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1. Introduction

This paper provides various insights from a detailed
review of deterministic approaches typically applied to
ensure design safety of nuclear power plants (NPPs) and
risk-informed approaches proposed to evaluate safety of
advanced reactors such as Generation IV reactors. Also
considered herein are the risk-informed safety analysis
(RISA) methodology suggested by Westinghouse as a
means to improve the conventional accident analysis,
together with the Technology Neutral Framework recently
suggested by the U.S. NRC for safety evaluation of future
plants.

These insights from the comparative review of
deterministic and risk-informed approaches could be used
in further enhancing the methodology for design safety
assurance of future plants.

2. Insights from deterministic and risk-informed
approaches

2.1 Insights from deterministic approach [1]

A combination of the approaches to categorization of
initiating events as provided in the ANSI 18.2-1973 and
Regulatory Guide (RG) 1.70-1978 have been applied in
the licensing and safety analysis of most existing NPPs up
to now. However, an important drawback of these
deterministic approaches is that safety arguments are made
primarily on the basis of design basis accidents (DBAs)
that were defined somewhat arbitrarily by combining
initiating events with single failures and coincident
occurrences such as a loss of offsite power.

For instance, RG 1.70-1978, RG 1.206-2006 and
NUREG-0800-2007 Standard Review Plan 15.0 require
that a step-by-step sequence of events, from event
initiation to the final stabilized condition, be addressed for
each initiating event with considerations of single active
failures and operator errors. However, focus is still placed
on the initiating events since no systematic method to
identify the associated event sequences is provided.

ANSI/ANS-51.1-1983 touched upon several novel ideas,
e.g. integration of dose consequence and the frequency
with the initiating event combined with single or
coincident occurrence. Also, this issue was further
investigated by Westinghouse when developing the RISA
approach with a pilot application to the loss of normal
feedwater event [2].

Various key principles based on deterministic
considerations, such as defense-in-depth, safety margin,
redundancy, diversity and independence, have served the
backbone of nuclear plant safety thus far. These key
principles primarily intended to enhance plant performance
against potential accidents are very useful concepts, and as

a result, are expected to continue to play an important role
in keeping the safety of future plants.

2.2 Insights from risk-informed approach [3]

There is an increasing interest in improving the
deterministic approach by use of risk insights from a PSA.
Our review of various risk-informed approaches (e.g.,
applied in evaluating design safety of MHGTR, PRISM
and PBMR; and proposed for the Technology Neutral
Framework by NRC) [4] indicates that the PSA technique
is particularly useful in systematically identifying various
event sequences in consideration of a combination of
multiple failures consisting of independent failures,
common-cause failures or human errors. As a result, the
event sequences selected for the design basis events
(DBAs) or licensing basis events (LBEs) would have a
stronger basis than otherwise possible.

However, a deterministic process plays an important role
even within the risk-informed frameworks (e.g., in
determining success criteria or deciding upon the specific
response of the plant in a given situation) and also the
process for design safety assurance requires even wider
techniques than the PSA. Also notable is that the PSA at
design stage suffers considerable limitations because of: 1)
lack of design and operational details in the pre-conceptual
or conceptual design stage; 2) lack of relevant operating
experience from which to derive a PSA database; 3) great
uncertainties in sequence modeling for the reliability
characteristics of novel safety features such as passive
systems.

Therefore, an effective blend of deterministic and risk-
informed approaches is needed to make a robust safety
case for future nuclear power plants. An approach along
this line is proposed later in the paper.

Actually, the risk-informed approach imposes a
considerable challenge to the regulatory body especially
because the acceptance criteria should be defined for the
event sequence categories that are based on the
quantitative frequencies of occurrence.

3. A new approach for design safety assurance of
future plants [5]

3.1 Decision-making goals

In order to shed light on what kinds of decision making
need to ensure design safety of future plants, a simplified
logic tree was depicted as shown in Fig. 1 using a
technique called goal-tree success-tree. The top goal of
‘Adequate Requirement for Safety Assurance’ can be
satisfied if the three goals, i.e., ‘Adequate Requirement for
Event Selection’, ‘Adequate requirement for Event
Analysis’ and ‘Adequate Establishment of Acceptance
Criteria’, are met. These goals constitute the essential
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elements of the decision making needed, and the logic tree
may be further developed for each goal.

Adequate Requirements for
Safety Assurance

[ I 1
Adequate Requirements for| Adequate Requirements for| Adequate Establishment for|
Event Selection Event Analysis Acceptance Criteria

Adequate Adequate Adequate Adequate Adequate Limit[[ Adequate
Event Determination Requirement Requirement for Global/ Limit
Categorization of Event for Evaluation for Terminal for Local
and Selection Threshold Model Conservatism Effects Effects
Frequency, Type 1EBhr Core, System DB Assumptions |~ Total CDF | Fuel Performance
Deterministic, PSA |~ 1E-7iyr Barrier Best-Estimate Total LRF |- RCS Pressure
DBES, BDBEs SE-TAT Phenomena Uncertainty cerp |- Secondary Pressure
Limiting cases 1EBHr F-C Curve - Hydrogen Generation
SF, CO CCDF &Risk curve
Fig. 1 Decision-making goals for design safety assurance of
future plants
From this logic diagram, one can see that a

comprehensive decision-making process is needed to
ensure design safety of future plants.

3.2 A proposed process

As discussed earlier, an appropriate blend of the
deterministic and risk-informed approaches should be
developed to make a robust safety case for future plants as
far as possible. An approach for design safety assurance of
future plants is proposed herein which consists of the 9
steps as shown in Fig. 2.
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Fig. 2 A proposed process for design safety assurance of
future plants

The deterministic safety principles such as defense-in-
depth or safety margin should be properly incorporated in
the process in order to prevent over-reliance on the PSA.
These principles are taken into account particularly in
connection with ‘Determination of defense barriers’ and
‘Evaluation of compliance to the acceptance criteria and
safety margins.’

The proposed approach primarily focuses on definition
of event sequences, selection of limiting cases and their
acceptance criteria, since these areas can be most benefited
from a risk-informed approach. In this approach, event
sequences are developed by constructing and solving event
trees as typically done in a PSA. Frequency categories (e.g.,
anticipated operating occurrences, design basis events, and
beyond-design basis events) covering a large spectrum of
frequencies of occurrence need to be defined so that
different acceptance criteria or evaluation methods can be
established for each category.

As has been normally the case with deterministic
approaches, events are also categorized in our approach

not only by expected frequency of occurrence but also by
type. The 7 types defined in RG 1.70 and RG 1.206 are
utilized with some additional types like induced SGTR or
containment bypass. Frequency categories can be selected
from the event sequences leading to an end state of core
damage or no core damage as identified in the PSA event
trees, once the PSA is settled down following the iterative
design process between the plant design and the evolving
PSA.

Limiting cases can be determined by classifying each
accident scenario according to frequency categories and
the types and then selecting limiting cases within the event
group after taking into account the occurrence of induced
SGTR and containment bypass event. Some efforts are
needed to select each limiting event in terms of dose
consequences and on the basis of the most severe impact
on plant parameters.

Detailed accident analysis (e.g. using thermal hydraulic
codes) needs to be carried out for each limiting case.

Finally, the results should satisfy the relevant acceptance
criteria. In a risk-informed approach, the design safety
analysis may also have to meet the criteria on global
effects of potential events (e.g., total core damage
frequency, large release frequency, or containment failure
probability, and frequency-consequence curve as well).

4. Concluding remarks

Based on the insights from a critical review of
deterministic and risk-informed approaches, we have
proposed a new approach for design safety assurance of
advanced nuclear plants such as Generation IV reactors.
This approach appropriately blends deterministic and risk-
informed insights in that it is basically built upon key
principles such as defense-in-depth or safety margin, and
takes advantage of the event sequences from a PSA.

As the PSA, especially the design-specific PSA, is
associated with considerable uncertainties and the process
for design safety assurance requires even wider techniques
than the PSA, the probabilistic approach should be
prudently utilized only in a manner to complement, or
overcome the weaknesses of, the traditional safety analysis
methodology.
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