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A completely new design and regulatory process —
A risk-based approach for new nuclear power plants

S.E. Ritterbusch
Westinghouse Electric Company,
Windsor, Connecticut, United States of America

Abstract, hi the de-regulated electric power market place that is developing in the USA, competition from
alternative electric power sources has provided significant downward pressure on the costs of new construction
projects. Studies by the Electric Power Research Institute have shown that, in the USA, the capital cost of new
nuclear plants must be decreased by at least 35% to 40% relative to the cost of Advanced Light Water Reactors
designed in the early 1990s in order to be competitive with capital costs of gas-fired electric power plants. The
underlying reasons for the high capital costs estimated for some nuclear plants are (1) long construction times,
(2) the high level of "defense-in-depth" or safety margin, included throughout the design and licensing process,
and (3) the use of out-dated design methods and information. Probabilistic Safety Assessments are being used to
develop a more accurate assessment of real plant risk and to provide relief if it can be demonstrated that plant
equipment is not providing a significant contribution to plant safety. Westinghouse addressed some of these cost
drivers in the development of the AP-600 passive plant design. However, because of relatively inexpensive
natural gas plant alternative, we need to reduce the costs even further. Therefore, the AP-600 design is now
being up-rated to a 1000 MWe design, AP-1000. The development of AP1000 is described in another paper
being presented at this meeting. Westinghouse is also managing a project, sponsored by the US Department of
Energy, which is aimed at developing an all-new "risk-based" approach to design and regulation. Methodologies
being developed use risk-based information to the extent practical and "defense-in-depth" only when necessary
to address uncertainties in models and equipment performance. Early results, summarized in this paper, include
(1) the initial framework for a new design and regulatory process and (2) a sample design analysis which shows
that the Emergency Core Cooling System can be eliminated with its safety function performed by the normal
makeup water system.

1. INTRODUCTION

Risk information has always been factored into the design of nuclear power plants. In the
early days of the industry (i.e., -1960s) risk was primarily addressed in a qualitative manner.
For example, certain material characteristics, equipment reliability, and plant performance
under accident conditions were not well known. To resolve these and other uncertainties,
margin was added during the design of structures, systems and components. Examples are the
use of load factors and combination of worst-case loads in the seismic design of structures,
use of redundant trains of safety systems, and development of very conservative deterministic
safety analysis methods. Now we have new technology (e.g., materials, experimental data)
and new design methods such that previous design and regulatory assumptions can be re-
assessed in the light of Probabilistic Safety Assessments (PSAs) of the whole plant.

Westinghouse initiated its advanced, AP600 passive plant design program to address the
worldwide nuclear industry requirements such as increased safety, increased reliability, and
improved economics using proven passive technology in combination with detailed risk
assessments. In addition, the resulting design would have to meet the basic licensing
requirements of countries around the world as well as those of the United States. The design
strategy for Westinghouse passive plants was based on meeting globally recognized customer
requirements such as the U.S. Advanced Light Water Reactor Utility Requirements (ALWR
URD). Designers also incorporated the extensive lessons learned from operating reactors in
the U.S., Asia, and Europe. A concerted effort was made to simplify systems and components
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to facilitate construction, operation, and maintenance. State-of-the-art, proven technology was
used to solidify confidence in the high performance expectations of the passive plant designs.
Passive plant safety systems performance relies on the natural forces of gravity, natural
circulation, and evaporation to shutdown and cool down the plant in the unlikely event of an
accident. Passive systems also contribute to improved plant economy through simplification,
while still meeting regulatory and public acceptance criteria. Following this strategy,
Westinghouse developed an advanced passive pressurized water reactor (PWR) plant. The
AP600 is a two-loop, 600-MWe plant designed in collaboration with the U.S. Department of
Energy (DOE), Electric Power Research Institute (EPRI), the Advanced Reactor Corporation,
and 22 international partners. To improve plant economics, the API000, a two-loop 1000-
MWe configuration, is being developed using the AP600 design and licensing bases to the
maximum extent possible.

Detailed risk assessments were performed using state-of-the-art methods that were
summarized in the ALWR URD in the early 1990s. The resulting AP600 PSA was the major
analytical tool for assessing risk improvement capability of plant structures, systems and
components and for assessing the overall level of safety relative to URD goals for core
damage frequency and large offsite release frequency. Whereas the NRC's criterion, or limit,
on core damage frequency for internal events is lxE-4 events/year, whereas the core damage
frequency for currently operating plants is in the range of 5E-5 events/year, and whereas the
core damage criterion for ALWRs is 1E-5 events/year, the core damage frequency (internal
events) for AP600 is 3E-7 events/year[1]. Therefore, the AP600 design has achieved an
improvement in safety by a factor of 10 to 100 over current and evolutionary-generation
plants.

2. A RISK-BASED APPROACH TO NUCLEAR PLANT DESIGN AND
REGULATION FOR DEVELOPMENT OF NEW NUCLEAR POWER PLANT
DESIGNS

The development of the AP600 and API 000 designs has achieved significant cost reductions.
However, these design efforts have been carried out in the context of today's regulations,
making changes to regulatory guidance as needed during the regulatory review process.
Through the Nuclear Energy Research Initiative (NERI), the U. S. Department of Energy is
sponsoring a series of projects aimed at further reducing the costs for a new generation of
nuclear power plants. The intent of these projects is to develop new reactor designs and to
take a fresh look at the design and regulatory processes needed for efficient development and
implementation of those designs.

Three NERI projects with the same goal of cost reduction are the "Risk-Informed Assessment
of Regulatory and Design Requirements for Future Nuclear Power Plants" [2], the "Smart
Nuclear Power Plant Program" [3], and the "Design, Procure, Construct, Install and Test"
(DPCIT) Program[4].

2.1. Smart project overview

The goal of this program is to design, develop, and evaluate the methods for implementing
smart equipment and predictive maintenance technology. In this program, "smart" equipment
means components and systems that are instrumented and monitored to detect incipient
failures in order to improve their reliability. The resulting smart equipment methods will be
combined with a more risk-informed regulatory approach to allow plant designers to simplify
designs without compromising overall reliability and safety. This concept will allow
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designers to address reliability at the component and system level while reducing dependence
on costly practices such as redundancy and diversity of safety systems.

This program began with a system evaluation and prioritization study that identified and
prioritized nuclear plant equipment which would most likely benefit from the addition of
"smart" features (e.g., sensors, data processing, and man-machine interface devices). An
optimum equipment health-monitoring system is being developed for a selected component
(i.e., a normally operating horizontal centrifugal pump). A "virtual machine" methodology to
simulate equipment behavior for evaluation of the overall benefits to system performance will
be developed in the next phase of this project.

Also, methodologies will be developed for consolidating and presenting the data obtained
from "smart" equipment to ensure that the health of the "smart" plant is readily
understandable and is consistent with existing Man-Machine Interface (MMI) methods. A
survey has been conducted to determine how smart equipment information is presented to
users in other industrial applications; results are now being evaluated and applicable
characteristics will be adopted for this project.

The final task in this program is the expansion of the concept of smart components to system
and plant-wide levels. While it is beneficial to perform health monitoring on individual pieces
of equipment, the ultimate goal is to develop methodologies to combine health-monitoring
information into a plant-wide system.

2.2. DPCIT project overview

Reduction of the complete design-testing cycle for new nuclear plants is the goal of this
project. The key objectives are (1) leveraging Information Technology, (2) determining the
impact on schedule reduction of long-lead-time items and possible remedies, (3) incorporation
of insights from manufacturing, (4) linking 3D Computer Assisted Design to Project
Management tools, (5) applying conceptual ideas such as modular construction, (6) examining
potential the critical path and determining how to eliminate interfaces that cause substantial
rework, (7) adopting an electronic commerce business model in which suppliers and the
design/manufacturing organization are not just linked, but also in which work is performed in
parallel paths, and (8) determining the applicability of finite element analysis to identify
potential improvements in nuclear containment structures that would allow significant
reductions in capital cost.

This program will achieve its goals by questioning "how" and "why" work is performed. A
DPCIT cycle will be adopted as the point of reference in the investigations. In the final
analysis, any proposed improvements must point towards meaningful reductions in the length
of time and total cost of the DPCIT cycle. This method of accounting forces all costs and
time to be rolled up for impact on the project, thus avoiding the problems of sub-optimization
of individual components at the expense of the overall goal. The merger of the potential
improvements in the DPCIT cycle will be expressed in a series of models to describe how the
improvements can be implemented for the next generation plant.

2.3. Risk-informed project

The primary objective of this project is the development of methods for a new, highly risk-
informed - or "risk-based" - design and regulatory process. Past risk assessments were
generally used to assess designs at the end of the design process, due to lack of
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comprehensive data, analytical models, and/or acceptance criteria. These risk assessments
supported the historic deterministic design and regulatory process. Those deterministic
methods resulted in design margin and features being added to resolve safety issues such as
the large break loss-of-coolant accident and severe accident mitigation without detailed
consideration of the impact on plant cost. The NRC and industry are now conducting a
program to "risk-inform" the regulation of today's operating plants. This effort will hopefully
result in regulatory relief when justified by PSA analysis and other current information. This
approach to risk-informing the regulations starts from the existing design and regulatory
process and justifies each specific change to those bases. The NERI Risk-Informed project
team believes that the currently ongoing process may be appropriate for operating plants, but
is not appropriate for the development of new reactor designs. Therefore, this project has
embarked on a "clean sheet of paper" approach, which can be characterized as a complete re-
generation of the design and regulatory process using risk-based methods to the maximum
extent practical, including a re-assessment of all previous design and regulatory methods and
assumptions.

2.3.1. Risk-informed project task summary and participants

This project includes two basic tasks which are summarized below. The task participants are
also identified below.

2.3.1.1. Task 1: Development of risk-informed methodologies

Many of the regulatory requirements and industry standards that form the bases for designing
the current generation of nuclear plant designs are based upon subjective, deterministic
assumptions that were limited by the knowledge-base and engineering tools that were
available at the time that those requirements and standards were created. The research effort
proposed for this project is to develop a set of risk-informed methodologies that can be used
by future plant designers to (1) systematically develop and/or utilize all of the regulatory
requirements and industry standards that would impact the design of new nuclear plants and
(2) systematically develop designs for a nuclear plant's SSC's, by applying those
methodologies. This research effort will be complementary to the current industry/NRC
efforts to apply risk-informed, performance-based regulation to selected issues that affect
operation of existing nuclear plants. The methodologies developed in this research project
will then be demonstrated, by applying them to a sample problem. The methodologies may
then be revised to apply the lessons learned from this sample. Task 1 includes the following
subtasks:

- Subtask 1.1: Identify applicable current regulatory requirements and industry standards;
- Subtask 1.2: Identify systems, structures, and components (SSCs) and their associated

costs for a typical plant;
- Subtask 1.3: Develop methodology for developing risk-informed requirements and

standards;
- Subtask 1.4: Develop methodology for designing highly risk-informed SSCs;
- Subtask 1.5: Identify high priority requirements, standards, and SSCs;
- Subtask 1.6: Apply methodologies to a sample SSC;
- Subtask 1.7: Evaluate regulatory processes and develop recommended improvements;
- Subtask 1.8: Coordinate activities with ongoing efforts of NEI, NRC, and industry.
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2.3.1.2. Task 2: Strengthen the reliability database

To fully risk-inform the design bases for future nuclear plants, it is essential that the reliability
database for the SSC's be complete. Current industry/NRC efforts to strengthen the reliability
database are primarily focused upon issues that affect operation of the existing nuclear plants.
The research effort proposed for this project will identify where strengthening of the risk
assessment database is needed to support the design of new plants - including identification
of the reliability information that will be needed to support introduction of new, advanced
"smart" technologies. The research effort will also recommend programs for collecting the
information that will be needed by future plant designers, to provide this information. Task 2
includes the following subtasks:

- Subtask 2.1: Identify current sources of reliability data for SSCs;
- Subtask 2.2: Identify weaknesses in sources;
- Subtask 2.3: Develop industry/government programs for correcting the weaknesses.

2.3.1.3. Task participants

The team for this project was selected to provide a wide range of technical capability and
innovative ideas for developing a new design and regulatory process. The team comprises the
following representatives from industry, national laboratories, and universities:

- Westinghouse, as the lead organization, provides overall coordination and project
management. It also provides expertise on the design and analysis of systems for
nuclear plants and the licensing of nuclear plants;

- Sandia National Laboratories (SNL) provides expertise in risk methodology
development, especially as it affects structures, low power and shutdown operations,
fire risk, and object oriented risk and reliability analysis methodology;

- Idaho National Engineering & Environmental Laboratory (INEEL) provides expertise in
risk methodology development, risk analysis tool development, and data collection and
assessment methodology development;

- Massachusetts Institute of Technology (MIT) provides expertise in structuring the
approach to risk-based regulation, the selection of design basis events in a risk-based
process, and the strategy for building the needed PRA database;

- North Carolina State University (NCSU) provides expertise in aging and structural
analysis;

- Duke Engineering and Services (DE&S) provides expertise on the design and
construction of systems and structures for nuclear plants and the evaluation of
performance data;

- Egan & Associates, P.C. provides expertise in nuclear law, nuclear licensing and
nuclear regulation.

2.3.2. The new risk-based design and regulatory process

The heart of the new risk-based design regulatory process is the development of methods by
which PSAs can be used to remove excessive conservatism, simplify plant designs, lower
their cost, and at the same time maintain a high level of safety. Methodologies being
developed use risk-based information to the maximum extent practical and "defense-in-depth"
only when necessary to address uncertainties in PSA models and equipment performance.
Early results, summarized below, include (1) the initial framework for a new design and
regulatory process and (2) a sample design analysis which shows that the Emergency Core
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Cooling System can be eliminated with its safety function performed by the normal makeup
water system, crediting a lower pipe break probability and using "smart" charging pumps.

A diagram of the risk-based design and regulatory process is shown in Figure 1. The major
features of this process include:

- Retention of the current concepts of safety margin and adequate protection of the public
health and safety. The method for meeting these goals, however, will be significantly
revised;

- Establishment of probabilistic safety goals to demonstrate compliance with the adequate
protection goal. Previously, the main method for assuring adequate protection included
a set of deterministic criteria combined with judgments on safety margin and application
of defense-in-depth. In the new regulatory framework, the use of probabilistic safety
goals would be the primary means of assuring plant safety;

Performance and Regulatory Requirements

Select Design Features and Plant Arrangements

Deterministic
Design Analyses

I
Uncertainty

PSA

t
PSA Safety

Goal
Compliance

License

FIG. 1. Overview of the risk-based design and regulatory process.

Specification of PSA methods to evaluate compliance with the safety goals. These
methods would be consistent with those currently in place for ALWRs and operating
plants, however, improved methods of addressing uncertainties would be implemented;
Retention of the basic prevention and mitigation concepts when selecting specific
probabilistic goals to be used in the design process. Regulatory policy may require the
use of defense-in-depth in certain situations, regardless of what results are obtained
from use of the above PSA methodology. For example, it may be appropriate to specify
a core damage frequency goal and a large offsite radiological release goal to allocate
risk between prevention and mitigation systems. Doing this would require the inclusion
of a containment in the design of a plant, even if the PSA analysis demonstrated that the
overall plant safety goal could be met using only core damage prevention features and
systems. It is recognized, however, that such assumptions may be specific to a type of
reactor design and that a truly generic process would address only those features
common to all types of reactor designs;
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- Use of PSA risk-based methods to resolve all uncertainties and margins to the
maximum extent possible; that is, use of defense-in-depth only when uncertainties
cannot be resolved with risk-based methods. It is realized that PSA methods and
specifically the treatment of uncertainties is not perfect. Also, equipment performance
under all potential conditions is not perfectly understood. If such uncertainties can be
resolved in a cost-effective manner, new programs or research would be proposed.
Otherwise, defense-in-depth and the inclusion of safety margin in the design would be
used to resolve these uncertainties, but only when risk-based methods could not be used;

- Establishment of the corresponding regulatory criteria. It is envisioned that a new set of
regulations and regulatory guidance would be developed consistent with the new, highly
risk-informed design and regulatory process. These regulations and guidance would
most likely be developed based on writing of new regulatory documents rather than
revising existing documents.

2.3.3. Risk-informed design analysis

The key principles for development of a risk-based design are:

- Use the new risk-informed design and regulatory framework from the very beginning of
the design process (i.e., use a completely new design approach);

- Do what is technically correct and justifiable and resist use of arbitrary conservatism
and design margin;

- Evaluate all major assumptions, criteria, and safety margins, affecting the cost of a
nuclear power plant;

- Maintain a level of plant safety at least equivalent to that required of today's ALWRs
such as System 80+, KNGR, ABWR, and AP600.

The System 80+ PSA model was used for a sample problem analysis. A new approach to
mitigation of a LOCA was investigated. This sample problem (1) relies on more recent data
on pipe rupture probability to justify lower initiating event probabilities, (2) credits "smart"
monitoring of the charging pumps to justify the high reliability needed for equipment
performing safety functions, (3) credits leak-before-break technology to justify the removal of
the large double ended pipe rupture from the plant design basis, and (4) evaluates the risk
from large pipe ruptures even though they are not in the design basis. Figure 2 shows a safety
injection system typical of an advanced pressurized water reactor. It is a four-train system
dedicated to the safety injection function. Figure 3 shows an alternative, advanced design that
eliminates most of the equipment associated with the dedicated safety injection system, but
fulfills the safety injection function using the normally-operating, high-pressure charging
pumps with variable-speed drives that provide a wide range of discharge flows. This design
change results in an equipment cost savings of approximately $15 million to $20 million.
There would also be substantive cost reductions for plant structures.

From Table I, it can be observed that the initiating event frequency is decreased by about one
order of magnitude when the lower initiating event probabilities are used. The core damage
frequency results show that the beneficial effects of the lower initiating event probabilities are
offset by the effects of having less mitigation equipment in the design. A single train of the
advanced design can adequately mitigate LOCAs for break sizes less than or equivalent to a
double-ended rupture of a 10-inch diameter pipe. Therefore, since the larger pipe breaks are
not included in the plant design basis, the single failure criterion need not be applied to the
design of the advanced system.
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TABLE I. LOCA CDF COMPARISON

Initiating
Event

Large
LOCA
Medium
LOCA
Small
LOCA
Total

System 80+ ECCS

IE Freq(1)

[Per Year]

6.97E-05

1.49E-04

3.00E-03

CDF
[Per Year]

1.09E-07

3.02E-07

1.97E-07
6.08E-07

Surrogate Advanced Design

IE Freq (2)

[Per Year]

5.00E-06

8.92E-05

5.00E-04

Quantified
CDF
[Per Year]

1.49E-07

1.18E-07

4.44E-07
7.11E-07

1. EPRI Key Assumptions and Ground-rules Data (ALWR URD)
2. INEEL Data (NUREG/CR-5750)

The above sample problem results would be acceptable in a risk-informed regulatory
framework since the total LOCA core damage frequency is essentially unchanged. Removal
of the large pipe breaks from the plant design basis will likely lead to the need to resolve other
regulatory issues such as qualification of non-safety, "smart" equipment (e.g., charging
pumps) and increased review of other events which challenge fuel or reactor coolant pressure
boundary integrity.

INSIDE
CONTAINMENT

RCS
HOT LEG
LOOP 1
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NOZZLE 1B

REACTOR VESSEL
NOZZLE 1A

FIG. 2. System 80+ safety injection system (one of two divisions).

Further, a substantive development and implementation effort must be carried out. This effort
will have to include the development of smart equipment (pumps and valves) and the
development of new regulations and guidance. Issues to be addressed include the
combination of safety and non-safety functions in a single system, expanded use of Leak-
Before-Break technology, elimination of the single failure criterion, and determination of
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which "design basis" events should be used to assess the plant's design performance. It is
believed, that a new risk-based process can lead to lower plant costs and a realistic assessment
of plant safety only if the above issues, which have been used for the past several decades, are
re-evaluated and replaced with today's technology and current analysis methods.
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FIG. 3. Advanced conceptual water makeup system schematic.

3. SUMMARY

The de-regulated electric power market requires that the total costs of new nuclear power
plants be competitive with alternative forms of power generation. The API000 design is
based on the design and licensing of the AP600 design, and it is economically competitive in
today's market due to its larger power output. This design was developed through use of
technical information and PSA analysis; it is based on current U. S. Nuclear Regulatory
Commission regulations and is available for deployment now. For the longer-term markets,
the U. S. Department of Energy is conducting investigations into the feasibility of new reactor
designs, and a new look at the design and regulatory processes is being studied through the
Smart Equipment, the DPCIT, and the Risk- Informed projects.

In the Risk-Informed project, the feasibility of a highly risk-informed, or risk-based, design
and regulatory process is being investigated. A new process has been outlined which places
PSAs and probabilistic methods for addressing uncertainty ahead of the previous deterministic
"defense in depth" method of addressing uncertainty. The new process is being "tested"
through sample problems and early results indicate that the safety injection function can be
combined with the normally-operating charging system; thus, eliminating the need for most of
the emergency core cooling system equipment. The new risk-based process will require a
new approach to resolution of uncertainty, and it is expected that new regulations will have to
be developed.

Successful completion of the Risk-Informed project will not only provide design and
regulatory process methodologies that are applicable to today's ALWRs, but will also
investigate the generic applicability to other technologies such as the Pebble Bed Modular
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Reactor. The end result of this and other NERI programs is expected to be nuclear plant
design options with capital costs lower than $1000/KW.
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