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ABSTRACT

Risk-informed performance-based (RIPB) methodologies for designing and licensing advanced reactors
(ARs) have emerged as an attractive alternative to the traditional prescriptive approaches. Recent efforts
such as the Licensing Modernization Project (LMP) framework, described in NEI 18-04 (2019), provide
a process for implementing the RIPB design approach for ARs. Notwithstanding the substantial volume
of literature available on RIPB design and the LMP framework, there remains an urgent need for
additional technical guidance in several critical areas, particularly in RIPB design for external hazards
(RIPB-EH). For example, whereas design organizations traditionally design to prescriptive
requirements and then only later perform safety analysis on a mature design, AR developers would
benefit from guidance for a new design workflow that performs external hazards probabilistic risk
assessment (PRA) in parallel with the various design development stages and integrates insights into
evolving design criteria. The Electric Power Research Institute (EPRI) has begun a study to assess the
ongoing industry activities in RIPB-EH design methods and identify gaps and needs for research and
guidance. The primary objective of the study is to support the AR industry in fully realizing the benefits
of the RIPB design approach. To that end, the EPRI study team performed an in-depth literature review
and collected input from several AR developers, which identified the primary benefits and challenges
of RIPB-EH. The study team also pilot-tested selected key elements of RIPB-EH from NEI 18-04 on a
stylized example to demonstrate implementation steps and challenges. This paper summarizes key
insights from AR industry feedback and the demonstration design example.

INTRODUCTION

In recent years, the nuclear industry has developed a variety of advanced reactor (AR) design concepts
that are substantially different from traditional light water reactors (LWRs) in terms of nuclear
technology and safety features. The traditional approaches used in the design of LWRs can be
excessively conservative for ARs with enhanced safety features. For the nuclear industry to build new
plants economically, designs must meet performance criteria without being needlessly conservative. To
address the need for more economical designs and to support the widening range of AR technologies,
the industry has been developing technology-inclusive (TI) risk-informed performance-based (RIPB)
design approaches.

The Licensing Modernization Project (LMP) framework, as described in NEI 18-04 (2019), outlines
a process for RIPB design that ensures the design meets regulatory risk objectives while allowing
flexibility to the designer and focusing resources on ensuring the robustness of safety-significant
licensing basis events (LBEs) and associated structures, systems, and components (SSCs). The main
processes of the RIPB design framework are described in detail in NEI 18-04 (2019) and INL/EXT-20-
60394 (2020). They include:

e Systematic definition, categorization, and evaluation of event sequence families (ESFs) for
selection of LBEs that are categorized as Anticipated Operational Occurrences (AOOs), Design
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Basis Events (DBEs), Beyond Design Basis Events (BDBEs), and Design Basis Accidents
(DBAsS).

e Systematic safety classification of SSCs into Safety Related (SR), Non-Safety-Related with
Special Treatment (NSRST), and Non-Safety-Related with No Special Treatment (NST), and
determination of their performance requirements including potential special treatments.

e Demonstration that the design achieves regulatory cumulative risk metric and deterministic
accident dose release requirements.

e Evaluation of defence in depth (DID) adequacy.

The processes use insights from a systematic probabilistic risk assessment (PRA) to evaluate
LBESs and ensure SSCs meet their performance goals for a spectrum of postulated initiating events that
might challenge them. The RIPB design process is inherently iterative: the risk assessment evolves in
parallel with the design, incorporating the latest design information and feeding back into the PRA to
further risk-inform the design. The RIPB design approach offers AR developers and owners more
flexibility in design, construction, and maintenance, compared to the requirements in prescriptive
design methods. The flexibility is expected to permit developing more optimized designs with lower
total cost for design, licensing, construction, operation, and maintenance. Such benefits have resulted
in significant interest in RIPB design among the AR industry stakeholders in recent years.

To fully realize the potential benefits of RIPB design and to facilitate consistent understanding
and application of this new design framework, the industry would benefit from additional technical
guidance and clarity in key implementation details. The objective of the ongoing EPRI research,
summarized in this paper, is to identify gaps, challenges, and best practices in the LMP framework for
external hazards and recommend research that would support the AR industry in implementing the
framework in their design workflows.

To achieve the objectives of this research project, the EPRI study team performed an extensive
literature review, collected input from several AR developers, and pilot-tested several key elements of
RIPB-EH on a stylized example to demonstrate implementation steps and associated challenges. This
paper provides a high-level preview of the current findings obtained through this EPRI research. The
detailed research findings will be published in an EPRI technical report. This paper is written for readers
having basic familiarity with the LMP RIPB design framework and, therefore, discusses the process
and results without explaining all the technical details.

INDUSTRY PERSPECTIVE

The industry engagement was performed by extensive literature review, feedback solicitation through
surveys, participation in workshops and conferences, public regulatory meetings, and in-person
conversations with AR developers and other engineers actively engaged in the application of the RIPB
design approach for ARs. The AR industry feedback provided the EPRI study team with an
understanding of the industry status and served as a guide to focus the research in areas important to
the industry.

Despite some differences in perspectives, industry respondents were largely in agreement
about the presence of significant challenges, gaps, and research needs for the implementation of RIPB-
EH design approaches. For example, AR developers indicated a desire for further guidance for the
determination of design criteria for NSRST SSCs. They also identified a need for guidance on
estimating SSC fragilities in early design stages, when limited component-specific information is
available. The fragilities are a necessary input to the PRA models, and their quality directly influences
the risk insights that inform the design. The EPRI study team used the AR developer feedback to inform
the stylized example problem, which demonstrates implementation challenges, and to develop potential
solutions for those challenges. Key insights from both the AR industry feedback and the demonstration
example are presented in the Key Insights section of this paper.
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DEMONSTRATION EXAMPLE APPLICATION
Overview

To identify and illustrate implementation challenges for RIPB-EH design, the EPRI study team
developed and applied selected elements of the RIPB design process on a stylized design example. The
example is focused on seismic design because it is often the governing external hazard, and the PRA
methodologies for seismic hazards are well established in the nuclear industry. This demonstration
example represents a situation where the AR designer is at an early design stage, and only limited design
information is available. A more detailed example can be developed in future research to represent a
situation in which the AR design more complete, and SSC-specific design information is available.

The demonstration example is general and relevant to multiple AR designs while providing
insights on critical research questions identified through literature review and industry engagement. It
exercises important processes in the RIPB seismic design of an AR, including:

Defining LBEs following NEI 18-04 (2019)

Classifying LBEs and SSCs per guidance outlined in NEI 18-04 (2019)

Iterating between design and PRA development

Defining performance-based seismic design criteria and special treatments for SSCs
Demonstrating regulatory acceptance criteria following LMP

The demonstration example was performed following the nine basic steps depicted in Figure 1.
The example focuses on reviewing regulatory safety goals and identifying opportunities to relax or
strengthen the seismic design criteria assigned to the SSCs. NEI 18-04 (2019) requires evaluating three
cumulative risk metrics to meet the regulatory safety goals. For simplicity, this example only evaluates
the cumulative risk metric for the total mean frequency of exceeding 100 mrem at the exclusion area
boundary (EAB) from all LBEs, which should not exceed 1/plant-year.
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Figure 1. Demonstration example steps
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NEI 18-04 (2019) introduces a tool for categorizing and risk-prioritizing event sequences by
comparing their frequency-consequence (F-C) outcomes on an F-C chart (Figure 3-1 in NEI 18-04
(2019)). Keeping the LBEs within the F-C Target is an NEI 18-04 (2019) design objective, but not a
regulatory acceptance requirement. This design objective is adopted in this demonstration example. The
LBE/SSC classification is based on the margins from the F-C Target and the contributions to cumulative
risk. For simplicity, the example does not address DID adequacy.

SPRA Plant Response Model and Dose Functions
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The demonstration example uses a representative PRA model event tree composed of five
systems and six event sequences. The example event tree is adapted and expanded from a generic system
model used for a similar example application in an Argonne National Laboratory (ANL) research report
(Grabaskas and Chen, 2021). The five systems, their PRA safety functions, and the six event sequences
are shown in Figure 2.

For simplicity and to generalize insights, each of the systems is modelled as governed by a single
SSC (or basic event), except the SHR system. The SHR system is modelled to include a group of
mechanical and electrical SSCs (a pump, a tank, two valves, and an electrical cabinet) combined in
series and in parallel.

For the six event sequences, representative 5%, best estimate, and 95% non-exceedance
probability (NEP) dose consequences at the EAB are identified in Figure 2. These dose consequences
are defined based on representative offsite dose functions applicable to AR designs and cover different
regions of the NEI 18-04 (2019) F-C chart to investigate sensitivity to dose uncertainty across the F-C
spectrum.

System No. 1 2 3 4 5 SEQUENCE INFORMATION
System ID RB RV&S SCRAM SHR BHS Dose [rem| at Area Boundary
Radiation
- - D
Seismic Re.ac.tor Reactor Vessel aTnd SCRA.M System for | Backup l-l.eat Release? | 594NEP B.est 95% NEP
Event Building Supports Integrity Insertion Heat Removal | Suppression estimate
SCRAM-PASS No 0 0 0 SEIS-1
SHR-PASS
No 0 0 0 SEIS-2
RV&S-PASS
SCRAM-FAIL BHS-PASS
——  Yes 0.5 1 3 SEIS-3
SHR-FAIL
RB-PASS [BHS-FAIL __ ye 5 10 30 SEIS-4
SEIS-IE RV&S-FAIL Yes 50 100 300 SEIS-5
RB-FAIL
Yes 500 1000 3000 SEIS-6

Figure 2. Demonstration Example Event Tree and EAB Doses for Seismic-Induced Event Sequences
Seismic Hazard Characterization

A generic seismic hazard representative of a central and eastern U.S. (CEUS) site is adopted for the
demonstration example with the horizontal peak ground acceleration (PGA) as the ground motion
parameter for seismic fragilities and risk quantification (Figure 3). The design response spectrum (DRS)
is the ground motion response spectrum that characterizes the design-basis earthquake for each SSC
and is a key input for the design of SSCs. In this study, seismic fragilities are derived in terms of PGA
and assuming that the SSCs will be designed to the DRS according to code-specified performance goals,
as further discussed below. Accordingly, the seismic design criteria for each SSC define the applicable
DRS and the corresponding SSC performance goal to be expected at the DRS.
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Figure 3. PGA Seismic Hazard Curves for Demonstration Example Site

Seismic Fragility Evaluation

SSCs are designed based on standards and provisions commensurate with their safety classification.
Seismic fragilities can be derived from performance-based design criteria by leveraging the
performance goals and target reliability at the design ground motion. At a minimum, it is assumed at
the early design stage that each SSC achieves but does not significantly exceed the performance goals
of its applicable design criteria. This approach is practical for risk-informing the design decisions of
AR developers transitioning from the conceptual design stage to subsequent design stages and is
sufficiently flexible to be widely applicable to AR designs. Additional margin may exist if the actual
SSC designs achieve higher performance, and such margin can be incorporated in the PRA at a later
design stage.

At the preliminary design stage, performance-based design criteria can be developed and
assigned by default to SSCs based on their safety classes. These criteria establish, for each safety class,
the seismic demands, acceptance criteria, design codes, QA requirements, etc. The seismic design
criteria can then be augmented in subsequent design iterations for specific SSCs as needed, e.g., to
impose special treatments. Chokshi et al. (2021) proposed an approach for integrating the LMP
framework with the ASCE/SEI 43-19 (ASCE, 2019) seismic design provisions. In this demonstration
example, the EPRI study team used a similar approach that leverages the provisions of ASCE/SEI 43-
19 (ASCE, 2019) for SR SSCs and ASCE/SEI 7-16 (2016) for other SSCs. The former is consistent
with traditional design practice for LWRs, and the latter allows more flexibility to realize the cost
benefit potential of the LMP framework. Table 1 identifies the default seismic design basis (SDB) for
each SSC safety classification in this example and lists the high-confidence low probability of failure
(HCLPF) capacities developed using these performance-based SDBs. The HCLPF capacities may differ
for SSCs designed to the same SDB because the performance needed for their required safety functions
(RSFs) may differ (e.g., ability to perform mechanical function vs. maintaining structural integrity).

A key step in the RIPB design process is SSC safety classification. The PRA model must be
quantified before it can provide risk insights to inform the safety classifications. Initial SSC
classifications can be determined based on RSFs, experience, and preliminary review of the PRA model.
Table 1 shows the initial safety classifications considered for the SSCs of the demonstration example.
The initial classifications will likely be updated in subsequent design iterations as the design and PRA
evolve.
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Table 1: Initial SSC Classification and Assigned Seismic Design Basis

SSC Initial Safety Seismic Design | Design
System Description Classification Basis* PGA (g) HCLPF (g)
Reactor ASCE/SEI 43-19,
RB Building SR spcsLsp | 038 0.98
Reactor Vessel ASCE/SEI 43-19,
RV&S and Supports SR SDC 5-LS D 0.56 0.7
NSRST - with
SCRAM | SCRAM highrisk | ASCESELT-16,) 4 o3 0.16
. Risk Cat. IV
significance*)
Tank 0.19 0.16
Pum, R 0.19 0.13
SHR p NSRST ASCE/SEI 7-16,
Valves Risk Cat. I1I 0.19 0.13
Cabinet 0.19 0.13
Backup heat ASCE/SEI 7-16,
BHS suppression NST Risk Cat. 11 0.15 0.1

* SCRAM is judged to be relatively risk significant and is assigned a higher SDB.

* For the SSCs following ASCE/SEI 43-19 design provisions, the SDB is defined based on an applicable
seismic design category (SDC) and Limit State (LS), while for the SSCs following ASCE/SEI 7-16 (2016)
provisions, the SDB is defined based on an applicable seismic risk category.

Initial PRA Results

The annual frequency of each event sequence is quantified by convolving the event sequence fragility
and the hazard curve. The event sequence fragility is computed by solving the Boolean logic tree in
Figure 2 at discrete PGAs. Figure 4 shows the F-C results from the initial quantification using the SSC
fragilities in Table 1, which will inform design revisions in the next iterations.

The cumulative risk of the dose exceeding 100 mrem at the EAB is computed to be about
3E-2/plant-year. This value is only about 3% of the 1/plant-year regulatory limit from all LBEs. This
indicates that the current design has significant reserve capacity to accommodate dose releases from
other internal and external hazard events when the PRA model is extended to all hazard groups and
radiological sources.

The initial quantification identifies five LBEs that are considered BDBEs, and two LBEs that
must be treated as DBEs (this includes one BDBE whose 95% NEP frequency straddles the DBE region).
Both DBEs can be represented by a single seismic DBA that credits only the RB and RV&S SSCs for
accident mitigation. Accordingly, these two SSCs should be classified as SR, and no other SR SSCs are
required for seismic hazard. The event sequence SEIS-4, which this DBA represents, has a 95% NEP
consequence higher than the 25 mrem regulatory limit of 10 CFR 50.34. A design revision would be
necessary to resolve this outcome.

The initial quantification identifies several event sequences that exceed the F-C Target. NEI 18-
04 (2019) clarifies that the F-C Target is not a pass-fail criterion; rather, it offers a tool for AR
developers to assess the LBE and SSC relative importance, to determine their safety classes, and to
demonstrate design safety margins. This is demonstrated in the example since the cumulative risk metric
is well below the regulatory threshold despite the F-C Target exceedances.

This example performs LMP safety evaluation and categorization for seismic hazard only for the
reactor operating at power. Comprehensive safety evaluation requires integration of risk insights from
all internal and external hazards, plant operating states, and mechanistic source terms. Developing and
aggregating these insights at different design stages adds complexity to the process and requires
guidance that is not currently available in the literature.
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Figure 4. F-C Outcomes from Initial Quantification
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Design Revisions

The initial quantification results indicate that the current design must be revised to meet the design
objectives and regulatory safety requirements. A design revision may also be performed to reduce
needless conservatism for some SSCs. An AR designer has several options to revise the initial design
to meet the regulatory requirements and cost objectives. Such options include, for example:

e Reconsidering the assigned SDBs: Changing an SSC’s SDB will strengthen or relax its design
requirements. The former would result in higher seismic capacity, lower probabilities of
unacceptable performance, and vice versa. Such changes would, in turn, influence the
frequencies of affected LBEs.

e Imposing additional special requirements on the SSC design: For example, limiting the demand
to capacity (D/C) ratios to create a minimum design margin and improve seismic fragilities.

e Reclassifying SSCs: The initial SSC classifications can be revised when necessary. This would,
in turn, revise the SSC SDB, among other effects.

e Limiting dose consequences: This can be accomplished, for example, by introducing additional
physical barriers into the plant design.

e A combination of the above options.

For the demonstration example, the EPRI study team explored several combinations of the
options listed above. Figure 5 shows the F-C chart outcome resulting from introducing special
requirements limiting the D/C ratios for the RB, RV&S, and SCRAM to 0.5, 0.8, and 0.5, respectively.
The F-C outcomes considering these design revisions are below the F-C target, which achieves the NEI
18-04 design objective. The revised design still shows a DBA whose 95% NEP dose consequence
exceeds the 25 mrem regulatory limit of 10 CFR 50.34. This can be addressed by another design revision,
such as designing the SCRAM to the same seismic input and acceptance criteria used for SR SSCs as a
special treatment.

In practice, the selection and implementation of design revisions can be challenging because it
requires close collaboration across multiple design and PRA teams to thoroughly assess LBE and SSC
risk significance metrics and identify viable design alternatives. Furthermore, a cost-benefit evaluation
is essential in the process as it enables risk-informed and cost-effective decision-making. Currently, the
industry has little experience in the implementation of such a design workflow with considerations for
all internal and external hazards. Therefore, the cost benefits of the RIPB design approach have not yet
been fully demonstrated.
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Figure 5. Updated F-C Outcomes after Enhancing the RB, RV&S, and SCRAM Designs

KEY INSIGHTS

This section presents some of the key insights obtained from the ongoing EPRI research summarized
in this paper. These insights reflect gaps and challenges in application of the LMP RIPB design
approach and the needs for further research.

LMP Implementation Guidance Needs
Several gaps and implementation challenges were identified during this research. Examples include:

e C(larification on the consequences of LBEs exceeding the F-C Target and clear delineation of
which consequences constitute requirements, recommendations, or voluntary actions.

o C(ritical review and guidance on whether the 95% NEP frequency is adequate for use in external
hazards given the much larger uncertainty typically involved compared to internal events.

e Explicit implementation guidance regarding the ability and adequacy of sub-dividing the
external hazard space (for example, seismic ground motion bins above and below the DBE
earthquake) over multiple LBEs for comparison to the F-C chart.

e Integration of risk insights from internal events, multiple external hazards, and various plant
operating states and mechanistic source terms into the RIPB design process.

Reliability of Risk Insights

The risk insights developed during early design stages are influenced by the immature state of design
information (e.g., lack of site-specific hazard data or plant-specific detailed design of SSCs). Immature
design inputs to the PRA result in uncertainty in the risk information that feeds back into design
decisions. This uncertainty thus challenges the reliability of the design decisions. The industry needs
guidance to ensure the PRA scope, level of detail, and RIPB input uncertainty is commensurate with
the level of project risk in design decisions across the various design stages. Example sources of RIPB
input uncertainty include:

e Unknown or preliminary site-specific hazard inputs: The external hazards PRA is highly
dependent on site-specific data (e.g., site-specific seismic hazards), while such data is either
unavailable or limited at early stages of an AR design. Performing external hazards PRA with
generic or limited site-specific hazard input limits the reliability of the risk insights produced.
Recommendations to address this topic is a subject of current discussions and debate among
practitioners.
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e Very low-frequency external hazards: ARs typically offer safety advantages compared to
traditional LWRs. As a result, there are substantial differences in the hazard ranges of interest
(exceedance rates) driving the risk of ARs compared to traditional LWRs (rare events tend to
be more important for ARs). There is a great deal of uncertainty around external hazards with
very low frequencies (e.g., seismic hazard at 1E-7/yr) as well as SSC performance and event
sequence progression in response to these very rare events. As such, some stakeholders question
whether risk insights from such uncertain events should be relied upon for RIPB design
decisions.

e Long-term stability of external hazard information: The science, technology, and empirical data
used to estimate the frequency of external hazards change over time. For instance, the evolving
understanding of seismic hazards has led to several regulatory programs around the world to
assess the impacts of the hazard changes. Some such programs resulted in design changes or
modifications to strengthen the plants commensurate with the new understanding of the hazard.
Often, however, the inherent margins in the designs, due in part to conservative prescriptive
design rules, were sufficient to demonstrate that the plant remained safe to operate despite the
increased hazard. For RIPB-designed ARs, the understanding of the external hazards at the time
of design directly influences the design basis, potentially leaving it optimally designed with
limited margin to accommodate potential future hazard increases.

Programmatic Aspects

Fundamental differences between the RIPB design approaches and traditional prescriptive approaches
result in programmatic challenges with implementing the former in AR design programs. For example:

e Need for highly collaborative design organization: In a traditional design organization, a reactor
design evolves through multiple stages increasing in maturity from conceptual design to
construction and installation planning. This progression takes place until the design is
completed, and then PRA is performed for the completed design. In RIPB design, the PRA
progresses alongside the design and influences it. The iterative process involved requires close
collaboration of multiple design and PRA teams, which, in turn, requires the design teams to
have a working knowledge of basic PRA concepts and vice versa. The AR industry needs
guidance to form highly collaborative organizations for successful RIPB design
implementation.

e Adapting industry standard and code provisions for RIPB design: RIPB design is premised on
applying performance-based design provisions to SSCs commensurate with their risk
significance and safety classification. The AR industry would benefit from guidance for
consistent identification of performance goals in various codes and standards. Guidance would
be especially helpful for using design standards that are not performance-based or do not
identify explicit performance goals.

Economic Aspects

Flexibility in the RIPB/LMP design compared to the traditional design methods is expected to result in
more optimized designs and, consequently, lower total costs for the design, licensing, construction,
operation, and maintenance of ARs. However, despite common expectations for cost benefits, there is
little practical guidance available that identifies specific design requirements that, if risk-informed,
would be likely to result in significant cost savings. Therefore, research is needed to demonstrate the
economic aspects of RIPB design and identify how risk-informed decisions can reduce the excessive
cost of nuclear power plants. The industry could also benefit from research to define a systematic
approach for integrating risk information with cost information to influence design decisions (i.e., a
design process or workflow for identifying risk-informed design changes likely to result in substantial
cost benefits).
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CONCLUSION

This paper summarizes an ongoing EPRI study to support the industry application of RIPB design for
external hazards by identifying challenges, gaps, and research needs. The research involves an extensive
literature review, engagement with the AR industry to collect stakeholder perspectives, and
demonstration of key processes in the NEI 18-04 (2019) RIPB design framework for seismic hazards
using a stylized example. Some of the key insights related to implementation challenges, reliability of
risk insights, programmatic issues, and cost aspects of the RIPB design approach are presented and
discussed.
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