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Abstract

This paper summarizes the development of a framework for risk-based
regulation and design for new nuclear power plants. Probabilistic risk assessment
methods and a rationalist approach to defense in depth are used to develop a
framework that can be applied to identify systematically the regulations and stan-
dards required to maintain the desired level of safety and reliability. By imple-
menting such a framework, it is expected that the resulting body of requirements
will provide a regulatory environment that will ensure protection of the public,
will eliminate the burden of requirements that do not contribute significantly to
safety, and thereby will improve the market competitiveness of new plants.

1. Introduction

Current regulatory requirements and industry standards for nuclear power
plants (NPPs) are a collection of deterministic criteria, based largely on engineer-
ing judgement, that have evolved over the last 40 years. A growing awareness
within government and industry is that many of the current requirements are not
contributing significantly to safety and, therefore, have driven costs of new NPPs
into a range that will not be economically competitive in a deregulated electric
power industry.

The state of the art of probabilistic risk assessment (PRA) is sufficiently
mature that we can apply PRA to identify systematically the requirements needed
to maintain a desired level of safety. The U.S. nuclear industry and the U.S. Nu-
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clear Regulatory Commission (NRC) are already working together to apply risk-
informed regulation to the regulation of existing plants [1]. The NRC/industry ef-
forts are progressing to address primarily the operation and maintenance of exist-
ing plants. Of course, this effort is constrained by the fact that the operating
plants have been licensed under the traditional regulatory system. What is needed
beyond the current effort is a new approach to all requirements, focusing on the
design and licensing of future plants. This paper summarizes the development of a
framework for risk-based regulation and design for new NPPs.

2. Structuralist vs Rationalist Approach to Defense in Depth

Current regulations and standards are based, in large part, on the principles
of defense in depth (DID) and safety margins, which have evolved since the first
reactors were designed in the 1940s. The NRC Advisory Committee on Reactor
Safeguards (ACRS) [2] and Sorensen ef al. [3] discuss this evolution, identify two
schools of thought on DID, labeled "structuralist" and "rationalist," and recom-
mend an approach for risk-informed regulation.

The structuralist view asserts that DID is embodied in the structure of the
regulations and in the design of the facilities built to comply with those regula-
tions. In contrast, the rationalist view asserts that DID is the aggregate of provi-
sions made to compensate for uncertainty and incompleteness in our knowledge of
accident initiation and progression.

The two views are not necessarily in conflict. Both can be considered as a
way of dealing with uncertainty. Neither incorporates an absolute means to deter-
mine when the degree of DID achieved is sufficient. The main difference is that
the structuralist accepts DID as a fundamental principle, while the rationalist
would place DID in a subsidiary role. Additionally, the structuralist does not deal
with uncertainties in a quantitative manner, while the rationalist takes advantage
of the fact that advances in PRA allow the quantitative estimation of some of these
uncertainties. For new plants, the rationalist approach to DID, employed within
the context of PRA, is preferred to more effectively develop a body of regulations
that eliminates requirements that do not contribute significantly to safety.

The rationalist relies on PRA techniques to provide an integrated and sys-
tematic analysis of the plant that explicitly addresses sources of uncertainty. The
process envisioned by the rationalist is: establish quantitative safety goals, such as
the health objectives, core damage frequency, and large release frequency; design
and analyze the plant using PRA methods to establish that the safety goals are
met; evaluate the uncertainties in the analysis, including those due to model in-
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adequacies, system performance and reliability, and lack of knowledge; and de-
termine what steps (i.e., DID, new design features) to take to address those un-
certainties. The quantification of uncertainties provides a means for determining
how much redundancy and diversity (i.e., DID) is sufficient.

3. Development of the Framework

The framework, illustrated in Figure 1, is being developed using a top-down
hierarchy, indicated on the left side of Figure 1, to define the goal, establish an
overall approach, and develop and implement appropriate strategies and tactics.
The framework is based on an application of PRA methods and reflects a ration-
alist approach to DID.

The principal goal of regulations for NPPs is to ensure adequate protection
to the health and safety of the public. The NRC has established safety goals in-
cluding Quantitative Health Objectives (QHOs) that state the Commission's ex-
pectations with respect to how safe is safe enough. Although the NRC's safety
goals are not considered quantitative measures of adequate protection, for new
plants, we will consider the determination of adequate protection using increased
reliance on comparisons of PRA results to quantitative risk measures. The goals
we are using for this framework, have been adapted from the NRC's goals and are
indicated in the gray boxes in Figure 1.

The general approach for this framework is to evaluate risk against quanti-
tative safety goals. High confidence is achieved through explicit consideration of
uncertainties, including modeling adequacy and equipment design and perform-
ance, in a full-scope, detailed PRA for all operating modes. The primary strategy
for both developing and evaluating compliance with requirements for risk-based
regulation and design is to use PRA to quantify risk and uncertainties. This strat-
egy provides a mechanism for integrating the risk information available from
Level 1, Level 2, and Level 3 PRA analyses. A Level 1 PRA evaluates the poten-
tial for accident initiators and the system response to prevent core damage. An
estimate of core damage frequency is compared to the corresponding goal. A
Level 2 PRA encompasses the response and mitigation of core damage, including
containment of fission products. The risk estimates here can be compared to goals
for conditional probability of large release, both early and late. A Level 3 PRA
encompasses the response and mitigation of radionuclide releases, including
emergency response. These risk estimates can be directly compared to the QHOs
or to subsidiary goals for conditional probability of early fatalities and latent can-
cer risks.
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Limit Core
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Protection
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Safety Goals

Use PRA to Quantify
Risk and Uncertainties

Mitigate Releases
of Radionuclides

(Level 2 PRA)
GOAL: Conditional
Probability of Large

Release <0.1

Mitigate
Consequences
(Level 3 PRA)

GOAL: Conditional
Probability of Early Fatality]

or Latent Cancer <0.1 j

Identify Required Regulation based on
Master Logic Diagram

Develop Regulatory Criteria for Design,
Operation, Inspection, Maintenance,
and Testing of Required Elements.

Figure 1 Framework for risk-based regulation and design.

To develop risk-based regulations, implementation of the framework is
achieved by defining functional system characteristics, within the context of how
PRA is performed, to determine what areas need to be regulated to assure safety.
Implementation for design is achieved by specifying design configurations and
using PRA to evaluate the design, then iterating with subsequent design changes.
A master logic diagram (MLD), illustrated in Figure 2, is used to take a top-down
approach to identify the safety functions, and systems, structures, and components
(SSCs) that are required to maintain safety and to identify the accident initiators
and system response failures that could compromise safety [4]. The top event is
stated in terms of risk exceeding the safety goals. The gray shaded events corre-
spond to Level 1, Level 2, and Level 3 PRA strategies, respectively, in Figure 1.
The sixth level of the MLD defines the system functions that are required to as-
sure safety. The next level down indicates that initiating events and failure of
mitigating systems, containment, and emergency response can compromise safety
functions. The last level of the MLD indicates that internal initiators for all oper-
ating modes and external initiators will be considered for completeness. Further
development of the MLD will determine the "regulatory risk space" for which
regulatory and design requirements are needed.

Various tactics (e.g., design criteria, procedures, redundancy, emergency re-
sponse, etc.) are applied to support the PRA strategies and implementation. Once
the SSCs required to achieve safety have been identified, then decisions on appro-



PSAM5

priate tactics for regulation and design can be made. The specification of these
tactics will be based on a systematic evaluation of the areas that need to be regu-
lated for the purposes of assuring safety and will also evolve from this process.

4. Summary

We have presented a framework for risk-based regulation and design for new
NPPs. PRA methods and a rationalist approach to DID are used to develop the
framework. For new plants, a detailed plant-specific PRA for all operating modes,
along with an explicit treatment of uncertainties, would confirm that established
quantitative safety goals are met. Within the current capabilities of PRA methods,
sources of uncertainty will be quantified to gain as complete an understanding as
possible about the range of risk and uncertainty before DID is applied to address
uncertainties. Within this framework, PRA provides the basis for both developing
and evaluating compliance with requirements for risk-based regulation and design.
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Figure 2. Example master logic diagram for framework implementation.


