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Abstract. For nuclear power to be the future alternative of choice for electric generation capacity, there
are two essential elements: (1) cost competitiveness, and (2) an acceptable level of safety. To meet these
perhaps conflicting elements, there will need to be significant risk-informed modifications to the
regulatory approaches for the licensing and oversight of reactors. This paper discusses some of the trends
in the U.S. in this direction and identifies what the author believes will be technical and policy issues that
stand in the way.

1. INTRODUCTION

As a result of concerns over the effects of air pollution and the need for an assured energy
supply, nuclear power is beginning to receive increased attention as an attractive alternative for
new electric power generation capacity. Whether or not new nuclear plants prove to be the
alternative of choice will depend, I believe, to a large extent on two elements: (1) the cost
competitiveness of nuclear over the alternative choices (e.g. coal, oil, and natural gas), and (2) an
increased level of safety that is transparent and fully embraced by the general public. The level of
safety to satisfy the second element has not been established. I believe, however, that new
designs will have to be such that evacuation of the surrounding population will not be required to
meet risk acceptance criteria. To satisfy the "transparency" requirement, the actual risk status of
each plant will have to be quantified in a way that can be easily communicated to the general
public and must satisfy broadly accepted risk limits on an individual plant basis.

The use of such risk acceptance criteria has not been a major explicit part of the current
licensing and regulatory process in the U.S. Instead, the regulatory structure has been described
as being "deterministic" in nature. It basically consists of a set of deterministic requirements on
the design and operation that include a defined set of "design basis accidents" (DBAs) which
must be analyzed and designed against to satisfy certain "figures-of-merit" (e.g. peak fuel clad
temperature, hydrogen production, dose limits). The set of General Design Criteria (GDC of
Appendix A of 10CFR50 spell out defense-in-depth constraints on how the plants must be
designed to meet the figures-of-merit acceptance criteria for the DBAs. Indeed, throughout the
whole of the regulatory system, the defense-in-depth2 philosophy is followed. The overall
criterion for license acceptability is that the plant must meet the "adequate protection" standard.
It is admitted that this regulatory system has been cleverly devised and improved upon with years
of experience and it has resulted in a level of safety for the U.S. plants that is considered by most
to be acceptable. This regulatory system can also be said to possess the following characteristics:

Opinions expressed in this paper are the author's own and do not necessarily represent the positions of either the
U.S. Nuclear Regulatory Commission or the Advisory Committee on Reactor Safeguards (ACRS).
2 Defense-in-Depth as currently defined by the USNRC is an element of NRC's safety philosophy that employs
successive compensatory measures to prevent accidents or mitigate damage if a malfunction, accident, or naturally
caused event occurs at a nuclear facility. The concept includes consideration that safety not be wholly dependent on
any single element of the design, construction, maintenance or operation of a nuclear facility.
3 "Adequate protection" of the public health and safety is said to be provided if the plant's design meets all the
regulatory requirements.
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(1) The system may be overly conservative and may have placed significant unnecessary
burden on some licensees.

(2) In places, the system lacks coherence such that the efficiency of the regulatory process
suffers.

(3) Because of the complexity and relative lack of coherence of the system and the somewhat
legalistic and bureaucratic circularity associated with the concept of "adequate protection",
it is not apparent to the general public that the level of safety is acceptable nor do they have
a firm understanding as to what level of safety has actually been achieved.

(4) The plant designs that have resulted from meeting the "adequate protection" standard have a
relatively broad distribution of risk statuses and of their defense-in-depth balance.

(5) The regulations are primarily focused on light water reactors and may not be entirely
appropriate for other design concepts.

In an economically deregulated environment, there is likely to be tension between the dual
needs of cost competitiveness and acceptable safety. To deal with this tension and to assess
licensability of new reactor concepts, I believe new regulatory approaches to licensing and
changes to the licensing basis will be required. The U.S. has already embarked on a "risk-
informed" regulatory approach that has some of the elements necessary for this.

2. REGULATORY TRENDS IN THE US

2.1. Risk-informed changes to the licensing basis

The U.S. Nuclear Regulatory Commission (NRC) policy statement on probabilistic risk
assessment (PRA)[1] encouraged greater use of PRA to improve safety decision-making and to
improve regulatory efficiency. As one response to this policy statement, the NRC staff developed
an alternative to the standard exemption process for licensees to use to support requests for
changes to the plant's licensing basis. This alternative approach, described in Regulatory Guide
(RG) 1.174 [2], has been called "the risk-informed approach".

In this approach, acceptability of licensing basis changes that may result in increasing the
risk status of a plant is partially judged on the basis of both the plant's current risk status and the
amount of the increase in risk that would result from the change. The risk metrics used in this
risk informed approach are core damage frequency (CDF) and large early release frequency
(LERF)4. In addition to the risk considerations, RG 1.174 places other constraints on the process.
These involve maintaining acceptable margins, maintaining defense-in-depth, monitoring of the
impact of the change, and meeting all other regulatory requirements.

With some modification and additional qualifications discussed below, this approach could
form the basis for regulatory decision making related to cost-cutting measures to make operating
plants more cost competitive while maintaining an acceptable level of safety.

4 LERF is defined as the frequency of those accidents leading to significant, unmitigated releases from
containment in a time frame prior to effective evacuation of the close-in population such that there is a
potential for early health effects. It can be thought of as a surrogate for NRC's early fatality quantitative
health objective of the Safety Goals.
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2.2. Risk-informing the US regulations

In 1998, the NRC formally defined risk-informed regulation as "an approach to regulatory
decision making that uses risk insights as well as traditional considerations to focus regulatory
and licensee attention on design and operational issues commensurate with their importance to
health and safety" [3]. The NRC staff is currently involved in activities aimed at determining how
best to provide a risk-informed alternative to be body of regulations as comprised by 10CFR50.
Such an alternative could be used either by new plants for obtaining a license or by currently
operating plants if it is to their advantage to voluntarily change en toto from the current system to
the alternative one.

Although this activity of risk-informing the body of regulations is still a work in progress,
the staff has discussed a framework for doing this [4]. A representation of this framework is
given by Figure 1 taken from Reference 4. As can be seen in this figure, this is a top-down
approach using "adequate protection" as the top level goal and utilizing "defense-in-depth" as the
overriding philosophical approach. The definition of adequate protection in this context is still
intended to be as an un-quantified compliance with the regulations, and quantitative goals would
not generally appear in specific regulations. Defense in depth at the high level is still intended to
be a "balance" between prevention and mitigation by application of four strategies:

1. limit the frequency of accident initiating events,

2. limit the probability of core damage given accident initiation,

3. limit radio-nuclide releases during core damage accidents, and

4. limit public health effects due to core damage accidents.

The focus here is on controlling those accidents that could otherwise result in large public
exposures. Presumably, other regulations intended to protect nuclear plant workers and the public
during routine operations and to provide physical protection against sabotage threats will be
maintained as they currently exist.

The intent of the effort is to develop requirements that retain the deterministic
characteristics in such a way that compliance will still be the measure of adequate protection.
Quantitative limits will not generally appear in the regulations. Nevertheless, in developing the
"deterministic-like" requirements, the staff will rely heavily on the Commission's Safety Goals
with the understanding that " ... replacing existing regulations with the quantitative health
objectives (QHO) would ... not assure defense-in-depth against limitations and uncertainties
inherent in PRA." For guidance, the staff intends to utilize subsidiary (or surrogate) goals that are
consistent with the QHOs. One concept for this that has been considered is shown in Figure 2
also taken from Reference 4.

The remarkable feature of Figure 2 is the focus on limiting the conditional core damage
probability (CCDP) and the conditional early containment failure probability (CECFP) for ranges
of initiating event frequencies that are also goals for these initiators. The intent is that the risk-
informed deterministic regulations will be so cleverly crafted that compliance with these should
provide a reasonable expectation that the quantitative goals will be met.
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Security, and
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Supporting
Regulations and
Implementing
Documents

Limit Core
Damage

Probability

Mitigation

Limit
Radionuclide

Releases

Limit Public
Health Effects

10CFR50 App A,B
PTS Rule
Maintenance
Rule, etc.

10CFR50 App A,B
10CFR50.46
SBO Rule, etc.

10CFR50 App A,B
10CFR50.44
Appendix J, etc.

10CFR100
10CFR50.47
10CFR AppE. etc.

Figure 1. Framework for risk-informed regulation.

3. REGULATORY NEEDS FOR RISK-INFORMED REGULATIONS

Some of the concepts and principles in both RG 1.174 and the above risk-informed
regulatory approach can go a long way toward providing the framework that will permit
economic optimization while maintaining acceptable safety. The risk informed approach
discussed above actually differs little from the current deterministic system - it just provides a
better focus. Thus, in my opinion, it will not resolve the issue of circularity associated with the
adequate protection concept nor will it provide the necessary assurance to the general public that
the regulations do, indeed, result in acceptable risk.

3.1. PRA Needs

For risk-informed concepts to be properly implemented, much has yet to be done. In the
first place, such a risk-informed regulatory system will be highly reliant on PRAs and their
bottom-line results. Before such major reliance is tenable, there must be international
consensus on what constitutes an acceptable quality PRA and how to assess that quality. In
addition, a number of technical improvements to PRAs are needed that include:
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Note: The product across each row gives s 10"*/year.

Figure 2. Quantitative goals for risk-informing regulatory requirements.

• The ability to assess the total risk including shutdown and low power, fires, seismic, and
safeguards.

• A methodology for including safety culture, economic and organizational factors as well as
better treatment of human factors.

• A methodology to better include aging effects.

• The ability to incorporate a full uncertainty assessment (including both aleatory and
epistemic uncertainty).

In addition to these PRA needs there are a number of policy and technical issues that
need better resolution to have a coherent risk-informed regulatory system.

3.2. Policy and Technical Issues

3.2.1. Risk acceptance criteria

It is a mistake for the regulatory system to still insist on making the legalistic concept
of adequate protection as its top level acceptance criterion. That this condition persists is, I
believe, one of the major contributors to the public's lack of understanding of the level of safety
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achieved by the various plants, hi my opinion, it leads to an impression of legalistic double-talk
that hurts the agency's credibility. Since it is the overriding mission of nuclear regulatory
agencies to assure no undue risk to the health and safety of the public, it would make abundant
sense that there be quantified high-level risk acceptance criteria that each plant site be
required to meet. This should be a separate requirement in the regulations along with any
traditional deterministic requirements. It is beyond my ken why this simple concept has been so
strongly resisted.

The quantitative guidance in the NRC risk-informed approach does not appear to go far
enough in development a complete set of risk acceptance criteria. Core damage frequency (CDF)
and large early release frequency (LERF) are not complete regulatory objectives. The sets of
deterministic regulations that currently exists also deal with latent effects to a larger population,
land contamination, food interdiction (all of which are associated partially with late containment
failure) as well as injuries and worker exposure. In a risk-informed system, these must be
preserved in some way.

The choice of initiating event frequency intervals appears to be too subjective and too
broad ( a range of two orders of magnitude?). In principle, with modern PRAs, there is no
reason acceptance criteria cannot be placed on the entire spectrum of frequencies much as
noted by the IAEA in the use of frequency-consequence (FC) curves [5]. In addition, there seems
to be little consideration of uncertainties associated with the quantification among sequences. It
would, for example, make good sense to render those sequences with high uncertainty to
much lower percentage contribution to risk compared to those sequences with less
uncertainly. This is a kind of "rationalist" defense-in-depth concept.

There is a need for international consensus on the technical basis to be used to
develop consistent risk acceptance criteria. There should be an underlying basis of
risk/benefit for these and they should represent societal values in the sense that the limits
represent what risk the affected public is willing to accept at some assurance level given the
benefit of nuclear power to that public. It is entirely rational that such criteria may differ
among countries with different circumstances. The full distribution for each risk metric needs
determination so as to place confidence values on the level achieved. If acceptance criteria do
indeed include allocation among sequences and events, there needs to be incorporated some
concept of optimization from the viewpoint of uncertainty contribution.

3.2.2. Defense-in-Depth (DID)

The definition of defense-in-depth used by NRC (see the footnote on page 1) has been
termed by ACRS in one of its recent reports [6] as the "structuralist" view. This view appears to
be largely preserved in the agency's proposed approach for risk-informing 10CFR50. In
Reference 6, ACRS articulated an alternative view of defense-in-depth called the "rationalist"
view. This view asserts that defense-in-depth is the aggregate of provisions made to compensate
for uncertainty and incompleteness in our knowledge of accident initiation and progression - i.e.
the uncertainty associated with PRA results. In order to avoid arbitrary appeals to DID and
prevent it from becoming a hindrance to the optimization of nuclear plant designs, this
rationalist view needs to be more widely accepted but also further developed and better
articulated. There needs to be some technical basis for establishing the necessity and
sufficiency of defense-in-depth measures in a quantified manner. If one closely examines the
current structuralist view as defined on page 1, it is seen that it fundamentally amounts to an un-
quantified allocation of risk among sequences and various elements of those sequences. In effect,
this is also what Figure 2, in the risk-informed approach attempts to achieve. The structuralist
and the rationalist views are coming close together in this respect. These could be rationalized
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and unified if the regulatory requirements were made to be limits on the frequency
associated with any given consequence (dose) at appropriate confidence levels which could
vary as the consequence increases (i.e. an expansion of the FC concept). This, in essence, would
be a built-in and quantifiable defense-in-depth concept that would be independent of reactor type.
It would have to be recognized that some regulatory objectives are not well suited for
quantification by PRA (e.g. QA, monitoring, inspection and testing, sabotage, etc.). There would
have to be retention of deterministic requirements for these. There needs to be recognition that,
for some events, complete reliance should not be placed on PRA bottom-line results. These
would be for those events that are of potentially high consequences and for which both the
frequency and the consequences have high aleatory (knowledge-based) uncertainty. One
approach for implementing a concept similar to this can be found in a paper presented at the
recent Nuclear Safety Research Conference [7].
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