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ABSTRACT

This paper discusses the development of a hierarchical structure
for risk criteria applicable to nuclear power plants. The structure
provides a unified framework to systematically analyze the implica-
tions of different types of criteria, each focusing on a particular
aspect of nuclear power plant risks. The framework allows investiga-
tion of the specific coverage of a particular criterion and compari-
son of different criteria with regard to areas to which they apply.

INTRODUCTION

The Nuclear Regulatory Commission (NRC) has initiated programs [II to more,
widely apply rijk analyses and to evaluate the implementation of numerical
risk criteria. As part of these programs, Brookhaven National Laboratory
(BNL) conducted a study* of the implications of applying quantitative risk
criteria in the licensing of nuclear power plants. The principal aim of this
study [2] was to critically investigate different types of risk criteria from
a unified viewpoint. In accordance with this objective, a conceptual frame-
work for systematically analyzing different types of criteria was developed,
each focusing on a particular aspect of nuclear power plant risks. The pur-
pose of this paper is to briefly describe the elements of this framework.

*This work was sponsored by the U.S. Nuclear Regulatory Commission.
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The framework that has been developed allows investigation of the specific
coverage of a particular criterion and comparison of different criteria with
regard to the areas to which they apply.' This framework is called a hierarch-
ical- |irjicture for risk criteria. Figure 1 illustrates this framework with
respect-to'various kinds of criteria and their locations in the structure.
The most general criteria addressing unacceptable risks to society or to an
individual are placed at the top of the structure. These are called top level
risk number criteria. The criteria immediately below the top level are the
release criteria which are concerned with unacceptable amounts of radioactiv-
ity that could be released to the environment from accidents. Below the
rslease criteria are the accident probability criteria which address unaccept-
able probabilities for different kinds of accidents. Beneath these are other
criteria which address unacceptable levels of availabilities of systems. The
lowest level criteria are those which are concerned with unacceptable levels
for component availabilities. As evidenced by their very definitions, the
criteria address more specific sources of risk as they descend to lower
levels.
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Fig. 1. Hierarchical Structure for Risk Criteria



In practice, any one criterion, or some set, or all the criteria at the
different levels may be used. Which criterion or which set is used depends
upon, among other things, the specific utilization, the specific purpose for
using the criteria, and the availability of manpower, data, and methods re-
quired in calculating results to compare against the specific criterion level.
These various considerations, and the specific ways the criteria may be ex-
pressed are discussed in broad terms in the rsst of this report and in greater
depth in Reference 2. The essential features of the different levels of cri-
teria in our hierarchy are described next.

Top Level Risk Number Criteria

The top level risk number criteria concern either a societal risk, an
individual risk, or both. The societal risk criterion, as measured by some
number or set of numbers, focuses on health and/or economic consequences to
the population at large, and their associated probabilities. The individual
risk criterion can be formulated to focus on the risk to a specific indivi-
dual, again as measured by some number or set of numbers.

Application of a top level risk number criterion involves the following
process. First some specific accident scenarios that should be considered are
defined. These scenarios describe which specific safety systems fail, in
what mode they fail, and the postulated consequences resulting from an acci-
dent scenario (including predicted pressure, temperature, radioactivity
released, etc.) In predicting the consequences to the population in terms of
fatalities, injuries, or whatever other specific consequences are of interest,
some models and assumptions must be adopted, regarding for example, the fail-
ure mode of the pressure vessels, the temperatures and pressures associated
with the radioactive releases, the time periods involved, the way radioactiv-
ity is transported to the population, the size and distribution of the popu-
lation, and the effects of the doses on the people. It also includes the
probabilities of these effects and of the specific accident scenarios taking
place.

An attractive feature of top level risk criterion is that it puts the
safety of a plant into a unified form by taking into account all the different
elements that influence the risk due to a plant, viz., the likelihood of
accident-initiating events, safety system reliability, the frequencies of
various accident sequences, the integrity of containment, evacuation measures,
and site-specific features such as population and meteorology. Ironically,
this attractive feature is somewhat self-defeating because the uncertainties
associated with the numerical assessment of each safety aspect are aggregated
and this results in large uncertainties in the final evaluation of the soci-
etal risk which make it difficult to decide whether a plant has or has not met
the criterion. Moreover, the assessment of societal and individual risks of
adverse health effects is sensitive to current radiobiological models, which
are controversial (both to experts and to the public). Also, the state of the
art in assessing the magnitude of releases from partial core melt accidents is
not in general advanced enough to provide reasonable estimates.



The advantage of a societal risk criterion governing all existing or plan-
ned nuclear power plants is that it controls the total risk from such plants.
It is again emphasized that what is being controlled by comparing the inferred
risk level with the criterion is one measure of risk, eg. a number or set of
numbers, which certainly does not and cannot include all factors associated
with the true and complete risk picture.

One approach that can be taken to circumvent the problem of accounting for
plant to plant risk variability, if it is considered to be a problem, is to
define a site-specific societal risk criterion. This would ensure that any
plant, no matter where it is located, be it near a large city or in a very low
population area, has to operate within some guidelines on societal risk. An
implication of the site-specific societal risk criterion is that it estab-
lishes a tradeoff between the engineered safety and the location of a plant,
so that permission for construction of a new plant, once denied on the grounds
of unacceptable design with corresponding high societal risk, may conceivably
be granted if the same plant is constructed at a remote location. This means
that, even if weak designs have been recognized, the site-specific societal
risk criterion, or the societal risk criterion considering all plants, is not
structured to deal with this issue. Because of lack of knowledge and the
presence of uncertainties, an accident in which a particular system design or
a high system availability is critical may not have been considered. Top
level criteria do not control the individual elements contributing to risk and
therefore do not address specific sources of risk such as safety system avail-
abilities, component availabilities, and human error probabilities.

Formulated in the right way, a societal risk criterion can be made under-
standable to the public and to public policy makers because the risk number is
expressed in units that allow comparison with similar risk numbers from
natural occurrences and other human activities. The societal risk criterion
may be expressed in various forms, e.g., expected frequency of early or latent
fatalities, etc., and/or a complementary cumulative distribution function
which constrains the frequency of events that lead to X or more fatalities or
injuries. The societal risk from nuclear accidents ma/ be expressed in terms
of different types of consequences, e.g., prompt fatalities, latent fatali-
ties, genetic effects, thyroid nodules, radiation-related illnesses, property
damage, etc. In lieu of societal risk as a top level risk number criterion, a
criterion on individual risk can be used, aimed at assuring that an individual
is not exposed to large accidental risk as measured by some risk number. A
criterion on individual risk may be formulated on the basis of an "average"
person in the population at risk or a specific person at some reference
location with respect to a plant site or a specific person exposed to the
highest risk in the event of a nuclear accident.

This decision as to which top level risk number criterion is to be used,
societal versus individual risk criterion, both, or none, depends on consid-
eration of each criterion's focus, and the evaluation of actions to be taken



if the criterion is not satisfied. In addition, the decision is influenced by
the availability of necessary models, data, and manpower to perform the eval-
uations and compliance assessments.

Probabilistic Release Criteria

A probabilistic criterion on the releases of various radioisotopes to the
environment represents the second highest level in the hierarchy of the cri-
teria set, as shown in Figure 1. This criterion is site independent and
judges the adequacy of the integrated engineered safety built into the plant.
The criterion focuses on the availability of safety systems and containment
integrity and attempts to control the frequency and consequences of accidents
by specifying amounts of radioactivity and associated probabilities which are
unacceptable.

In practice, a release criterion is defined by specifying either an
unacceptable curve of probability versus amount of radioactivity released, or
some characteristic related to the curve such as the expected amount of radio-
activity released in an accident. The amount of released radioactivity, which
is limited in a probabilistic sense, could be specified for different isotopes
or for an appropriate sum total of all radioisotopes.

The evaluation process required to implement the release criteria is the
same as that required to implement the top level risk number criteria except
that the following are not required:

1. data, assumptions, and models for transport of released radioactiv-
ity to locations away from a reactor;

2. data, assumptions, and models which relate the amount of radioactive
material to radiation doses and thence to adverse health effects;

3. demographic and evacuation models.

A probabilistic release criterion attempts to ensure that a plant,
regardless of site-specific features such as population density, meteorology,
and evacuation efficiency, has an adequate level of safety. In the past,
environmental release of the isotope iodine-131 [3, 4] has been isolated and
focused upon in defining release criteria. Since releases to the environment
of various other radioisotopes may result from an accident, a more comprehen-
sive release criterion might require that these be accounted for, perhaps
weighted in some manner according to their individual health effects. On the
other hand, if the amount of radioiodine released is considered to be a suf-
ficient indicator of the severity of the specific accidents being evaluated,
then a criterion on iodine release may be adequate. On the other hand, the
criterion does not directly constrain the frequency of occurrence of accidents
that may be perceived as serious but do not result in significant environ-
mental releases, e.g., the Browns Ferry Fire [5]; neither do the top level
risk number criteria directly constrain or control such accidents.



Accident Probability Criteria

A criterion for the frequency of accidents may be specified on the basis
of selected individual scenarios and/or certain classes of accidents, e.g.,
loss of coolant accidents, transient-initiated accidents, and accidents lead-
ing to core melt. Some of the accident sequences may lead to complete core
melt and others to varying degrees of core damage ranging from high cladding
defects to partial core melt. All these accident probability criteria depend
on specific accident scenarios being postulated and being quantitatively eval-
uated for comparison with the appropriate criterion (as do the top level risk
number criteria and the release criteria). If some accident is not hypothe-
sized, then it will not be evaluated and controlled by comparison with the
criteria. If the set of defined accident scenarios is fairly comprehensive,
it has a good chance of including all the pertinent safety system failures,
human errors, etc., that would be involved in the non-hypothesized accident
scenarios. Also, extrapolation to other plants of accident sequences identi-
fied as being important in one plant may not u^cessarily be valid because of
design differences in the present generation of reactors.

This criterion attempts to ensure that the frequency of defined accidents
regardless of their consequences .is kept within some specified limits and
considers the reliability of engineered safety systems, the effect of system
interactions on plant safety, and the frequency of accident-initiating events.
In implementing this criterion, the effects of consequence-mitigating systems
in a nuclear power plant are not necessarily considered if they are not
included in the accident scenario. Furthermore, the effects of plant siting
are not included. The criterion, however, does focus on the basic sources of
accidents: system failures, component failures, and human errors, which are
controllable in existing as well as new plants.

The evaluation process for the accident probability criterion is consid-
erably simpler than that required for the higher level criteria. It consists
of first defining a set of accident sequences and then identifying the system
failures, systems interactions, component failures, and human errors that lead
to the defined sequences. The probabilities or frequencies of these accident
sequences are estimated by using available failure rate data and reliability
modeling assumptions.

System Availability Criteria

The next lower level criterion in the hierarchy of risk criteria speci-
fies minimum standards for the availability of safety systems (including the
human) and/or restricts the frequency of occurrence of accident-initiating
events. Some systems in power plants are not in continuous operation but are
required to start and continue operation for a specified time period at a cer-
tain performance level in response to some plant conditions. The term avail-
ability when applied to such a system means availability on demand for opera-
tion for the required period and at the required performance level. This
criterion level circumvents the problem of Incomplete identification of the



key accident sequences required for all the higher level criteria. Thus, the
system availability criterion is more easily demonstrable than any of the
higher level criteria, and the uncertainties in the assessment intended to
show compliance with it are smaller.

The disadvantages of this criterion level include neglect of siting and
lack of consideration for key combinations of safety system failures required
for severe accidents, and their interactions. Moreover, the consequences of
safety system failures and accidents including radioactivity released and its
impact on human health and on the environment, are not considered. The basic
premise of the criterion is that risk is controlled if the likelihood of
safety system failures is constrained. On the other hand, specification of
one number for the availability of a safety system does not take into account
the different degrees of importance of that system in different accident
sequences. Thus this criterion does not give the designer or plant operator
flexibility in choosing alternatives.

The evaluation process for this criterion involves specifying the compo-
nent failure, test and maintenance, and human error contributions to be in-
cluded in system failure definition, and the reliability/availability models,
component failure rate, test and maintenance information, and human error data
that are to be used.

Component Availability Criteria

The lowest level criterion in our hierarchy of risk criteria specifies
minimum standards for the availability of components in process and/or safety
systems. The term availability as it applies to components is used in the
same sense as it applies to systems. The term 'component1 includes both hard-
ware and its man-machine interface.

The basic premise of the criterion is that risk is controlled if the
possibilities of component failures or malfunctions are constrained. If no
component failures occur, then an accident is not initiated, nor is a safety
system challenged. Without an accident-initiating event followed by a system
failure there can be no accident, and without an accident there is no risk.

One deficiency of this criterion is that specification of one number for
the reliability of a particular component does not consider the different en-
vironmental conditions and stresses under which the component will be called
upon to perform its function, or the different numbers of challenges to a
standby component in different safety systems, or the relative importance of
the same component functioning as part of different systems. Moreover, common
cause failures of more than one component are not explicitly considered. In
addition, a component availability criterion does not take into account the
relative importance of a component in different systems, or how critical a
failure of a component is as an initiator or a mitigator of an accident, or
what the consequences of a component failure are.
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The evaluation process required to implement the component availability
criteria is simpler than that for any other criterion discussed so far. The
required information includes component failure rate and human error data and
maintenance data obtained from tests and from experience. In addition, com-
ponent availability and maintainability models are required.

CONCLUSIONS

From the above discussion, it may be observed that the hierarchical struc-
ture for risk criteria provides a unified framework to systematically analyze
the implication of different types of criteria and delineates the various
aspects of risk «.e a nuclear power plant to which they apply. Each level in
the hierarchy corresponds to the different stages in a risk assessment study
of a plant. Figure 2 is a simple diagram of the type of information required
in a risk evaluation study which is intended to show compliance with a speci-
fic risk criterion. From this diagram, it is seen that the information re-
quirements and the level of detail in a risk evaluation increases as higher
levels of criteria are considered. -In practice, any one criterion, or some
set, or all the criteria may be used. Which criterion, or which set of
criteria is used depends on the specific utilization, the consideration of
actions to be taken to comply with a criterion, and the availability of man-
power, data, and methods require' in calculating results to compare against
the specific criterion level.
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