI accident indicate the need for considerably
increased requirements on safety activities in connection with nuclear power. These
requirements should apply to all parts of nuclear activities, from the design of the plants
and their safety systems, through the activities of the supervising authorities, and to the
day-to-day safety work at the nuclear power plants.

The RSU also stressed the need to properly evaluate experiences from disturbances and
incidents occurring during plant operation and outages in order to prevent accidents. It
was also stressed, that there is always a risk for future accidents. Therefore, the RSU
recommended that more attention should be given to measures aimed at mitigating the
consequences from such accidents. This recommendation was later to result in conside-
rable research efforts in connection with accident mitigating systems, and ultimately
resulted in the design and installation of filtered venting systems in all Swedish nuclear
power plants.

In 1981, following the recommendations of the RSU, the Swedish Parliament ruled, that
every nuclear power plant should be made subject to at least three complete safety
reviews during its useful life. These ASAR (As-operated Safety Analysis Report) were
to be submitted every 8-10 years by SKI, and compiled on the basis of analyses carried
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out by the utilities. The ASAR guidelines issued by SKI for the first and second
ASAR:s included requirements on performance PSA:s, first on level 1 [SKI_ASARS0]
and for the second round on level 2 [SKI_ASAR90], with gradually increased scope and
level of detail.

The SKI guidelines did not contain any specific recommendations concerning the
choice of methods or the layout, contents and level of detail of the PSA. This resulted in
considerable differences between the analyses performed by the different licensees. The
differences reduced the comparability of the PSA:s, but also contributed to a rapid early
development of PSA, by encouraging the development and testing of alternative
methods, and by improving the possibilities to detect problem areas.

After this stage and up to today, PSA activities at the utilities have gradually gone into
more of a steady-state situation, where PSA:s are kept up to date with plant changes on
a yearly basis, and are more or less continuously used as tools for various safety related
issues. In parallel, the PSA:s have been considerably extended, and have today (2006)
reached or are in the process of reaching full scope (all initiators, all operating modes).
This way of working with PSA is in line with current policies at all utilities and with
current SKI regulations, and will be further described in the sections below.

3.3.2 Swedish Nuclear Power Inspectorate (SKI)

3.3.2.1 Background
The Swedish regulatory tradition is mainly non-prescriptive, meaning that often high-

level requirements are given, while the exact ways to fulfil the requirements is left to
the licensees to decide. An important aim of SKI inspections it to maintain confidence
in the fulfilment of requirements.

The SKI PSA Review Handbook [SKI_2003:48] indirectly describes the expectations
on PSA. The handbook was issued in 2003, and is intended to be a support in SKI
supervision of licensee PSA activities by describing SKI procedures for review of
PSA:s and inspection of PSA activities. The handbook focuses on good practice and
compliance with state of the art.

Lately, the focus has been on compliance with the regulation [SKIFS 2004:1] “The
Swedish Nuclear Power Inspectorate's Regulation concerning Safety in Nuclear
Facilities”, which is discussed in the next section.

3.3.2.2 History of safety goals

The focus of the SKI is on avoidance of radiological accidents, i.e., safety goals are
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 [SOU 1979:86] requiring the introduction of severe
accident mitigation system first at the Barsebick plants 1981 [IndDep_1183/81] and
then at all other plants in 1986 [IndDep_2717/85]. Basically, these government deci-
sions define the conditions for allowing continued operation of the plants. On the basis
of the government's proposition [Prop 1980/81:90] regarding guidelines for the national
energy policy, it was stated that in spite of the fact, that the risks for uncontrolled radio-
active release from nuclear power plants is extremely small, measures shall be taken to
further reduce such risks. At that time, the level of requirements was quite high from an
international point of view.

22



The FILTRA system in Barsebick was taken into operation in October 1985; for the
remaining Swedish NPP:s severe accident mitigating systems including filtered venting
were to be installed by the end of 1989. A rather detailed document served as a basis for
the decision in 1985. The document "Release mitigating measures after severe
accidents" [SKI_SSI_1985] was written by the SKI and the Swedish Radiation Protec-
tion Institute (SSI). Based on the document, a number of acceptance criteria for the
mitigating systems after a severe accident were defined (items 1 to 4 in section 4.4 and
item 5 in section 8.2 of the reference):

¢ Events with extremely low probabilities (extremt ldga sannolikheter) can be

neglected.
It is accepted that the filtered venting system cannot handle a reactor vessel rupture.

e The same requirements on maximum acceptable release of radioactive

substances apply to all NPP:s, 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.

e 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.

e There shall be no short-term fatalities in acute radiation syndrome (akut
stralsjuka).
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.

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

A simplifying interpretation to part of the requirements is given by stating that these
requirements can be considered 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 MWt, provided all nuclides causing unacceptable ground contamination
are limited correspondingly. Considering the fact, that the inventory of Cs-134 is 89
TBg/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.

As part of the background description and justification for the selected release criterion,
SSI presented a comparison between the fatality risk from exposure to radon in habita-
tions to other risks in society, see Figure 6. The 0,1 % criterion is also justified by the
argument that the requirement on the filtering capacity of the filtered venting systems to
be installed should not exceed the level of diffuse leakage that is to be expected.

The quantification 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. In [SKI_SSI_1985], reactor vessel rupture is given as an example of a
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residual risk”. Based on the quantification of this event in WASH-1400, this was
interpreted by both the SKI and the licensees to correspond to an event with a frequency
of about 107 per year. However, this frequency is not spelled out in any of the
government decisions, neither in [SKI_SSI_1985].
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Figure 6.  Simplified comparison of risks from exposure to radon with other common

risks [SKI SSI 1985]

Except for the implicit numerical safety goal described above, the SKI has not defined
any safety goals. However, the newly issued regulation concerning safety in nuclear
facilities [SKIFS 2004:1] requires the licensees to have clearly defined goals for their
activities. It is worth noting, that defining numerical safety goals in the SKIFS would be
problematic, as the regulations are legally binding, which means that violations of the

goals would be liable for prosecution.

Chapter 2 §9 in SKIFS 2004:1 mentions documented safety goals, which is commented
in the following way in the General Recommendations accompanying the SKIFS “The
safety goals may be both quantitative and qualitative. Goals should be formulated so

that they can be followed up.” No detailed guidance is given, but it is expected that the

7 In SKIFS 2004:2, the definition is given as “Extremely improbable events (residual risks). Events that
are so improbable that they do not need to be taken into account as initiating events in connection with

safety analysis.”
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licensees develop more elaborated procedures based on e.g. international standards and
guidance documents. The basis for the safety assessment is deterministic, but in the
view of SKI, PSA can and should be used to verify the deterministic requirements.
SKIFS 2004:1 chapter 4 §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.”. As a result of SKIFS 2004:1, it is expected that PSA will be
increasingly important in SKI handling of future applications.

One additional criterion with relevance for judgement of results from probabilistic
analysis is defined, and concerns the uniformity of the risk profile. SKIFS 2004:1
(chapter 4§1) states ’One aim should be to achieve a safety level without dominant
weaknesses.”

Generally, the probabilistic criteria suggested by the IAEA [TAEA_INSAG-12] are
informally treated as reference levels by the SKI, but without defining this as a strategy
for identifying deviations, and without seeing the levels as absolute. The SKI also
considers the IAEA view [IAEA_CB-5] on graded actions, which depend on the
magnitude of an identified deviation as reasonable, and this approach is in principle
applied by the SKI.

3.3.2.3 Application of safety goals

The licensees are required to have a safety policy, and if the policy includes
probabilistic safety goals the licensee is, in principle, expected to fulfil these goals. In
the view of the SKI, safety goal defined on the level of core damage or large release
should reasonably cover the complete spectrum of risks as calculated in a full-scope
PSA, i.e., all categories of initiating events and all plant operating modes.

However, the SKI does not desire a situation where actions need automatically to be
taken because of the violation of a safety goal, i.e., it is not judged to be feasible to treat
safety goals as absolute acceptance limits. Fluctuations in PSA results over time are
unavoidable (updates, extension) and sharp acceptance criteria might in fact be counter-
productive. Therefore it is judged reasonable to see safety goals as target values, and to
treat exceedances as triggers for further analysis or planning of safety enhancing
actions.

Thus, while the fulfilment of the safety goals defined by the licensees is basically
mandatory, the actual procedure is more flexible. Exceedance of safety goals is allowed,
but should be accompanied by an evaluation stating the reason for the exceedance and
— if needed — a plan for correction.

3.3.2.4 Experiences of using safety goals

Exceedance of safety goals is normally not a problem in safety related activities, and
can often be justified (uncertainty, conservative approach, etc.). However, an
exceedance can be complicated to communicate to the public, and may also be a
problem due to the general requirement that licensees are expected to fulfil their safety
policy. Deviations which are not handled may cause doubts regarding the self
inspection of the licensee.

PSA results are at present (2006) not used very actively at SKI, but more PSA applica-

tions are expected in the near future. SKI is not itself performing any PSA modelling or
calculations. To date, some issues have been supported by PSA, and SKI has sometimes
had PSA evaluation as a condition for acceptance. However, this is still done on a rather
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small scale. The degree to which PSA related information is considered in SKI
decisions depends on the perceived degree of importance of the information.

PSA results and fulfilment of safety goals has been important in some applications and
influenced the decision taken by the SKI, e.g., in the FENIX project for restart of
Oskarshamn 1.

A general view is that the evaluation of results needs to be more efficient, which is even
more important in view of the fact that safety goals are not absolute. There is a need to
break down the top level safety goals to make them useful for more detailed applica-
tions.

3.3.3 Sydkraft/E.ON — Barsebick and Oskarshamn NPP:s

3.3.3.1 History of safety goals

The Sydkraft company (now E.ON Nordic) was the owner of the Barsebick plants (twin
BWR:s of ASEA Atom design); these plants are now decommissioned. The company
has a majority share of the Oskarshamn plants (three BWR:s of ASEA Atom design
representing three different plant generations). It also has a minority share of the
Ringhals plants (one BWR of ASEA Atom design and three Westinghouse PWR:s
representing two different plant generations).

The Sydkraft group issued a safety policy in 1995, listing a number of key areas for
safety, stressing living up to regulations, experience feed-back, and safety culture
[SK_1995_Ahlstrém]. The policy was developed by the company Advisory Safety
Council (sdkerhetsrad). The policy also defined safety goals for the frequency of core
damage and large releases. The levels defined were 10” per year for core damage and
107 per year for a release involving more than 0,1% of the core inventory excluding
noble gases. The safety goals were not mandatory, but in case of PSA results above
these levels, safety enhancing measures were to be prioritised. For large releases, the
safety goals were based on the government decisions regarding severe accident manage-
ment measures [IndDep_1183/81] and [IndDep_2717/85]. The requirement on
“prioritising” means that resources shall be allocated for handling the problem
identified, and that the problem handling shall have high priority in comparison with
other ongoing activities.

The policy was effective until 2004 when it was updated and re-issued as the E.ON
Nordic safety policy [EON_2005_Fritiof]. As part of the update, the quantitative safety
goals were deleted from the top-level policy document, slightly revised and presented in
an interpretation document [EON_2005_Larsson]. The revised core damage criterion is
still at 107 per year but applies to severe core damage and the criterion for unacceptable
releases now states that the frequency shall be considerably lower than the core damage
criterion of 107 per year, which could be interpreted as at least a factor of 10 (the factor
is not defined). The policy states that the frequencies shall be used as a basis for
assessing the severity of safety problems.

The requirements locally applied at the Oskarshamn NPP were originally derived from
the Sydkraft safety policy, and the E.ON safety policy still defines the basic levels. In
addition more detailed local criteria for interpretation and judgement of PSA results
have been developed [OKG_1996-00385]. They are referred to in the SAR for Oskars-
hamn , but are expected soon to be deleted from the SAR. The release criterion has been
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adapted to the power ratings of the Oskarshamn plants, i.e., it is set to 0,13 % for
Oskarshamn 1, 0,07 % for Oskarshamn 2, and 0,055% for Oskarshamn 3.

The internal guidelines for judgement of PSA results regarding impact on reactor safety
includes the graded approach described in the IAEA document Safety Evaluation of
Operating Nuclear Power Plants Built to Earlier Standards [IAEA_CB-5]. This
document was never issued by the IAEA, but appeared in a somewhat reduced version
in the safety report series as [[AEA_SRS_12]. The action levels specified for core
damage frequency are:

e PSA results >10” per year — immediate shutdown

e 107 per year > PSA results > 10” per year — correction at next planned yearly
shutdown

e 107 per year > PSA results > 10 per year — long-term planning of actions

An additional criterion for the Oskarshamn plants states that if the core damage
frequency is within 10% from 107 per year, then no initiating event family shall
contribute more than 10 per year; this criterion is usually not applicable.

Additional probabilistic criteria have been defined, with a focus on assessment of the
remaining system barrier after an initiating event. PSA results are presented based on
the cause of the core damage (failure of shut-down systems, emergency core cooling or
residual heat removal) and on a split-up of initiating events according to the event
category they belong to (H2, H3, H4). This has worked well, especially for events with
large uncertainties in initiator frequencies. Criteria have been defined according to an
internal document [OKG_2005-14190]. For area events a procedure has been defined
for assessing the acceptability of the system barrier against core damage [OKG_2006-
09475].

3.3.3.2 Application of safety goals

It is basically problematic to include probabilistic safety goals in the SAR, as these are
legally binding document (basis for operational permit), which means that violations
may led to prosecution. For this reason, safety goals are better included in policy docu-
ments and used as internal indicators for identification of potential safety related issues.
They are also a help in the internal argumentation and safety assessment.

The safety goals are used as a limit value for singling out situations that need to be
further studied, i.e., as a trigger for starting analysis and evaluation of whether an
identified plant condition is a safety problem.

For a completed PSA (including finalised update) an evaluation report is written, where
results are evaluated with respect to degree of relevance and impact on reactor safety.
The procedure was originally defined in [OKG_2000-03886], now updated in the
internal evaluation guidelines [OKG_2005-14190] and [OKG_2006-09475]. Identified
deviations are judged with respect to cause, e.g., if the cause is due to an incomplete or
conservative PSA model or if it is due to a weakness in the plant. The basic procedure is
that identified weaknesses are eliminated. However, if there is a major impact to the
result from complex modelling issues, e.g., CCF, decisions on changes will be delayed
until a more detailed description is available.
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3.3.3.3 Experiences of using safety goals

In spite of problems in connection with discussion of high PSA results both internally
and externally in media, the use of probabilistic safety goals has triggered a number of
important safety improvements in the Oskarshamn plants (and previously at Barsebick).

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 number of major plant changes have been triggered by PSA results or involved PSA
in the process. Important examples in both the Barsebéck plants and in Oskarshamn 1
and 2 are the improvement of cable separation in order to improve robustness with
respect to area events, especially internal fires. In the FENIX project for Oskarshamn 1
(large-scale renovation 1993-95) the probabilistic criteria for plants built to earlier
standards as defined in [TAEA_CB-5] were crucial for the decision by SKI to allow
restart of the plant.

A general concern with probabilistic safety goals is the risk of the goals being seen as
absolute limits, as this might indirectly have an impact on the quality and relevance of
the PSA models.

3.3.4 Vattenfall — Ringhals and Forsmark NPP:s

3.3.4.1 History of safety goals

Vattenfall is the main owner of the Forsmark plants (three BWR:s of ASEA Atom
design) and of the Ringhals plants (one BWR of ASEA Atom design and three Westing-
house PWR:s representing two different plant generations).

Safety goals were first discussed at the end of the 1980s within the production depart-
ment at the Vattenfall central office in Stockholm. This resulted in the publication of a
company policy for reactor safety in 1990 [SV_PK 301:1], which was adopted by the
central safety committee of the company. 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. In 1992 a Vatten-
fall policy for reactor safety was issued within the business area electrical production
[RAB_950227045], including safety goals. The policy stated that high priority is given
to safety enhancing measures if probabilistic analyses indicate that the core damage
frequency is above 107 per year with a high degree of confidence or above 10" per year
for a release involving more than 0,1% of the core inventory of substances causing
ground contamination.

The latest version of the policy [SV_KSAK_2006] is part of the management system
for electrical production. The policy stresses the integrated aspects of safety assessment,
stating that the planning of safety improvements shall be based on a combination of
deterministic criteria, probabilistic methods, human factors analysis and utilisation of
experience feedback. Regarding plant PSA:s, it is stated that they shall be realistic and
site specific, and shall be used for verification of balanced safety (jimnstyrkekontroll)
as well as for assessment of the technical safety of the plants. The probabilistic safety
goals for Vattenfall NPP:s are the same as in 1992. In case of exceedance of the safety
goals, correcting actions shall be planned and PSA results shall be used as part of the
basis for planning safety improvements.
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The safety policy on company level has been converted to site specific policies at the
Ringhals and Forsmark plants. At Ringhals this is done in a three-level hierarchy of
documents with "Fackomradesdirektiv — reaktorsikerhet” (Technical area directive —
Reactor safety) [RAB_990714068] and ”VD-direktiv — Reaktorsidkerhet” (Management
directive — Rector safety) [RAB_1723490] at the top, setting high-level requirements,
which are further detailed in “VDD-tillimpning — Overgripande mél och forhallnings-
satt for reaktorsidkerhet” (Application of management directive — Over-all goals and
approach to rector safety) [RAB_1839723]. The latter document includes detailed
requirements and some additional criteria. The probabilistic safety goals on the level of
core damage and large release are taken directly from the Vattenfall safety policy
[SV_KSAK_2006]. In addition, the use of probabilistic analyses is generally discussed,
and it is stated that the focus shall not be on absolute numerical results. Instead priority
shall be on long-term safety improvements, identification of weaknesses and priori-
tisation of safety improvements.

The local policy for Ringhals includes a set of additional criteria for the judgement of
detected deviations which do not result in violation of the Technical Specifications:

e If the CDF is > 10" per year, immediate corrective actions for identified
deviations are required. If this is not possible, the plant shall be immediately
shut down.

e If the CDF is between 107 per year and 10~ per year, the plant may remain in
operation for a limited period of time. Temporary corrective actions are allowed
while permanent safety enhancing measures are developed, designed and imple-
mented.

e If the CDF is < 107 per year, long term planning of safety enhancing measures is
allowed, to be implemented in connection with plant modernisations.

These criteria are in line with the levels defined in the draft IAEA guide CB-5
[TAEA_CB-5], but one order of magnitude stricter.

3.3.4.2 Application of safety goals

PSA results exceeding the probabilistic safety goals require planning for corrective
actions. At the Forsmark plant, this is done by writing a deviation report, which is then
handled by the local safety committee, except in case of minor deviations, where the
handling is done by the quality department.

There is a difference between exceedances caused by “deterministic deviations” and by
“PSA method issues”, i.e., identified design weaknesses are considered more important
as they concern basic plant properties that are part of the basis for the operating license.
PSA method issues are often due to non-fulfilment of the requirement on realistic PSA

models, and are handled by deviation handling.

3.3.4.3 Experiences of using safety goals

At Vattenfall sites the development has been a move from a rather negative impression
of PSA to a more positive one. The ASAR process with regular updates has increased
the awareness in the organisation of the value of PSA. The current view is that PSA in
the right context and accompanied by other relevant information (deterministic
analyses, human reliability analyses, and operating experiences) gives a very valuable
contribution to safety analysis, and PSA has become an integrated part of the total
safety analysis concept.

29



This relates to PSA as such rather than to safety goals, but safety goals have also to
some extent contributed to an increased awareness of the usefulness of PSA. At an
earlier stage, they are also believed to have had a slightly repellent effect, mainly
because of a fear that exceedances might lead to unreasonable requirements on imple-
mentation of safety improvements, and that such actions might then be based on crude
assumptions and prerequisites. An important background to this concern is the fact that
previous updates and extensions of PSA:s have resulted in large variations of results
both regarding the total CDF or release frequency and the distribution between different
groups of initiating events. These concerns still exist to some extent. For this reason, the
view is that safety goals are mainly to be used as checkpoints showing that changes
made point in the right direction, and that they can be useful as guidelines in the safety
work.

At the sites, safety goals have not had a decisive impact. The focus has been on the
identification and importance ranking of dominating contributors. PSA has also been an
efficient tool for identification of functional dependencies. However, one perceived
positive effect of the safety goals is that they have increased the focus on the
correctness of the PSA models. Another experience is that the quality requirements on
PSA increase in risk-informed applications. In discussion with the SKI, safety goals
have never had any importance.

3.3.5 Westinghouse Electric (previously ASEA Atom)

3.3.5.1 History of safety goals

The same definitions are used as by the power companies, i.e., maximum core damage
frequency 10” per year and maximum frequency of large releases 10”7 per year. These
criteria have been important for issues related to diversification.

In addition, Westinghouse uses complementary probabilistic goals, especially the
frequencies defining the limits between event classes. These event classes (H1-HS) are
basically the best estimate frequency of occurrence [ per year] defined for different
plant conditions (PC1-PC5) in [ANSI/ANS-52.1-1983], i.e.:

H1 Normal Operations 1

H2 Expected events 1>F>10°
H3 Non-expected events 10°>F > 10"
H4 Unlikely event (DBA) 10°>F>10°
HS5 Very unlikely event (BDBA) F<10°
Residual risk Extremely unlikely event F<10’

With this approach, the event categories define the probabilistic target values. Excee-
dances, i.e., events not meeting the class/frequency relation, are handled either by
reducing or eliminating the events consequence or by reducing the event frequency to
make it fall into a higher event class. The approach is primarily used on initiating
events, but is sometimes also applied to more sequence related functions (initiating
event and safety function).
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3.3.5.2 Application of safety goals

Safety goals are never used as the only acceptance criterion to decide if the required
safety level for a plant has been met. The aim when applying safety goals is always to
design and dimension diversifications. The acceptance criteria are then needed in order
to answer the question “How safe is safe enough?”. This means that acceptance criteria
are mandatory in design applications, because the probabilistic goals defined must be
fulfilled. This also applies to the use of event classes as safety goals.

However, the safety goals defined by the licensees are found to be too crude and on too
high a level to be fully useful as evaluation criteria for PSA results. A consequence of
this is, that additional analysis and judgement is usually needed also in cases where the

safety goals are met.

3.3.5.3 Experiences of using safety goals

Safety goals are indispensable as design aids, 1.e., in order to decide at what point a
design has become good enough. This is especially important in the evaluation of the
required degree of diversity in a design, where the goals are needed as guidance for the
planning and implementation of the diversity.

Basically, safety goals are seen as necessary, and requirements that have gradually been
put on the plants cannot be met without the use of safety goals. This need has been
more marked after the appearance of the regulation [SKIFS 2004:2] concerning the
design and construction of NPP:s.

3.3.6 Summary of Swedish safety goals

Table 3 summarises the safety goals defined for Swedish NPPS through the years.

Table 3. Probabilistic safety goals in Sweden — a summary

Authorities Vattenfall Sydkraft / EON
1985 1990 1995
Core damage Core damage Core damage
- 107 per year with a high degree 10 per year
of confidence
Release Release Release

Release of more than 0,1 % of
the inventory of the caesium
isotopes Cs-134 and Cs-137 in a
core of 1800 MWt shall be
“extremely unlikely”
(Interpreted as < 107 per year).

107 per year for a release
involving more than 0,1% of the
core inventory of substances
causing ground contamination.

107 per year for release involving
more than 0,1% of the core
inventory excluding noble gases.

2006

Core damage
10” per year

Release

107 per year for a release
involving more than 0,1% of the
core inventory of substances
causing ground contamination

2006

Core damage

10” per year for severe core
damage

Release

Frequency of release involving
more than 0,1% (1800 MWt) of the
core inventory excluding noble

gases shall be considerably lower
than 10 per year.
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The definitions of the safety goals are basically identical among all organisations, i.e.,

e (Core damage
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.
Note: The recently issued EON criterion has revised this to “severe core damage”. However, no
additional criteria are given for defining “severe”.

e Large release
In spite of the slightly different wordings, sometimes lacking in stringency, the
basis is always in the definitions given in the government decision regarding
severe accident mitigating measures from 1985 [SKI_SSI_1985], i.e., according
to the first column in Table 3.

The definitions of the frequencies of the safety goals are also more or less identical
among all organisations, i.e.,

e Maximum frequency of core damage < 10” per year.
However, there seem to be two different justifications for this frequency:

Based on INSAG-12, which suggests the safety goal 10 per year for existing
plants, but reduced by a factor of 10.

Based on the government requirement regarding large releases, interpreted as
107 per year, and defined by assuming a barrier of two orders of magnitude
relative to this frequency.

e Maximum frequency of large release < 10" per year.
In this case as well, there seem to be two different justifications for this
frequency:

Based on the government requirement regarding large releases, interpreted as
107 per year.

Note: This frequency is not spelled out in any of the government decisions, neither in

[SKI SSI 1985]. All of these only refer to the concept of an “extremely unlikely event”.

Based on quantifying a reasonable and achievable additional barrier in relation
to the CDF safety goal. In the 1980s this was believed to be two orders of
magnitude. Lately, the assumptions is closer to one order of magnitude, which
has influenced some of the safety goal updates. This has also been considered in
the reformulation of the E.ON safety goals.

Some other types of safety goals are also used by some of the organisations:

o Westinghouse uses complementary probabilistic goals, defined on the basis of
event classes (H1-HS5), where the related frequencies define the probabilistic
target values.

e OKG is actively using acceptance criteria related to barrier strength for events
with major uncertainties in the initiating event frequency, e.g., internal fires.

Finally, it is worth mentioning, that safety goals have also been addressed in the VGX
project (the Varnamogruppen expert group), a common utility project dealing with
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safety requirements and design principles for Swedish NPP:s [VGX-0003-01]. The
project suggested safety goals, on the same lines as the ones described above, and
defined the role of probabilistic analysis, i.e., to give an integrated view of how specific
equipment interacts and affects the over-all plant safety, as well as of the required
degrees of redundancy and separation in order to achieve the safety goals defined.
However, the VGX report was never officially issued.

3.4 Limited international overview

Target values for PSA results are in use in most countries having nuclear power plants.
Criteria are defined corresponding to all PSA levels:

e PSA level 1 — Core damage frequency
e PSA level 2 — Magnitude of radioactive releases
e PSA level 3 — Consequences from release (health effects)

e In some countries there are also lower level criteria, e.g., for important safety
functions.

Even though the status of PSA programmes is quite similar in most countries, the safety
goals defined by the industry or the regulatory bodies vary between countries. Existing
safety goal approaches could be divided into the following main categories:

e No numerical safety goals are stated by the regulatory body, but utilities may have
safety goals and numerical evaluations can be used in regulatory decision making
and in risk-informed applications, e.g., Belgium, Canada, Czech Republic,
Germany, France, Hungary, Japan, Korea, Mexico, Spain, and Sweden (for core
damage frequency).

e Numerical safety goals are defined for nuclear power plants (new and/or existing) in
terms of core damage frequency or large early release frequency, e.g., Finland,
Russia, Slovak Republic, Switzerland, Sweden (for maximum allowed releases),
and Taiwan.

e Numerical safety goals are defined for hazardous industry in terms of human
mortality risk, and safety goals for NPP:s are derived from the overall safety goal,
e.g., the Netherlands, UK, and USA.

In addition to the national safety goals, international and national organisations have
defined safety goals. The International Atomic Energy Agency (IAEA) defined safety
goals already in the 1980s [TAEA_INSAG-3]. The report was updated in 1999
[IAEA_INSAG-12]. The European Utility Requirements for LWR nuclear power plants
(EUR) include also definitions for probabilistic design targets [EUR_2002]. EUR
frequency targets include shutdown states which have been shown to be a significant
contributor in assessments of present reactor designs.

Table 4 summarizes examples of numerical safety goals defined in different countries
and by the IAEA as well as EUR guidelines.

33



Table 4. Safety goals defined by some countries and organisations.

Country PSA level 1 PSA level 2 PSA level 3 Comment

Finland Core damage Large release Applicable to new
[STUK_YVL- £< 107 per year > 100 TBq Cs-137 plants.

2.8] £< 5107 per year

Netherlands Individual risk General goals based on

[VROM-1988]

(all sources)

£< 107 per year
Individual risk
(single sources)
£< 10 per year
Group risk

F(n) = 10~/n’

F-N approach for major
accidents in all
hazardous industries.
Long-term effects are
not included in the
group risk.

Russia Severe beyond DBA Limited release
[OPB-88/97] 107 per year 107 per year
Slovakia Core damage LERF Additional criteria:
[Slovakia- £< 10" per year £< 107 per year Safety systems > 107
2005] per demand.

RPS < 107 per demand.
Sweden Unacceptable release “Extremely unlikely”

[SKI_SSI_1985
)

> 0,1 % of the inventory
of Cs-134 and Cs-137 in
a 1800 MWt core

f < extremely unlikely

interpreted as 107 per
year

Switzerland
[HSK-R-100/d]

Core damage
£< 107 per year

New plants
Applicable to existing
plants to the extent
reasonably achievable.

UK Core damage Large release NPP worker BSL = basic safety limit
[HMI_SAP 19 | BSL 10™ per year >10* TBq I131, BSL 10™ per year BSO = basic safety
92] BSO 107 per year >200 TBq Cs-137 BSO 107 per year objective

BSL 107 per year Group risk Group risk limits

BSO 107 per year For dose>1 Sv defined also for other

BSL 10™ per year doses.

BSO 107 per year Note: Major changes
will be introduced in on-
going SAP update.

USA Core damage LERF Group risk Goals on Levels 1 and 2
[USNRC £< 10 per year £< 107 per year Prompt fatalities are subsidiary objectives
SECY-01- <0.1% of prompt intended to achieve the
0009] fatality risk from other same intent as the
accidents. quantitative health

Cancer fatalities objective (level 3)

<0.1% of cancer

fatality risks from all

other causes.

TAEA Core damage LERF Existing plants

[IAEA_INSAG-
12]

f< 10" per year

f< 10” per year

LERF = “Large off-site
releases requiring short
term off-site response*

Core damage
f< 10° per year

LERF
“Practical elimination”

Future plants

EUR
[EUR_2002]

Core damage
f< 107 per year

Criteria for limiting
impact

f< 10° per year
LERF

Significantly lower
frequency.

New plants
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4 Selected Issues

This chapter focuses on selected issues that were highlighted in the first phase of the
project, with the purpose to present different points of views on these sometimes
controversial issues. The aim is to continue investigating the issues and possibly to give
recommendations in phases 2 and 3 of the project.

4.1 Use of safety goals in decision making

A numerical safety goal can be a mandatory criterion (limit), a desired target (an
objective), a compensatory criterion, or an informal goal. In mandatory use, the value
must be strictly met. This is typically the situation when numerical objectives are used
for new NPP:s.

An objective is a desired target that should be aimed at, but where violations can be
accepted and justified. Many licensees have defined safety goals for their plants as
objectives, e.g., CDF < 107 per year. In this usage, the safety goal is part of a long-term
strategy to improve the safety of the plant. Some utilities include the PSA safety goals
in their formal safety policy (Swedish utilities), while others keep them informal
(Finnish utilities).

A safety goal can also be compensatory, meaning that trade-off can be made. Cost-
benefit evaluations and the ALARP principle allow such use. Finally, a goal can be
informal, which is the case in risk-informed applications.

All of the organisations interviewed in this phase seem to favour an informal use of
safety goals, due both to the uncertainties in the PSA methodology and to the possibility
for flexible handling of risk. It is feared that strict safety goal may switch the attention
from an open-minded assessment of safety to the strict fulfilment of safety goals. This
was stated in many of the interviews, and is also stated to be one reason why there are
no official safety goals in France. One could also speculate whether very strictly applied
safety goals could not lead to manipulation of results.

Use of trade-off analyses has also been suggested by several authors [NKA_1989:91,
RESS_61(1998)11, RESS_90(2005)15]. The basic argument for this position, is that
risk is never accepted unconditionally. The problem of acceptable risk is a decision
making problem. Pre-determined acceptance criteria may result in the wrong focus
rather than support the search for good and cost-effective solutions.

The use of safety goals, implies a need for rules to handle violations. In Sweden, rather
formal procedures for applying PSA safety goals are in place, but seem not to be strictly
enforced. This is probably due to the fact that PSA results have exceeded the safety
goals most of the time since they were defined. Implicitly, a graded ALARP-like
approach has been applied, i.e.,:

e CDF <10” per year, i.e. the IAEA goal is a limit,
e CDF <10’ per year, i.e., the own goal is a target.

In Finland, the companies’ own safety goals for operating plants are informal and are
interpreted as targets, not as limits. For this reason, discussion on handling of violations
has not yet been necessary.

35



Success in the use of safety goals depends on the role of safety goals for decision
making among the negotiating parties (safety authority, utility, vendor). Conflicts may
arise if PSA and safety goals do not have the same status in decision making within an
organisation or between organisations.

Principally, the purpose of the utility is to maximize the return of investments and the
purpose of the safety authority is to supervise and regulate all risk to human beings and
environment. Theoretically, this could be a game situation with conflicting objectives.
In practice, rules for operation of hazardous industries are defined in laws and in related
regulatory documents. The utility must prioritize safety and the safety authority needs to
take account of economical facts. As a result, there is in practice to a large extent a
consensus situation with common objectives. The question is what is safe enough and
what kind of demonstration of safety is sufficient. Balance between different safety
requirements may also cause debate.

Although there has been a continuous progress in the development and use of PSA in
decision making, there has also been variation in the enthusiasm for PSA. This depends
on the experience gained from the use of PSA. Examples of positive experience are the
complementary view on safety provided by PSA and the possibilities to relax stringent
deterministic rules. Resistance to the use of PSA can arise if PSA is felt to be an extra
burden in addition to deterministic rules. Also, large variations in PSA results when
updated can weaken the credibility of the method, especially among decision makers
with a limited knowledge of the technique.

A controversial issue related to safety goals is the interactions between deterministic
and probabilistic safety requirements [Y VL-review]. Up to now, these concepts have
been difficult to integrate in practice and people seem often to be tuned to one or the
other. Finding a correct balance between deterministic and probabilistic safety thinking
has to do with the fundamental question of what is safe enough. It would be beneficial
to enter a discussion on the relationships between such deterministic and probabilistic
criteria and their interpretation in illustrative cases.

4.2 Ambiguities in definitions of safety goals

There is quite good consensus about the definition of a core damage. For the frequency,
most organisations have chosen either the levels 10” per year or 107 per year, usually
referring to IAEA safety goals suggested for existing plants and future plants, respecti-
vely. The actual definition of what constitutes a “core damage” shows a larger variation,
spanning from the 10 CFR 50.46 limit for local fuel temperature of 1204 °C, which is a
very conservative definition, to “severe core damage” which is more realistic but less
stringently defined. Obviously, other reactor types may require differently defined
criteria, such as the Canadian more general definition for core damage, i.e., “failure to
maintain the core coolable geometry”, to be interpreted as failure of more than one fuel
channel in a CANDU reactor.

A question not addressed in any of the safety goals reviewed, is the need for additional
fuel damage criteria for cases when fuel is not in the reactor vessel or not damaged due
to overheating. However, this may be better handled as part of a level 2 safety goal.
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The definitions of a large release vary considerably. There is both a considerably larger
variation in the frequency limits, and very different answers to the question of what
constitutes an unacceptable release. As with the CDF, the magnitudes are sometimes
based on IAEA safety goals suggested for existing plants, i.e., on the level of 10” per
year. However, most countries seem to define much stricter limits, between 10° per year
and 107 per year. The definition of what constitutes an unacceptable release differs a
lot, and there are many parameters involved in the definition, the most important ones
being the time, the amount, and the composition of the release. Additionally, other
aspects may be of interest, such as the height above ground of the point of release. The
underlying reason for the complexity of the release definition, is largely the fact that the
release definition constitutes the link between the PSA level 2 results and an indirect
attempt to assess health effects from the release. However, such consequence issues are
basically adressed in PSA level 3, and can only be fully covered in such an analysis.

In Sweden and Finland, existing definitions of an unacceptable release are directly or
indirectly based on the Swedish government decision in 1985 regarding severe accident
mitigating, i.e., “0,1% of a 1800 MWt core”, corresponding to a release of 100 TBq of
Cs-137. This “unacceptable” release is not necessarily large, and the definition includes
no timing aspects, which makes the scope of the criterion very wide. Therefore, additio-
nal release criteria may be beneficial for the sake of efficient analysis and utilisation of
results.

As previously stated, PSA results for most Nordic plants have most of the time excee-
ded the safety goals defined internally by the utilities. This has caused some confusion
regarding the status of the criteria, at least in Sweden, but the PSA results have nonethe-
less been considered acceptable on an over-all level. In reality, this indicates an implicit
use of an ALARP approach, where the defined safety goals have been considered to be
safety objectives, while the actual PSA results have been considered tolerable, on the
basis of being lower than an (undefined) safety limit.

4.3 Treatment of uncertainties in the application of
safety goals

Uncertainties of PSA make the application of safety goals problematic, as there are
uncertainties in PSA which are clearly identifiable but difficult to quantify. Uncertain-
ties should be accounted for in decision making but there is no formal method, within
PSA methodology, to do it. As long as safety goals have an informal role, uncertainties
can be handled by discussion. However, a mandatory goal requires strict comparison of
two numbers.

One approach is to make a quantitative uncertainty analysis and to apply a numeric goal
for uncertainties, too. The previous version of the guide YVL 2.8 included such a
formulation: The unreliability of the most important safety functions is required to be
below the following design objectives, at least with a confidence of 90 % [STUK-YVL-
2.8-1987]. There is, however, no theoretical framework to justify the use of the median,
the mean or some other characteristics of an uncertainty distribution for this type of
evaluation. A typical approach to handle uncertainties, is to perform combinations of
qualitative and quantitative uncertainty analyses combined with sensitivity analyses. No
numerical acceptance criterion is applied, but results are discussed qualitatively.
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The problem of uncertainties can be turned around by focussing on the demonstration of
safety goals instead of aiming at a realistic assessment of risk. Theofanus
[RESS_54(1996)243] suggests that, in the presence of epistemic uncertainty, safety
goals can be defined only qualitatively. In his approach called ROAAM (Risk Oriented
Accident Analysis Methodology), the aim is to explicitly separate out the epistemic
uncertainty and quantify them using a specific probability scale defined for phenomeno-
logical uncertainties. ROAAM has been applied in level 2 PSA for Loviisa. A similar
approach for achieving comparability of results was suggested in a project dealing with
the interpretation of PSA results within the Swedish external events project in the 1990s
[SKI_1997:49].

Another approach to account for uncertainties is to make the necessary complementary
assessments to PSA, e.g., simplified judgements regarding missing parts in the scope of
the “original” PSA. The aim with the comprehensive uncertainty evaluation (CEU) is to
complement the scope of PSA with additional judgments so that a ”true” comparison
against the safety goal can be made [Brown_1999].

Regardless of the approach used in the analysis of uncertainties and their impact on the
comparison of PSA results to safety goals, the main issue is always to demonstrate that
the plant (or system) is safe enough. This should be carried out as in a safety case,
which is a documented body of evidence that provides a convincing and valid argument
that a system is adequately safe for a given application in a given environment
[Bishop_SC]. In order to be sufficient, the safety case should include convincing
arguments about handling of uncertainties. Figure 7 shows a generic structure for a
justification of the compliance with the safety objectives where probabilistic goals are
part of the justification, which is based on a claims-argument-evidence structure. The
idea of this structure is that PSA results can be complemented with other assessments if
PSA is regarded as incomplete.
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General safety objective:

To protect individuals, society and the
environment by establishing and maintaining
in nuclear power plants an effective defence

against radiological hazard

Technical safety objective:
To prevent with high confidence Other safety objectives
accidents in nuclear plants;

~ Arguments: PSA safety objectives: Other technical safety
Justification of CDF and LERF CDF goal, LERF goal objectives
goals with regard to the
technical safety objective
Arguments: Claims:
Adequac gf PSA-m.odeI and Claims: Risk metrics from
quacy Risk metrics from PSA complementary
complementary assessments assessments
Arguments: Evidence:
Validity of input Input for PSA and
complementary
assessments

Figure 7. Safety case or goal based approach for showing the compliance with safety
objectives by means of PSA [Bishop SCJ.

4.4 Ambiguities in the scope safety goals

The status of PSA:s in the late 1980s, i.e., at the time of discussing and issuing the first
sets of safety goals, was necessarily less mature than today and PSA:s at the time were
very incomplete in comparison to today’s full scope PSA:s. It seems to have been
implicitly assumed that the safety goals issued were applicable to a “typical PSA”,
which at that time was limited to power operation and included mainly internal events.
Based on results from PSA:s performed at that time it was also assumed that the safety
goals defined could be reasonably expected to be fulfilled. It is worth noting that the
U.S.NRC also assumed in the 1980s that only internal events are included when
applying PSA safety goals.

The gradual extension of the PSA:s and the inclusion of new initiating event categories
and operating modes has lead to a situation where safety goals defined are frequently
violated. There are further complications when analysing complex initiators, e.g.,
internal fires, or complex operating states, e.g., cold shut-down.

A reasonable position, is that the high level criteria dealing with health effects or
contamination of surrounding land and sea areas, i.e., the criteria which are closest to
the subject at risk, should remain unaffected by the scope of a PSA. An example are the
Swedish requirements regarding unacceptable releases to the surroundings (0,1% / 1800
MW?t).
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Thus, the safety goals shall in principle be applied to a full scope PSA, i.e., to the total
risk of the plant. This is also a prerequisite when aiming at rational risk-based decision
making, which would be problematic with an incomplete PSA. In such a case, it might
be considered to adjust the safety goal depending on the scope and quality of the PSA.
However, such an approach might lead to circular reasoning, by requiring an
assessment to be made of the magnitude of the missing parts of the PSA in order to
make possible the definition of a modified safety goal. Therefore, if the PSA scope is
not complete, (conservative) complementary assessment of risk from omitted parts is
required.

Another type of problem arises for certain initiating event classes which include much
larger uncertainties than the basic PSA, e.g., area events and external events. The
uncertainty usually relates both to the frequency of occurrence of the events and to their
characteristics (strength, duration, etc.). The analysis approaches for such event catego-
ries include both conservative assumptions to simplify the analysis of complex
scenarios, and potentially non-conservative simplifications. In this case, there may be
reason to consider alternative approaches, such as the introduction of lower level
criteria for analysis of crucial parts of the scenarios. As an example, criteria can be
defined for barrier strength after the postulated occurrence of an initiating event with
high uncertainty, e.g., a certain fire scenario. Such an approach can be efficient as a
decision tool, but has the drawback, that it does not allow an integrated assessment of
risks from different initiators.

4.5 Relationship between goals on different levels

When ranking safety goals on different levels, it seems once again to be a reasonable
positions that high level criteria, which are closest to the subject at risk, are the more
important ones. With such a view, lower level safety goals are seen as subsidiary goals,
which are used in order to gain some degree of confidence, based on lower level results,
in the ability of plant systems and functions to contribute to the fulfilment of the high-
level goal. There may be an added advantage of reduced uncertainties on lower levels,
leading to less ambiguity in decision making.

If multiple criteria are defined, it is reasonable to expect the safety goals on different
levels to be consistent, i.e., they shall not lead to contradictory decisions. This will
usually be fulfilled as the goals address different aspects of plant safety, by relating to
different defence-in-depth levels.

Another view on the reasons and benefits for having multiple safety goals is, that results
on the level of core damage are closer to the design and may therefore be easier to
communicate both internally and externally for a utility. Analysing the progression of
an accident after a core damage includes very low frequencies and large uncertainties.
As aresult, releases are more difficult to understand and communicate. The basis for
the safety work of a utility is to avoid core damage, which is a further reason to have a
safety goal on this level. Thus, the core damage criterion may be seen as mainly an
operational criterion for the licensee, while the release criterion is related to risks on
society level.

Efficient interpretation and utilisation of PSA results in practical safety related activi-
ties, e.g., design and maintenance, requires additional goals to be defined on lower
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levels of defence-in-depth than core damage and release. At present, additional analysis
and judgement is needed also in cases where high level safety goals are met, but where
lower levels of defence-in-depth may have been violated.

Figure 8 illustrates some of these concepts, linking PSA levels to levels of defence-in-
depth and to the various safety goals.

Initiating event Safety functions Safety functions Consequence
Level 1 PSA Level 1 PSA Level 2 PSA Level 3 PSA
DID level 1 DID level 2 DID level 5
Prevention of Control of abnormal DID level .3 bIb Ieve! 4 Mitigation of the
. . Control of accidents Severe accident X . Consequence
abnormal operation operation and S . . radiological
N . . within the design basis management
and failures detection of failures consequences

Normal operating
conditions

Abnormal operating
conditions but return
to normal conditions

Accident conditions
but no core damage

Core damage but no
,,,,,,,,,,,,,, external release

,,,,,,,,,,,,,,,,,,, | Minor offsite
,,,,,,,,,,,,,,,,,,,, - consequences

,,,,,,,,,,,,,,,,,,, | / Major offsite

>

consequences

societal risk criterion |~
individual risk criterion

Figure 8. Simplified PSA event tree and corresponding levels of defence-in-depth
(DID) linking event tree branches with different high level and surrogate
safety goals [IAEA INSAG-10].

A reasonable position is that both the CDF and release goals should be fulfilled.
However, they are not equally important, as the release goal is closer to the subject of
the risk (people or plant surroundings) and therefore should have priority over the CDF
goal. On the other hand, it is easier to compare CDF results in a level 1 PSA where the
methodology is more stable and uncertainties smaller than in a level 2 PSA. This aspect
prioritises the use of level 1 goal. In practice, both these considerations will need to be
kept in mind when viewing PSA results in the light of safety goals.

To validate safety goals related to CDF and large releases as surrogates of societal risk
calls for assessments of the environmental consequences of event sequences resulting in
radioactive releases. The results of a level 3 PSA includes this aspect. Level 3 PSA is
only required in few countries, typically those with safety goals defined on the level of
population risk, e.g., Australia and the Netherlands. In Finland and Sweden, there are
not yet any plans to perform level 3 PSA:s. However, there is a need to discuss and
define more precisely the safety goals related to unacceptable releases, as they seem to
be understood differently in different organisations. For instance, the inclusion or exclu-
sion of long-term effects makes a big difference as well as the inclusion or exclusion of
the affected population in neighbouring countries. This issue will be explored in the
next phase of the work.
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A related question in this context is the relationship between safety goals and decision
criteria used in different PSA applications. Risk informed applications (allowed outage
times, surveillance test intervals, in-service-inspection, safety classification) study
different risk control methods and their influence on, e.g., core damage frequency. The
aim of these methods is to identify deviations in the operational rules or maintenance
programme from the risk point of view and to support optimisation of these rules and
programmes.

There are several approaches for each application. Some of the approaches directly aim
at optimisation (minimisation) of the core damage and large release frequency. These
approaches are comparable to each other, and can be linked to the use of safety goals.

However, many approaches apply risk importance measure based indicators to balance
the risk profile of the plant with respect to the risk control method under consideration.
In these approaches relative risk measures are optimised and the approaches are not
necessarily comparable to each other. As a result, the link to the overall safety goal
usually remains implicit.

4.6 Use of safety goals for new plants vs. for operating
plants

New plants and old plants are not in the same position regarding the use of safety goals.
For the oldest plants, the design basis is solely deterministic and PSA was not used at
all during the design and licensing phase. A design phase PSA is also different from an
as-operated PSA with regard to level of details and quality of data.

In the case of new plants, safety goals are used by the utility both in relation to the
vendor and to the safety authority. In the regulatory use, the role of safety goals is
principally clear, i.e., PSA results are compared with numerical objectives and no viola-
tions are accepted in this situation. Identified uncertainties and recognised quality
problems in PSA may cause problems when judging the acceptability. The same accep-
tance problems exist in the review of deterministic safety analyses. Important questions
in this context are which numerical goals that are defined, and the scope and quality of
the PSA that is required in the design phase.

The role of safety goals for operating plants is less clear. In the present situation in
Sweden and Finland, the regulatory guides focus on PSA activities, i.e., they require
performance of PSA and use of PSA in safety management. It is mainly up to utilities to
define the evaluation criteria, including safety goals, and the way of applying them.
Therefore great variations exist between utilities, even if the safety goals defined for
new plants are relevant references [[AEA_INSAG-12]. Also the U.S.NRC’s guides for
risk-informed applications are a widely used standard.

A frequently encountered regulatory requirement for operating plants is to require
continuous improvement of safety. It is often not clear, if this should be understood
such that risk increasing plant modifications are not accepted regardless of the absolute
level of the frequency of core damage or large release.
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4.7 Comparison of safety goals defined in different
contexts

There is a need to compare safety goals defined in different contexts, e.g., for different
industries. In this way a better basis could be gained for justifying that the safety goals
are such that compliance warrants a “safe enough” plant. In the next phase of the
project, one aim is to make a thorough compilation of high level safety goals used in
other contexts (offshore industry, transportation, etc.).

The societal level criteria (F-N-curves) and individual risk criteria used in other areas
are as such applicable references for high level safety goals. A variety of criteria can be
found. The numerical societal criteria defined in the UK and the Netherlands define the
limit 10” per year (UK) or 107 per year (the Netherlands) for an accident with more
than 100 deaths. In the USA, the societal risk criterion is comparative and qualitative so
that the risk to society from generating electricity using nuclear power should be
comparable with that from generating electricity by other techniques. It should not be a
significant addition to other societal risks, and the quantitative criterion is that the risk
of death should be <0,1% of the sum of cancer fatalities from other sources. Individual
risk criteria vary between 10” per year (limit in the UK and Canada) and 10” per year
(objective in the UK, Japan and Canada, limit in the Netherlands for a single source).

Cost-benefit ratios for saving a human life (e.g. in traffic safety) or for justification of
receiving radiation doses (e.g. 2000 USD/person-rem [NUREG-1530]) may also be
used as references, if a comparison of these risks with nuclear accident risks is
considered reasonable.

Comparison of safety goals used in different contexts raises the question of the extent to
which different risks can be meaningfully compared. In cases like this, there is always
the possibility, that risk comparisons are perceived to be an effort to pre-empt
judgments about the acceptability of a risk. On the basis of this experience, different
kinds of risk comparisons have been ranked in terms of their acceptability to people in
the community [Covello_RiskComp]. Examples of high-ranking comparisons, i.e.,
widely accepted ones, include comparisons of the same risk at different times,
comparisons with a standard, and comparisons with different estimates of the same risk.
On the other hand, the comparison of unrelated risks is very low-ranking, meaning that
one should be very cautious when comparing, e.g., traffic risks with nuclear risks. Low-
ranking comparisons can be misleading and regarded as manipulative. This
complicating nature of risk comparisons is a fact to be accounted for when justifications
for safety goals are looked for in other contexts.

5 Conclusions

In this first phase of the project, the aim has been on providing an adequate description
of the issue of probabilistic safety goals for nuclear power plants, to define and describe
important concepts related to the definition and application of safety goals, and to
describe experiences in Finland and Sweden.

The issue of safety goals is of great immediate interest, and the results from the project
can be used as a platform for discussions at the utilities on how to define and use
quantitative safety goals. The results can also be used by safety authorities as a
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reference for risk-informed regulation. The outcome can have an impact on the
requirements on PSA, e.g., regarding quality, scope, level of detail, and documentation.
Finally, the results can be expected to support on-going activities concerning risk-
informed applications.

In Sweden and Finland there are more than 20 years of experience of performing PSA,
which includes several revisions of the studies, a gradual increase in scope and level of
detail, as well as steadily increasing use of PSA for decision making. In spite of the
many safety improvements made through the years based on PSA results, a current
view is that the safety goals outlined in the 1980s, i.e., 10” per year for CDF and 10" per
year for unacceptable release, are hard to achieve for operating NPP:s. This experience
arouses confusion that should be resolved in order to further strengthen the confidence
in the PSA methodology. Questions aroused include what safety goals should be
applied for operating plants, whether the risk level of the plants is too high, whether
PSA:s are too conservative, and if safety goals are being applied in an incorrect way?
The situation can be somewhat different for a new plant, for which risk insights have
been utilised already from the design phase. Therefore, it will be interesting to see to
what extent the Olkiluoto 3 NPP currently being built in Finland will fulfil the safety
goals and what influence the safety goals will have on the final design of the plant.

The use of safety goals is mostly understood to have had a positive impact from a PSA
quality point of view. In order to meet safety goals, unnecessary conservatism needs to
be avoided in the modelling, i.e., the basic aim should be to have realistic PSA models.
It seems that informal use of safety goals and cost-benefit evaluations is preferred by
most to a situation with strictly enforced safety acceptance criteria. One perceived
reason to avoid strict use of safety goals, is that this might switch the attention from an
open-minded assessment of plant safety to the mere fulfilment of safety goals.

The use of safety goals implies a need for rules to handle violations. In Sweden, formal
procedures for handling PSA safety goals are in place, but do not seem to be strictly
enforced. This is probably due to the fact that PSA results have exceeded the safety
goals during most of the time since they were defined. In consequence, a graded
approach similar to ALARP has been implicitly applied, i.e., the IAEA safety goal for
existing plants, i.e., CDF = 10" per year has been seen as a limit, while the internal
utility safety goal of CDF = 107 per year has been the target. In Finland, the internal
safety goals for operating plants are informal and can also be interpreted as targets
rather than limits.

From the regulatory perspective, quantitative safety goals are not strictly applied for
operating plants. Utilities may define safety goals and the way they are applied. In the
regulatory decision making, i.e., in risk-informed applications and plant modifications,
decisions are made case by case. There is, however, a general regulatory requirement on
continuous improvement of safety. Principally this means that risk increasing changes
are not allowed even if the plant fulfils its safety goal. There is a need to clarify the role
of this requirement relative to the role of numerical safety goals.

Since the 1990s, much focus has been on the development of various risk-informed
applications, e.g., optimisation of allowed outage times, test intervals, and in-service-
inspection programmes. The risk criteria used in these applications are typically based
on risk importance measures and are application specific. With this approach, a sub-

44



optimisation will often be made in applications within the domain of the application
specific risk control methods.

Goals related to CDF and unacceptable release are surrogates to societal risk level
criteria. To fully validate these goals, calculations of environmental consequences of
release sequences would need to be made. In a few countries, the performance of level 3
PSA:s is required, which includes this aspect. In Finland and Sweden, there are not yet
plans to perform level 3 PSA:s. However, there is a need to discuss and define more
precisely the safety goals related to radioactive release, as this is understood differently
in different organisations.

Integration of deterministic and probabilistic criteria is still a problematic issue. These
concepts seem difficult to integrate in practice and people often seem to be tuned to one
or the other. Finding a correct balance between deterministic and probabilistic safety
thinking has to do with the fundamental question of “how safe is safe enough?” and
how to prove this safety level. It would be beneficial to discuss the relationships
between deterministic and probabilistic criteria and their interpretation in illustrative
cases. Fulfilment of defence-in-depth principle as well as criteria regarding redundancy,
diversity and separation for various initiating event categories are examples of funda-
mental questions.

The final underlying obstacle in the use of safety goals are the uncertainties of PSA.
Differences in the scope of PSA and different methods used in different parts of PSA
makes it difficult to make consistent comparisons of risks. The only way to resolve the
problem of uncertainties is to put emphasis on justification of the results and conclu-
sions. This implies explicit presentation of claims, arguments and the underlying
evidence, in order to convince the reviewer of the conclusions that the plant is safe
enough. This is the so called safety case approach. How this approach is carried out
with a full-scope PSA in relation to safety goals is a huge systems engineering exercise.

The second project phase aims at providing guidance for the resolution of some of the
problems identified in the project and described above. In parallel, additional context
information will be provided by extending the international overview and including
experiences from other industrial areas. Thus, the main issues will be:

e Consistency in the usage of safety goals
Addresses the problem of consistency of judgement in a situation when safety
goals are applied to PSA results which change over time.

e Criteria when using PSA in support of deterministic safety analysis
Probabilistic results will be used as decision input in a growing number of risk-
informed applications, and criteria for the assessment of acceptability will be
needed. Examples are the evaluation of safety margins or defence-in-depth.

e Criteria for assessment of results from PSA level 2
There is a considerable spread in the safety goals for PSA level 2 used by
different countries and organisations. Criteria are defined with respect to large
and early releases, but both parameters are partly subjective. It will be tried to
explore this issue more in depth.

e Overview of international safety goals and experiences from their use
Reasonably full coverage in the overview desireable. This is mainly achieved by
participation in the Safety Goals project in the OECD/NEA Working Group on
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Risk Assessment (WGRisk), which will start in 2007. The results of phase 1 of
the NKS/NPSAG project will be used in the planning of the scope and contents
of the WGRisk project.

e Safety goals related to other man-made risks in society
The aim of this activity is to provide perspective and present experiences from
other areas with focus on transportation and offshore industry.

Insights from other on-going national and international research projects will be
considered. In addition to the OECD/NEA project on safety goals mentioned above, this
applies to an SKI project on using PSA in the assessment of defense in depth and to the
ongoing EU programme SARNET (Severe accident research network).
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7 Acronyms and Abbreviations

ALARA
ALARP
ASAR
BDBA
BSL
BSO
BWR
CANDU
CDF
CEU
DBA
DID
DSA
HSE
IAEA
LERF
LPSA
NEA
NII
NKA
NKS
NPP
NPSAG
OECD
PSA
PWR
ROAAM
RPS
RSU
SAR
SARNET
SIL

SKI

SSI

As Low As Reasonably Achievable

As Low As Reasonably Practicable

As-operated Safety Analysis Report

Beyond Design Basis Accident (Severe Accident)

Basic Safety Limit

Basic Safety Objective

Boiling water reactor

CANada Deuterium Uranium, a pressurized heavy water reactor
Core damage frequency

Comprehensive uncertainty evaluation

Design Basis Accident

Defence-in-depth

Deterministic Safety Analysis

Health and Safety Executive (UK)

International Atomic Energy Agency

Large early release frequency

Living PSA

Nuclear Energy Agency of OECD

Nuclear Installations Inspectorate

Nordic liaison committee for atomic energy (now NKS)
Nordic nuclear safety research

Nuclear power plant

Nordic PSA Group

Organisation for Economic Co-operation and Development
Probabilistic safety assessment

Pressurised-water reactor

Risk Oriented Accident Analysis Methodology

Reactor protection system

Reactor safety investigation (Reaktorsdkerhetsstudien)
Safety Analysis Report

Severe accident research network (EU programme)

Safety integrity level

Swedish Power Nuclear Inspectorate (Statens kidrnkraftinspektion)
The Swedish Radiation Protection Authority (Statens stralskyddsinstitut)
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STUK Radiation and Nuclear Safety Authority of Finland (Séateilyturvakeskus)
T™MI Three Mile Island NPP

TVO Teollisuuden Voima Oy

U.S.NRC United States Nuclear Regulatory Commission

VGX Virnamogruppens expert group

VTT Technical Research Centre of Finland

WG Working Group (of OECD/NEA)
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Attachment 1 Interviews and interview

questions

This attachment includes the list of people interviewed within the project and presentes
the list of questions used in the interviews.

The following interviews were made:

Sweden

Lars Thuring

Mauritz Gérdinge
Lars Fredlund

Lennart Carlsson

Lars Gunsell
Karl-Fredrik Ingemarsson
Yngve Flodin

Nils Olov Jonsson
Tomas Ohlin

Finland

Kalle Jiankila

Mika Yli-Kauhaluoma
Jussi Vaurio

Reino Virolainen
Jorma Sandberg

Risto Himanen
International
Gennady Tokmachev
Hermann Fabian
Gheorghe Raducu
Charles Shepherd
Jorn Vatn

Terje Aven and Jan Erik Vinnem

Karl-Erik Sundvall

EON Energy Trading (previously Barsebiack NPP)
OKG (Oskarshamn NPP)

Ringhals AB

Swedish Nuclear Power Inspectorate (SKI)
Swedish Nuclear Power Inspectorate (SKI)
Vattenfall Nordic Generation

Vattenfall Power Consultant

Westinghouse Electric Sweden

Westinghouse Electric Sweden

Fortum Nuclear Services

Fortum (Loviisa NPP)

Consultant (previously Fortum, Loviisa NPP)

Radiation and Nuclear Safety Authority of Finland (STUK)
Radiation and Nuclear Safety Authority of Finland (STUK)
Teollisuuden Voima Oy (TVO)

Atomenergoprojekt Russia

AREVA NP, Germany

CNSC-CCSN, Canada

HSE NII, Great Britain

Norwegian University of Science and Technology (NTNU)
University of Stavanger, Norway

Bombardier Transportation Signal AB, Sweden
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General Questions (used in international interviews)
Question
1. What is your general opinion regarding the use of probabilistic safety goals for activities
that involve man-made risks?

2. Why should safety goals be used?

What should be the main aim with using safety goals?
Examples: design optimisation, protection of individuals or surroundings, protection of investment, etc.

4. What needs to be considered when defining a safety goal?
What should be the basis for the numerical value, what issues need to be considered, what is suitable level
of detail, etc.?

5. What should be the procedure for applying safety goals ?

How, when and by whom?

6. How should deviations from safety goals (exceedance) be handled?

Questions Regarding Specific Safety Goals (used in alla interviews)
Question
1. Questions regarding present PSA safety goals and how they are used (or viewed) in your
organisation:

a. How are the PSA safety goals that are applied within your organisation defined?

b. What is the definition of the subject of the safety goal?
E.g., what exactly is meant by “core damage”, “large release”, etc.?

What was the basis for defining the actual numerical levels used in the safety goals?
d. Are there any additional criteria, e.g., regarding uniformity of risk profile?

e. What is the role of the safety goals as a decision criterion? Mandatory, trade-off possi-
bility, just a target, etc.

f.  What is the procedure for applying the safety goals to PSA results?

g.  What is the procedure (or additional criteria) for judging deviations from the safety
goals?
2. Which organizations (or other internal and external parties) were involved in defining the
goals and what was the process like that lead to the formulation of the goals?

3. What is (has been) the influence of the safety goals?
E.g., on decision making, safety management, communication/negotiation between utility and authority,
analysis quality, etc.

4. Do you see development needs in safety goals?
E.g., regarding definition and usage.

5. Do you have any specific expectations for this project?
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