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1 ABSTRACT

Safety goals are defined in different ways in different countries and also used differently. Many countries are
presently developing them in connection to the transfer to risk-informed regulation of both operating nuclear
power plants (NPP) and new designs. However, it is far from self-evident how probabilistic safety criteria
should be defined and used. On one hand, experience indicates that safety goals are valuable tools for the
interpretation of results from a probabilistic safety assessment (PSA), and they tend to enhance the realism of
a risk assessment. On the other hand, strict use of probabilistic criteria is usually avoided. A major problem
is the large number of different uncertainties in PSA model, which makes it difficult to demonstrate the
compliance with a probabilistic criterion. Further, it has been seen that PSA results can change a lot over
time due to scope extensions, revised operating experience data, method development, or increases of level
of detail, mostly leading to an increase of the frequency of the calculated risk. This can cause a problem of
consistency in the judgments. This paper will give an overview of the current situation with risk criteria with
emphasis on challenges in applying them.

2 INTRODUCTION

Safety goals have been progressively introduced by regulatory bodies and utilities. They range from high
level qualitative statements (e.g., “The use of nuclear energy must be safe”) to technical criteria (e.g., fuel
cladding temperature must not be higher than 1204 °C) and probabilistic risk criteria (e.g., core damage
frequency should be less than 1E-5 per year). They have been published in different ways, from legal
documents to internal guides. They can be applied as legal limits (not meeting them is an offence) down to
“orientation values”.

Many countries are presently developing safety goals and associated risk criteria in connection to the
transfer to risk-informed regulation of both operating nuclear power plants (NPPs) and new designs.
However, it is far from self-evident how risk criteria should be defined and used. On one hand, experience
indicates that risk criteria are valuable tools for the interpretation of results from a probabilistic safety
assessment (PSA), and that they tend to enhance the realism of a risk assessment. On the other hand, strict
use of probabilistic criteria is usually avoided. A major problem is the large number of different uncertainties
in PSA model, which makes it difficult to demonstrate the compliance with a probabilistic criterion. Further,
it has been seen that PSA results can change a lot over time due to scope , revised operating experience data,
method development, or increases of level of detail, mostly leading to an increase of the frequency of the
calculated risk. This can cause a problem of consistency in the judgments.

The paper will deal with challenges in the application of probabilistic safety goals, as analysed in the
Nordic (Sweden/Finland) project dealing with the use of probabilistic safety criteria for an NPP (Holmberg
and Knochenhauer 2007, Holmberg et al. 2008). The project has relations to an OECD/NEA Working Group
Risk task on probabilistic safety criteria in member countries (Hessel 2008). An overview of the current
situation with probabilistic safety goals will be given with emphasis on challenges in applying them. The
following items will be discussed:

» status of safety goals,



» differences/similarities in the use of safety goals for new and operating NPPs,
» needs to internationally harmonize probabilistic safety criteria for NPPs,

» definition of valid subsidiary risk criteria at the levels of core damage risk (for level 1 PSA) and
large release risk (for level 2 PSA), and

» qualification of PSA for the application of probabilistic safety criteria.

3 STATUS OF SAFETY GOALS

There are considerable differences in the status of the numerical risk criteria that have been defined in
different countries. Some have been defined in law or regulations and are mandatory, some have been
defined by the regulatory authority (which is the case in the majority of countries where numerical risk
criteria have been defined), some have been defined by an authoritative body and some have been defined by
plant operators or designers. Hence there is a difference in the status of the numerical risk criteria which
range from mandatory requirements addressed in law to informal criteria that have been proposed by plant
operators or designers for guidance only.

The following categories of statuses of the criteria can be seen:

» Alegally strict value to be fulfilled. Design must be changed, if the criterion is not met. In some
countries probabilistic safety criteria are applied in this manner for new NPPs.

e A strict value but not legally bounding. The value should not normally be exceeded. Some
utilities define this kind of status for their NPPs.

» Target value, orientation value, expectation, or safety indicator. If the target is not met, design
improvements should be considered taking into account cost-benefit considerations or the
ALARP principle. Targets denote a boundary that, if surpassed, will often lead to increased
regulatory oversight, but is used as one piece of information (out of several) in the regulatory
process (risk-informed not risk-based).

In most countries, probabilistic risk criteria are defined and applied as target values, orientation values
or safety indicators. Strict criteria are applied for new NPPs in some countries, e.g., Finland, the Netherlands
and Switzerland.

4 DIFFERENCES/SIMILARITIES IN THE USE OF SAFETY GOALS FOR NEW AND
OPERATING NPPS

4.1 Comparison of criteria for new and operating plants

In several countries, different criteria apply to existing plants and new plants, or the criteria have different
status. For modernization and life extension, generally the same criteria are applied as for operating plants.
The following categories of statuses can be seen:

» Probabilistic risk criteria are the same for existing and future plants, e.g., Switzerland.

» Probabilistic risk criteria are defined similarly for existing and future plants, but the numerical
values for the frequencies are a factor (typically 10) lower for future plants, e.g., Canada, Czech
Republic, Hungary, Korea, Slovakia.

e Probabilistic risk criteria involve the same numerical values for the frequencies, but are
considered as limits for future plants and targets for existing plants, e.g., Finland.

e Probabilistic risk criteria are defined only for existing plants, since new plants are not
considered, e.g., Sweden.

* No numerical risk criteria have been defined for new plants. However, there is a general
requirement that the level of risk should be comparable to (or lower than) the risk from existing
plants, e.g., Japan.



Band criteria (limit and objective) are explicitly used only by few organisations, e.g. HSE in the UK.
Band criteria have also been supported by PSA users in Nordic countries (Holmberg and Knochenhauer
2008). The reasoning is that it can be useful to define several levels of criteria, and a limit and an objective
have different usage. Objectives can be set at a more demanding level, e.g., to support design. However,
strict limits may be easier to communicate with the public.

4.2  Comparison of criteria for core damage risk

Figure 1 presents criteria defined for core damage frequency. The definition for the core damage may vary.
In some documents, the core damage is defined precisely (e.g. local fuel temperature above 1204 °C), while
some give more general definitions referring, for instance, to prolonged core uncover or the status of long-
term cooling.

The frequency limits vary between 1E-4 and 1E-6 per year. The majority of criteria set a yearly
frequency of 1E-4 or 1E-5 as the upper limit. In most cases this upper limit is an objective rather than a limit.

In most countries and organisations, a full-scope PSA is assumed to be used to demonstrate compliance
with criteria, including all operational states (power operation, low power and shutdown) and all initiating
event categories (internal initiators, internal and external hazards including seismic). In Switzerland, the
criterion is set for full-power PSA only. Some countries make provisions for handling in a simplified manner
initiating event categories associated with major uncertainties.
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Figure 1. Criteria for core damage frequency.

4.3 Comparison of criteria for large release risk

Figure 2 presents criteria defined for large release frequency. There is both a considerably larger variation in
the frequency limits, and very different definitions 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 1E-5 per year (IAEA 1988). However, most countries seem to define much stricter limits, typically
between 1E-6 per year and 1E-7 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 it
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 addressed in PSA level 3, and can only be fully
covered in such an analysis.

The characteristics of an unacceptable release (for which a frequency criterion is given) are also defined
in several different ways:

Large release. This is defined either as absolute magnitude of activity and isotope released, e.g.,

100 TBq of Cs-137 or as a relative magnitude, e.g., 1 % of the core inventory of Cs-137 for a
rector of a certain size.

Large early release. These definitions are more qualitative, e.g., “Large off-site releases
requiring short term off-site response”, “Significant, or large release of Cs-137 and other fission
products before applying the offside protective measures”, or “Rapid, unmitigated large release
of airborne fission products from the containment to the environment, resulting in the early
death of more than 1 person or causing a severe social effect”.

Small release. CNSC from Canada has set criteria both for large and small release. A small
release is defined as a release of 1000 TBq of 1-131.

Unacceptable consequence. This is a French definition which is fully open and rather old
(1977). In the meantime a more precise definition was proposed by EDF and is still under
discussion between EDF and the safety authority.

Containment failure risk. The Japanese Nuclear Safety Commission proposes a criterion for
containment failure frequency. In addition, for new or advanced nuclear power plants the U.S.
NRC has set a target for the conditional containment failure probability. This requirement aims
at assuring the robustness of defence-in-depth.
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Figure 2. Criteria for large release. Note that the definition for large release varies.

5 NEEDS TO INTERNATIONALLY HARMONIZE PROBABILISTIC SAFETY
CRITERIA FOR NPPS

There is a large spread in the use of quantitative risk criteria and also in the definitions of the criteria. This
can be explained by the differences in the status of PSA in the regulatory framework of different countries.



Therefore, the question to internationally harmonize probabilistic safety criteria for NPPs is tied with the
question to harmonize the regulatory framework. So far there is no strong momentum towards a
harmonisation.

One driver to harmonize probabilistic safety criteria for NPPs is the forthcoming licensing of new
reactors in several countries, which has required on one hand the regulators and on the other hand licensees
as well as vendors to jointly look over the requirements for new reactors. It seems that CDF and LRF criteria
will be used, at least as indicators, with frequency criteria at the level of ~1E-5 per year for CDF and ~1E-6
per year for LRF.

6 DEFINITION OF VALID SUBSIDIARY RISK CRITERIA

A “subsidiary criterion” is a criterion on a lower technical level to assess in a simplified way the
consequences on a higher level. Large release frequency (LRF) and large early release frequency (LERF)
criteria are examples of subsidiary criteria used to indirectly consider the risk of offsite consequences in
many countries where level 3 PSA is not required. In some documents the term “surrogate criterion” is used
instead.

Subsidiary criteria are advocated for several reasons:

e To perform a full-scope level 3 PSA is a resource demanding effort, which can be avoided if the
safety of a nuclear power plant can be demonstrated by a level 2 PSA.

» The uncertainties in the risk assessment of offsite consequences (e.g. societal and individual
risk) are considerably larger than in the assessment of risk of large releases or risk of core
damage. There are also less uncertainties in the assessment of compliance with subsidiary risk
criteria.

e Subsidiary risk criteria put focus on defence-in-depth, in particular attention is paid to the
accident prevention and mitigation.

e Subsidiary risk criteria can be used as a basis for the definition of safety function or system
level reliability requirements, providing better support than higher level criteria to the actual
design of safety functions and systems.

» Subsidiary risk criteria are closer to day-to-day operational safety management concerns of the
utility, and they are closer to risk-informed applications.

The following concerns may be expressed in relation to the use of subsidiary criteria:

» The metric of different subsidiary risk criteria typically differ a lot (core damage — large release
— off-site consequences), which complicates any tries to verify the assumed correspondence
with higher level safety criteria.

» Technology dependency and site dependency can be difficult to take into account in subsidiary
criteria.

e Subsidiary criteria (like CDF or LERF) can be difficult to compare to other risks of the society,
which are typically expressed on a higher level (degree of damage to individuals or groups).

e In the communication with the public, subsidiary criteria (like CDF) may be seen as more
abstract and harder to understand than top level risks (like off-site consequences).

The validity of subsidiary criteria has several perspectives, such as a) validity with respect to the
primary safety goal for a nuclear power plant, b) validity with respect to risk-informed applications and c)
validity with respect to the capabilities of the PSA methodology.

6.1 Validity with respect to the primary safety goal for a nuclear power plant

Validity with respect to the primary safety goal for a NPP is concerned with the interpretation of these
primary safety goals in terms of quantitative risk criteria. Typically, quantitative criteria are defined on the
levels of societal (or group) risk and individual risk. An example of quantitative (intermediate) risk criteria
are the quantitative objectives defined in the U.S.NRC safety goal policy (U.S.NRC 2001):



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

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

The first criterion is an individual risk criterion and the second one can be associated with a group
mortality risk criterion. Such risk criteria can be derived by a comparison with other risks in society. As a
reference for the criterion, the general frequency of accidental death, which is about 1E-4 per year, can be
used. Using a reduction factor of 100 or 1000, the safety goal for individual risk from a reactor accident
should be 1E-6 per year or 1E-7 per year, meaning no significant additional accident risk to an individual.

To show the compliance with the individual and societal/group risk criteria a level 3 PSA should be
performed. Another alternative is to derive consistent subsidiary risk criteria for the level 2 PSA. The
number of fatalities should be interpreted in terms of doses, doses in terms of types of releases (source terms)
and effectiveness of countermeasures. The procedure can be continued further to define criteria for level 1
PSA and for the reliability of safety functions.

It is quite evident that the use of a single criterion for level 2 or level 1 is a limited approach. In level 2,
the use of a single frequency criterion for a certain release can lead to a very strict criterion if the aim is to
ensure the fulfilment of higher level criteria. On the other hand, the level 2 criterion may be optimistic, if it is
only defined for an “early” release, as late releases are important for the control of societal risk. A sufficient
validity of level 2 criteria can be ensured by defining several release related criteria, e.g., as suggested by
Saji (2003).

6.2 Validity with respect to risk-informed applications

Validity with respect to risk-informed applications means validity from the decision theory point of view. It
is assumed that risk (probabilities and consequences) can be assessed quantitatively and that decision maker
can express preferences between different lotteries. The cost of reactor accidents with different severity
categories and benefits of operating of an NPP need to assessed.

The subsidiary criteria can be derived by considering an investment problem to build an NPP or not.
First decision criteria are defined, such as accident risk (probability, consequences), costs (investment,
operation) and income from operation. Then cost and income parameters are estimated. Accident risk (e.g.
CDF*, LRF*) making the options to build or not equally preferable is the highest acceptable risk. The
application specific, such as allowed outage time optimisation, can be derived analogously.

In principle, this approach guarantees the consistency of decision making provided that the conditions
for the decision model are accepted. However, it is difficult to take into account and combine the values of
different stakeholders. It is also difficult to capture all essential elements, especially uncertainties, affecting
the decision making in a model. However, the decision theoretic framework can be used as a reference in the
definition of surrogate criteria, and in the definition of PSA application specific criteria.

6.3 Validity with respect to the capabilities of the PSA methodology

Validity with respect to the capabilities of the PSA methodology means that the limitations of PSA are
acknowledged. Two main issues are the scope of PSA and the uncertainties of PSA. The scope of PSA is
always limited, meaning that not all accident scenarios affecting societal and individual risk are accounted

for. Results of PSA include a lot of uncertainties due to simplifications, use of engineering judgements, lack
of statistics, and use of conservative assumptions.

Despite of limitations of PSA, “valid” criteria may be defined, if there is an agreement on the role of
PSA in decision making. To reach such an agreement, it is necessary to define

e objectives with PSA,
e requirements on PSA,

» applications of PSA, snd



* how PSA criteria and safety goals are to be used in decision making.

While in the previous validity considerations (with respect to overall safety goals and to risk-informed
applications) the approach to define valid subsidiary criteria is top-down, here the approach is bottom-up.
Based on experience from present PSAs, actually calculated CDF and L(E)RF for different reactors can be
used as references. In this consideration, it is important to know the scope and limitations of the PSAs. It is
also important to identify and consider important contributing factors for the numeric results, and compare
the risk information with the basic concept of the safety of a plant.

In fact, the CDF and L(E)RF criteria used in many countries and e.g. proposed by IAEA, are based on
PSA experience. Thus, a CDF* of 1E-5 per year is generally regarded as an achievable target for a well
designed plant. Regarding large release, the issue is more open due to varying and vague definitions of what
constitue a “large” or “unacceptable” release.

7  QUALIFICATION OF PSA FOR THE APPLICATION OF PROBABILISTIC SAFETY
CRITERIA

A general requirement of PSA for the application of probabilistic safety criteria is completeness with respect
to operating modes (power operation, low power and shutdown) and initiating events (LOCAs, transients,
internal hazards, and external hazards including seismic events). In reality, a full scope PSA is not always
available, meaning that a partial evaluation must be made using a limited scope PSA with qualitative
evaluation of the missing scope supported by bounding assessments. Risk contributors and importance
information must then be used to develop risk insights (IAEA 2006).

IAEA (2006) technical guide for PSA applications points out two important aspects for a design
evaluation. Realism in modelling and reliability is needed. This influence from PSA criteria has been also
experienced in Nordic countries (Holmberg and Knochenhauer 2007). For a design phase NPP, when no
plant-specific data is available, the choice of generic data becomes critical for justifiable risk results.

Another important requirement is that a PSA must be qualified, meaning a thorough review needs to be
performed in order for a PSA to achieve the status of being a credible tool for safety management.

8 CONCLUSION

Probabilistic Safety Criteria, including Safety Goals, have been progressively introduced by regulatory
bodies and utilities. They range from high level qualitative statements to technical criteria. They have been
published in different ways, from legal documents to internal guides. They can be applied as legal limits (not
meeting them is an offence) down to “orientation values.”

The use of safety goals is mostly understood to have had a positive impact from the PSA quality point
of view. It seems that informal use of safety goals and cost-benefit evaluations is preferred by most in
comparison to a situation with strictly enforced 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. In order to fulfil safety goals, unnecessary conservatism needs to be avoided
in the modelling, i.e., the basic aim should be to have realistic PSA models.

Goals related to CDF and LRF are surrogates to societal and individual 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 PSAs is required, which would enable a direct
evaluation of the compliance against societal and individual risk level criteria.

There are several aspects in the validation of subsidiary risk criteria, such as validity with respect to the
definition of risk, validity with respect to rational decision making under risk, and validity with respect to the
use of PSA. Taking these aspects into account means a combination of top-down and bottom-up approaches
in the derivation of subsidiary risk criteria. For the top down approach, several references exist for societal
and individual level risk criteria, and can be used as a basis, with decision theory providing the framework
for the definition of rational risk criteria. For the bottom-up approach, it is necessary to define the objectives
with PSA and how safety goals are used. Also experience from present PSAs are valuable in this process



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 make consistent comparisons of risks
difficult. The only way to resolve this problem is to put emphasis on justification of PSA results and
conclusions. 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.
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