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Abstract: The concept and methodology of traditional Defense in Depth (DID) was challenged
in the Fukushima nuclear accident. In order to fix the weakness of the traditional emergency
strategies of nuclear power plants (NPPs) and to enhance the DID for nuclear safety, the U.S. Nuclear
Energy Institute (NEI) put forward the concept of Diverse and Flexible Coping Strategies (FLEX)
for the special purpose of beyond-design-basis external event (BDBEE) hazard mitigation and the
corresponding FLEX support guidelines (FSG). The theory has been wildly spread and accepted
by many countries that generate nuclear power. The research on the FLEX strategy is a new trend
in nuclear engineering in the recent decade. It provides not only fixed on-site equipment/devices
but also on- and off-site portable resources to strengthen the reliability of the nuclear safety system,
especially for the disaster/hazards (similar to the Fukushima nuclear accident) triggered by BDBEEs.
After a brief introduction of the FLEX strategy, four opportunities and ten challenges are summarized.
Subsequently, in view of these challenges and technical difficulties, five suggestions for future work
are recommended.

Keywords: nuclear safety; diverse and flexible coping strategies (FLEX); defense in depth (DID);
beyond-design-basis external events (BDBEE); Fukushima nuclear accident; nuclear accident
management; FLEX support guidelines (FSG)

1. Introduction

Nuclear generation has increased successively these years, which has made a growing
contribution to supplying clean and reliable electricity in the world [1]. Nuclear energy
has the potential to contribute to a sustainable solution for the world’s growing energy
needs and environmental problems [2]. Currently, the development of the nuclear industry
faces economic, environmental, and safety concerns, but the root of the concerns is nuclear
safety [3]. The concept and methodology of Defense in Depth (DID) was brought out at
the end of the last century for nuclear safety, and then it spread around the world [4–6].
However, the concept of DID before the Fukushima nuclear accident (called the traditional
DID) mostly focused on design-basis accidents and severe accidents, which were mostly
triggered by the internal events of the nuclear power plant (NPP) and seldom considered
the hazard caused by beyond-design-basis external events (BDBEE). As shown in the
Fukushima nuclear accident, BDBEEs may lead to the Extended Loss of Alternating current
(AC) Power (ELAP) and the Loss of Ultimate Heat Sink (LUHS), which cannot be mitigated
by the strategies of the traditional DID. This weakness of the traditional DID led to the
disaster of the Fukushima nuclear accident. In order to fix the weakness, the U.S. Nuclear
Energy Institute (NEI) put forward the concept of Diverse and Flexible Coping Strate-
gies (FLEX) for the special purpose of BDBEE hazard mitigation and the corresponding
FLEX support guidelines (FSG). They were inspired by the Extensive Damage Mitigation
Guideline (EDMG), which was developed by the U.S. NEI owing to the motivation of
the 911 terrorist attacks [7,8]. The FLEX strategy has been modified from draft revision 0
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in 2012 [9] to version 5 in 2018 [10] owing to its importance and urgency. Subsequently,
the idea of the FLEX strategy was accepted all over the world. Xu and Zhang [11] have
summarized the FLEX strategies in different countries (e.g., USA, Canada, France, Spain,
Korea, and China, etc.) after the Fukushima accident. It should be emphasized that dif-
ferent countries adopted the FLEX strategies but may have different nomenclatures. For
example, a similar concept in France is called “hardened safety core”. Additionally, the idea
of the FLEX strategy has also been accepted by the International Atomic Energy Agency
and the usage of portable/mobile equipment in the FLEX strategies has been adopted
and emphasized in several newly issued reports [12–14]. Compared with the traditional
installed equipment, the usage of portable/mobile equipment in the FLEX strategies will
increase the complication of accident management. The complication comes from two items:
(a) the scenarios (the ELAP and LUHS) themselves compared to traditional design basis
accidents; (b) the portable equipment, especially the off-site equipment. Additionally, the
monitoring measurements of the FLEX strategies (by using the technology of the Internet
of Things), which will improve the intelligence level of accident mitigation, may also bring
complication to the implementation.

The implementation of the FLEX strategy is a new focus for nuclear safety. Since
the U.S. NEI proposed this concept, great progress has been made with the efforts of
nuclear scholars and engineers. The theory of the FLEX strategy has been more and more
systematic and sophisticated, and its application more and more widely used. However,
as a newly developed theory in the recent decade, it is difficult to come to the conclusion
that it is already perfect only 10 years after its birth (the constant updating of the U.S. NEI
also implies the imperfection of the theory). It is necessary to promote and optimize the
concept of the FLEX strategy. More relevant technical details need to be concentrated on.
Consequently, the currently existing opportunities and the challenges of the FLEX strategy
deserve to be identified and summarized. This is one of the two objectives of this article.
The other objective is to recommend several pieces of future work associated with the
FLEX strategies.

The rest of the contents of this work are as follows: Section 2 will present the back-
ground, namely, a brief introduction of the FLEX strategy; the opportunities and the chal-
lenges of the FLEX strategy were summarized and will be introduced in Sections 3 and 4
separately; based on the opportunities and the challenges, some recommendations for
future work on the FLEX strategy will be presented in Section 5; and the conclusions of this
work will be summarized in Section 6.

2. Brief Introduction of the FLEX Strategy

The contents of the FLEX strategy are summarized and divided into three parts. For
more detailed information, the review article by Xu and Zhang [15] can be resorted to.

2.1. Resources

In order to achieve the indefinite coping capability to prevent damage to the fuel
in the reactor and the Spent Fuel Pool and to maintain the containment function under
both an ELAP and a LUHS following a BDBEE, FLEX provides a phased approach that
utilizes installed equipment, on-site portable equipment, and pre-staged off-site resources.
Therefore, proposed by the U.S. NEI, the mitigation measures of FLEX could be divided
into three phases [9,10], as shown in Table 1 (an overlap during the phase transformation
may exist to leave enough margin and time for the introduction of the equipment in the
next phases [16]). The examples of resources in the table are summarized based on a variety
of literature. The most significant difference between the FLEX strategy and Emergency
Operating Procedures (EOPs) or Severe Accident Management Guidelines (SAMGs) is that
the former uses portable equipment/devices but the latter does not. In the old framework
of nuclear safety, the portable (normally off-site) equipment and devices are only used for
the level of post-severe accidents [17]. It should be emphasized that the maintenance and
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testing of the resources are very crucial for the success of the FLEX strategies. Portable
equipment should be subject to maintenance and testing to verify proper function [18].

Table 1. Phases for FLEX strategy implementation.

Phase Staging Time Types of Resources Resources (Examples)

1 0–8 h Installed equipment
and devices

• Station batteries
• Turbine driven auxiliary feed

water (TDAFW)
• Steam generator (SG) pilot

operated (safety) relief valve or
atmospheric depressurization
valve (PORV/ADV)

2 8–72 h On-site portable
equipment/consumables

• mobile diesel generator
• portable batteries and chargers
• portable lightning
• portable pumps
• hoses and couplings
• air compressors
• equipment for clearing debris
• equipment for temporary

protection against flooding

3 72 h Off-site resources

• fresh water (from the
firefighting system and the
ultimate heat sink, e.g., water
from a lake or river nearby)

• diesel fuel
• electrical generators
• large mobile pump
• high-capacity spray pump

2.2. Development of the FLEX Strategy

Based on the FLEX strategy development procedure for flood hazards proposed by the
U.S. NEI [10], a more generalized detailed procedure of the development and assessment
of the FLEX strategies is shown in Figure 1.

Both the probabilistic safety assessment (PSA) method and deterministic simulations
using system thermal-hydraulic (STH) codes are used for the development of the FLEX
strategy [19–21].

Since each plant and site has unique features, the implementation of FLEX capabilities
must be site-specific. During the establishment of the FLEX strategy, the U.S. NEI has
provided a guideline for the development of the FLEX strategy, which includes three
steps [10]:

(1). establish a plant-specific baseline coping capability.
(2). determine applicable site-specific BDBEEs.
(3). identify enhancements to the baseline capability to address applicable site-specific scenarios.
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2.3. Staffing and Training

A crucial lesson learned from the Fukushima event is that there are increased staffing
demands following a BDBEE. Normally, it is assumed that all the personnel on-site are
available to support the site’s response to a hazard owing to a BDBEE and that the on-
site staff do not consider independent, concurrent events, e.g., no active security threats.
Additionally, the on-site staff are at site-administrative minimum-shift staffing levels,
including additional staffing that is procedurally brought on-site in advance of a predicted
BDBEE [22]. The key elements for staffing and training include staffing assessments,
training and drills, a human reliability analysis, and a communication mechanism.

3. Opportunities

Before starting this section, it is necessary to explain the idea of opportunity in this
article. The “opportunity” in this article is defined as “a (positive) benefit that may be
achieved by developing and implementing the FLEX strategies.” It may be a developing
research field that had no special attention to the study of FLEX equipment/devices before
and consequently has the chance to develop further when considering the usage of portable
equipment/devices, to make up some technical defects or offer some kind of advantage for
nuclear safety.

The developed FLEX strategy led to several opportunities from different viewpoints.
According to the knowledge/experience of the authors in deterministic safety analy-
sis [23–25], PSA, severe accident mitigation [26], nuclear accident mitigation strategies [27,28],
machine learning method application in nuclear engineering [29], and their review work on
the FLEX/EDMG strategy [8,11,15], the dominant four opportunities related to the FLEX
strategy are summarized as follows.

3.1. Concept Enhancement of DID and Theory Improvement for Nuclear Safety

The motivation for developing the FLEX strategy is to enhance the concept of DID
and to improve nuclear safety itself, based on a more flexible strategy using portable
equipment/devices, compared with the traditional EOPs/SAMGs accident management
framework that uses the fixed safety systems. With the development and more detailed
understanding of DID, a hidden weakness of the traditional DID (before the Fukushima
nuclear accident)—the cliff-edge effect (CEE), which is caused by BDBEEs [30,31]—has
been focused on in the recent decade. Based on the identified accident sequences following
the BDBEEs and cliff edges at each NPP, the objective of the FLEX strategy is to improve
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the resilience and flexibility for the prevention and mitigation strategies of the NPP, and
consequently enhancing the DID [9,32].

Additionally, the FLEX guidelines require an “N + 1 criterion”, which means that no
matter how many units are on-site, there must be that “many plus one” pieces of equipment,
connection points, and so on, to provide DID [33].

3.2. Promotion of Discipline Development

As an important part of nuclear engineering, nuclear safety involves tremendous work
in various disciplines throughout the whole life of the NPP from the design, construction,
and operation to decommissioning, especially during the period of accidents.

The development and implementation of the FLEX strategy refer to multiple disci-
plines including safety analysis, equipment reliability and maintainability, human factors
engineering, radiation protection, strategic management and economics [34,35], etc., as
shown in Table 2. The studies of the FLEX strategy should be considered in a manner of
these multi-disciplinary aspects, and on the other hand, these disciplines will also benefit
from the FLEX strategy studies. It should be noted that the disciplines in Table 2 are not
all inclusive and, furthermore, the importance of management science should be focused
on or highlighted in addition to the natural and engineering sciences. The disciplines
are not independent but interdisciplinarity may be more prevalent from the viewpoint of
comprehensive or systemic studies, since it is obvious that a multi-discipline integrated
system of the FLEX strategies is more powerful for assistance during a BDBEE.

Table 2. FLEX strategy involved disciplines and examples.

Discipline Examples of Applications in FLEX Strategies

Nuclear safety

• the thermal-hydraulic analysis of accident
transient during the implementation of
FLEX strategies

• the simulation of release/source and
distribution of radiation

Equipment reliability and management

• the analysis of the reliability of the involved
portable equipment/devices

• the management of portable
equipment/devices (the storage,
implementation, maintenance, protection,
and policies)

Probabilistic safety assessment (PSA)
• the identification of initial BDBEEs that lead to

severe hazards
• BDBEE accident consequence evaluation

Human factors engineering (HFE) • the reliability of plant personnel during the
implementation of FLEX strategies

Radiation protection • radiation protection of plant personnel during
the implementation of FLEX strategies

Strategy optimization and economics

• the optimization of the candidate of FLEX
strategies

• economic analysis for the management of
portable resources
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Table 2. Cont.

Discipline Examples of Applications in FLEX Strategies

Logistics and transportation

• emergency logistics management
• logistics and transportation optimization for

off-site resources during a BDBEE including the
induced barriers

Software engineering

• the development of analysis codes for the
BDBEE scenario

• the development of a simulator for
personnel training

Internet of Things, big data, and
machine learning

• the arrangement of sensors, measured data
collection, and the analysis of key data during
a BDBEE

• path optimization for the implementation of
FLEX strategies

• the fragility assessment of structures, systems,
and components (SSCs), i.e., the reactor, the
SFP, the core and SFP cooling systems, the
containment, and the conditions in the areas
where local actions must be executed

• the digital twin [36] of SSCs to assist the
implementation of FLEX strategies

Artificial intelligence and robotics

• remote control for FLEX strategies
• the implementation of FLEX strategies using

robotics (including measurements)
• virtual reality (VR), augmented reality, and

mixed reality (MR) technologies for BDBEE
scenarios and FLEX strategies

Emergency management

• staffing management for the implementation of
FLEX strategies

• management of on-site and off-site
FLEX resources

• mass evacuation plan and the organization
during a BDBEE

Social studies

• public psychology during a BDBEE
• public reaction during a BDBEE
• the satisfaction of basic human needs (food,

water, shelter, sanitation, and medical) during
a BDBEE

3.3. Promotion of On-Site and Off-Site Joint Response Mechanism

The NPP is not isolated from the environment. In the case of an accident, it should
maintain good communication and coordination with the outside world. The nuclear
accident triggered by a BDBEE needs off-site support measures to mitigate the hazards and
it may also lead to significant off-site consequences in the surrounding area and population.
These consequences can be mitigated by developing emergency measures and response
plans that can be exercised regularly and implemented during an accident [37].

The FLEX strategy is one of the measures that may mitigate the potential widespread
contamination outside of NPPs during a BDBEE. However, to implement the FLEX strate-
gies effectively, the establishment of on-site and off-site joint response mechanisms is very
crucial. At the beginning of the accident, the domestic atomic energy authority and gov-
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ernmental authorities should be notified immediately. In the traditional framework for
accident mitigation, an emergency organization group that consists of NPP licensees, an
emergency director, reactor supervisors and operators, health physicists, and other techni-
cal experts in nuclear engineering and system engineering, etc., should be built promptly.
The group will evaluate the accident impacts qualitatively or quantitatively from the view
of multiple disciplines [38] and will develop an integrated response to the BDBEE based
on their conclusions, including the important actions to be taken to stop the progression
of an accident or to safely shut down the facility [39]. The resources will be managed by
the group.

The introduction of the FLEX strategy may lead to the reconsideration of the on-site
and off-site joint response mechanism, especially how to maximize the effectiveness of
the involved portable resources of the FLEX strategy. Additionally, regional response
centers (also called FLEX support centers) were specifically built in some countries for the
implementation of the FLEX strategy after the Fukushima nuclear accident [40,41].

3.4. Improvement of the Nuclear Safety Culture

There is quite a huge deviation in the concrete concept of safety culture since the
definitions of scholars’ safety culture are not raised. No matter from the viewpoint of the
vertical (historical) or the horizontal (in different fields) comparison, the safety culture
has changed a lot [42]. The nuclear safety culture was raised by the International Atomic
Energy Agency after the Chernobyl accident in 1986, which became the starting point of
official discussion on safety culture. Nuclear safety culture was the most preferential safety
principle and it emphasized the importance of organization and workers’ overall attitudes
on safety [43]. The safety culture scope was gradually expanded, including the hardware
aspect (such as safety facilities), software aspect (such as operation procedures or quality
activities), and organizational factors (including workers’ attitude).

The main factors that could significantly influence the safety culture are the following:
the regulatory environment, organizational environment, worker characteristics, socio-
political environment, national culture, organizational history, business environment, and
work/technology characteristics [44]. Each well-known nuclear accident (for example, the
Three Mile Island Unit 2 nuclear accident, Chernobyl nuclear accident, and Fukushima
nuclear accident) has strengthened the contents of nuclear safety culture [45]. Consequently,
the requirements to improve the safety culture after the Fukushima nuclear accident were
essential [46]. The FLEX strategy, which is the most crucial modification after the accident,
has a significant impact on nuclear safety culture, as shown in Figure 2. It shows that in the
case of the implementation of the FLEX strategy being applied, the nuclear safety culture
will be enhanced correspondingly.
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4. Challenges

Despite several opportunities of the FLEX strategy that are shown and discussed above,
it also faces its own unique set of technical/managemental challenges to development
and application. The challenges of the FLEX strategy are analyzed in this section. The
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“challenge” here refers to “a key technical point or difficulty that has been encountered and
needs to be resolved during the development and implementation of the FLEX strategies”.
For example, it may be a concept that needs further discussion, is a methodology to be
developed, or is a new technology that has the potential to be applied in the FLEX strategies.

There is no denying that inside every opportunity are hidden challenges, which
have been identified by us and are shown in Table 3. It should be emphasized that the
corresponding relationship between the opportunities and challenges is only a rough classi-
fication and is not rigorous since there is no clear definition for each opportunity/challenge
and their connotations may be overlapping. All of these challenges must be addressed
through research and development in the future. It should be realized that we do not iden-
tify the challenges for the “improvement of the nuclear safety culture” since the nuclear
safety culture is more than a technical concept but also a regulatory and political one in
different countries.

Table 3. Challenges for each opportunity during development and application of FLEX strategy.

Opportunity Challenge

concept enhancement of DID and
theory improvement for
nuclear safety

knowledge of CEEs

credit FLEX strategy in the PSA/determination method

FLEX strategy time constraint

emergency management

promotion of discipline development

measurement and data analysis

strategic economic considerations

uncertainty and sensitivity analysis

human/equipment reliability

promotion of on-site and off-site joint
response mechanism

equipment management and staging routing

strategy for the multi-unit site

improvement of the nuclear
safety culture -

Each challenge is interpreted briefly as follows.

(1) knowledge of CEEs: BDBEEs may challenge the safety functions of NPPs and lead
to severe accidents. Enhancing the understanding of the challenges that NPPs face
under BDBEEs and possible new phenomena based on CEEs that may be introduced
is crucial for the development of the FLEX strategy [47,48]. Especially, the common
causes of failure, which are the kind of CEEs and the challenge of understanding the
nature, need to be paid attention to in the BDBEEs analysis [49,50].

(2) credit FLEX strategy in the PSA/determination method: both the PSA and determina-
tion method are used for technical evaluations and formal calculations to validate the
capabilities and effectiveness of the FLEX strategy [51]. The verification and validation
(V & V) of the strategy should be highlighted in the future. Furthermore, the trend is
to combine the PSA and determination methods together to build a comprehensive
methodology [52], which rarely appears in the literature.

(3) FLEX strategy time constraint: the characteristics and phenomena change quickly
during the accident transient. In the case that the time limit/window of the FLEX
equipment deployment is not satisfied, the strategy cannot be effective. Specific
methodologies (for example, the sensitivity study [53]) need to be introduced to ensure
the time constraint can be met. It is suggested that the time window for the installation
and deployment of the FLEX equipment should be considered quantitatively by the
method of spatiotemporal analysis [54].

(4) emergency management: at present, there is a large scatter in EOPs, SAMGs, EDMG,
and FLEX, etc. As the goals of plants’ accident management tools are almost identical,
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it is amazing that so many different approaches exist. In order to strengthen the
emergency management level for nuclear safety under BDBEEs, the integration of the
EOPs/SAMGs with FSGs/EDMGs is essential work for the future [55,56]. Further-
more, most of the literature about the FLEX strategy focused on Light Water Reactors.
It is strongly suggested for other kinds of NPPs (including the new types of NPPs
under development) since their emergency management is much different.

(5) measurement and data analysis: the measurement in the accident is very important for
the analysis of the scenario and the implementation of the strategy [57]. However, the
lack of measurement data or the failure of the measurement may lead to a handicap for
data analysis. The Internet of Things used in the NPPs, which is the basic technology
for the corresponding digital twin of the NPP and the remote response (e.g., the remote
emergency response robot), may be challenged by the extreme scenario. Specific
methods, such as the artificial neural network [58], should be introduced or developed
for this issue to support the analysis of the FLEX strategy.

(6) strategic economic considerations: some researchers began to consider the economical
characteristic for the use of portable equipment/devices [59,60]. However, a more
detailed methodology needs to be established for quantitative analysis.

(7) uncertainty and sensitivity analysis: the portable equipment in the FLEX strategy
is more “flexible” than the traditional installed equipment, but more “flexible” also
means more “uncertainty” during its usage. Uncertainty and sensitivity analyses are
suggested for the FLEX strategy implementation [61]. A new uncertainty methodology
may be introduced or developed for the deployment of FLEX equipment/devices.
The uncertainty related to the FLEX strategy is from several kinds of sources, for
example, the scale of the BDBEE and its affected area [62], the unknown or ambiguous
phenomena that may occur, the models in the STH codes (which are used for accident
analysis), etc.

(8) human/equipment reliability: compared to the traditional installed equipment (they
are normally automatically controlled by the operators in the control room), the usage
of “flexible” equipment may introduce the local manual operation which will lead to
a higher risk of human errors. In order to achieve the objectives of the FLEX strategy,
the reliability of both operators of the equipment should be considered in detail, using
specific methodologies such as the human reliability analysis (HRA) method [63] and
Bayesian theory [64].

(9) equipment management and staging routing: in principle, FLEX equipment is avail-
able in redundancy and is stored separately. Some countries (such as the USA and
Canada [65]) have built specific Emergency Mitigating Equipment Guidelines that
can be used for the management of the FLEX equipment. However, BDBEEs may
induce challenges to the protection of FLEX equipment, the deployment of FLEX
equipment, and considerations in utilizing off-site resources [66]. Additionally, the
on-site staging routing is strongly based on the situation of the affected site, especially
the accessibility and radiation level of the target area for equipment deployment.

(10) strategy for the multi-unit site: more attention should be paid to the FLEX strategies
for multi-unit sites since the BDBEE may lead to more severe hazard to them and the
FLEX strategies will be more complicated [67], especially in countries with a high
density of units on one site (for example, South Korea) [68].

5. Future Work Recommendation

To address some of the above-mentioned challenges, the following pieces of future
work are recommended. It should be noted that each part of this section deserves a separate
discussion in the case of a detailed study. Here, only some brief recommendations are given,
without going into detail. Additionally, since most of the recommended work involves
the development of systems, which may only have the basic functions (dealing with fewer
challenges) or powerful capabilities (dealing with more challenges) depending on the
different stages of development, it is hard to identify the relationships clearly. It is assumed
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that the recommended work is just at the beginning. We try to clarify these relationships in
the context of this section.

5.1. More Detailed PSA Analysis of the FLEX Strategy

Implementing EOPs/SAMGs/EDMGs/FSGs based on a PSA is very important since
the analysis result will indicate whether risk is indeed reduced by applying the various ac-
cident management strategies. Generally speaking, the inclusion of procedures/guidelines
into the PSA may be a complex matter, for which the industry standards at present do
not give proper guidance [69,70]. The U.S. NEI provides a guide to performing the PSA
analysis for FLEX strategy, which is categorized into three tiers [71]: Tier 1 follows a quali-
tative approach; Tier 2 uses a semi-quantitative approach with a decision tree; and Tier 3
utilizes a full PSA model to quantify the effect of the FLEX strategy to the NPP risk. Several
pieces of research have introduced integrated safety assessment, using a dynamic PSA,
to NPP accident and FLEX strategy analysis [72,73]. Although these studies have made
some progress, if the PSA method is to be used more deeply in FLEX strategy research, the
following problems should be addressed in the near future, because their results directly
affect the development and implementation of the FLEX strategies.

(1) Multi-unit and multi-site PSAs

FLEX strategies are needed to address not only the risk from a single unit of an
impacted site but also the overall risk from all reactor units located at the same NPP site.
Furthermore, natural events may affect more than one unit (as happened in the Fukushima
nuclear accident). As the 10th item (the strategy for the multi-unit site) of the identified
challenges above, in the case of wide-area damage and simultaneous accidents on several
units, the response organizations would be confronted with multiple challenges requiring
actions and resources at several units at the same time [56]. This results in the limited
effectiveness of the FLEX equipment, which finally leads to the FSGs for the multi-unit
site [74] or multi-site scenario for the deployment of the equipment. Accident management
under a BDBEE scenario at a multi-unit site or multi-site scenario requires cross-cutting and
inter-disciplinary coordination and cooperation among in-house organizations and inter-
organizations [75], which makes the on- and off-site situations much more complex and
correspondingly difficult to introduce FLEX strategies. Some codes [76,77] already have the
capability of dealing with simple multi-unit PSA models, but more detailed methodologies
need to be developed for the FLEX strategies.

(2) Human reliability analysis (HRA)

There appears to be not much research with respect to the human aspects of decision
making in an NPP accident, especially the FLEX strategies, which are more flexible and
more dependent on humans compared to traditional procedures, although more attention
has been paid to it in recent two years. The human error probability (HEP) estimated for the
human failure events by the HRA Calculator of the Electric Power Research Institute (EPRI)
showed that it was a key factor and could not be ignored during the PSA analysis [71].
According to the literature [48,71], some of the actions related to the deployment of FLEX
equipment that may not be explicitly addressed in existing guidance or provided in HRA
tools include:

(1) decisions to enter a procedure and the time window evaluation (i.e., the third item of
the identified challenges);

(2) command and control evaluation for the FLEX strategy;
(3) actions to transport and install portable equipment;
(4) complex actions needed to achieve strategies, for example, actions that require many

people working in coordination to complete a single task.

Therefore, to deal with the eighth item (human/equipment reliability) of the chal-
lenges above, human engineering aspects for the FLEX strategy should be considered in
detail [78]. Human failures during the implementation of FLEX strategies can be evaluated
using several methods, such as the Cause-Based Decision Trees Method, Standardized Plant
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Analysis Risk-Human (SPAR-H), and Technique for Human Error Rate Prediction method-
ologies [79,80]. Estimation of HEPs in association with deploying portable equipment has
been identified as an important issue for HRA application in the FLEX strategy [81,82].
Kim and Cho [83] have identified several challenges for the HRA application. Xu and
Zhang [15] have reviewed several scholars’ work and developed methods on the HRA
for the FLEX strategies. Recently, some progress on the dedicated HRA methods for the
FLEX strategies implementation was made by the U.S. Nuclear Regulatory Commission
(NRC) and the Korea Atomic Energy Research Institute (KAERI) independently. The U.S.
NRC has developed two methods (i.e., expert elicitation [84] and the Integrated Human
Event Analysis System for Event and Condition Assessment (IDHEAS-ECA) [85]) to ob-
tain HEPs and to understand the performance-influencing factors involving the use of
portable equipment. Suh et al. [86] have developed a time-based model to classify two
time-distribution functions (i.e., the time required and the time available) to calculate HEPs
from delayed action when implementing strategies associated with the use of portable
equipment. However, the following issues should be highlighted for the introduction of
these HRA methods into the FLEX strategy analysis.

Owing to the limited and rare dataset of the human performance and errors on human
actions for the FLEX strategies, the U.S. NRC proposed the expert elicitation methodology to
estimate HEPs for a representative set of FLEX actions and to identify the factors impacting
the HEPs. Obviously, to execute an HRA for the FLEX strategies, building relevant extensive
datasets is very crucial work. Considering that the FLEX strategies vary from plant to
plant, plant-specific information is also included in the datasets. Systematic approach
training programs that include the FLEX strategies are useful for their implementation and
dataset creation.

Since the time required to implement the FLEX strategies has a high level of uncertainty
and the HEPs are very sensitive to changes in scenario context or action specifications,
sensitivity and uncertainty studies are inevitable for HEP estimation [86,87]. Furthermore,
optimized methodologies (for the procedure and time window optimization) may be
adopted to increase the likelihood of success of the FLEX strategies and to decrease the
HEPs [88].

Some detailed errors for human reliability should be considered in HRAs before their
application in a FLEX strategy analysis. For example, SPAR-H, developed by the U.S. NRC,
did not consider communication errors, which are very important for the implementation
of FLEX equipment [89].

(3) Cost–benefit analysis of the FLEX equipment

Decision making is an important part of NPP operation and accident prevention/mitigation.
It involves decisions that may have significant safety and economic consequences. A cost–
benefit analysis is based on the ratio between the risk importance measures and the cost
of the safety measure. Cost is a parameter of the safety measure. To handle the sixth
item (strategic economic considerations) of the challenges above and to achieve a balance
between the safety and economic consequences, a cost–benefit analysis would support
safety measures that have a minimal cost in one-by-one comparisons [90].

It is generally considered that the safety considerations far outweigh the economic
considerations during BDBEEs. In other words, making the decision-making process more
efficient can result in potentially large economic benefits [91]. Therefore, the cost of FLEX
equipment is not a crucial point in BDBEE scenarios. However, the benefit of utilizing the
FLEX equipment during normal operations to the NPP is an interesting issue [59,60].

5.2. BDBEE Analysis and Supporting System

Since the nuclear accident, especially since the scenario triggered by a BDBEE is very
complicated, a comprehensive BDBEE analysis and supporting system is very useful for
nuclear accident management. In this section, a system that specifically deals with the
FLEX strategy is proposed. The process of the BDBEE analysis and supporting system is
as follows.



Energies 2022, 15, 6275 12 of 21

(1) BDBEE characterization analysis

BDBEEs have been grouped into five types by the U.S. NEI: (a) seismic events; (b) ex-
ternal flooding; (c) storms such as hurricanes, high winds, and tornadoes; (d) heavy snow,
ice storms, and extreme cold; (e) and finally extreme heat [92]. This step of the process
focuses on the identification and characterization of the applicable BDBEEs for each site.
Identification involves determining whether the type of hazard applies to the site and
finding its CEE hazard (the first item of the identified challenges, i.e., knowledge of CEEs).
Characterization focuses on the likely nature of the challenge in terms of timing, severity,
and persistence. In the case of too many parameters or characteristics being involved,
the dimension of the data can be reduced by methods such as the principal component
analysis [93].

(2) Fragility assessment of NPP critical SSCs

Fragility assessment (for example, for seismic margins) for a BDBEE is crucial but was
seldom performed in the past. The plant-specific thresholds for critical SSCs are determined
based on the fragility assessment. Fragility analysis is based on several methods, such as
Artificial Neural Networks [94] and (dynamic) Bayesian networks [95]. The output of this
step is a table of SSCs that are assessed in the NPP response model, as well as their failure
probabilities as a function of the severity of the BDBEEs (e.g., fragility tables, fragility
curves, or failure models based upon BDBEE characteristics based on the last step) [96].

(3) Strategies development and V & V

The V & V of procedures must be performed to ensure that guidance can be followed
and time limits can be met. For the development and V & V of the FLEX strategy, the
trend is to combine the PSA method and deterministic simulation using STH [97,98], as
shown in Figure 3, which starts with BDBEEs identification. This process is corresponding
to treating the second item of the identified challenges, i.e., the credit FLEX strategy in the
PSA/determination method. After the preliminary selections for all kinds of BDBEEs which
may exist at the specific NPP site have been made, the PSA analysis is used for the selection
of risk-informed scenarios [99]. After the scenarios are confirmed, the corresponding
initial conditions and boundary conditions are determined. Then, the STH codes may be
introduced for the scenario modeling and simulation. According to the simulation results
and the experience database (for example, the seismic and operational database [100]) or a
built expert system [101], or the results of the PSA analysis directly, the targeted measures,
which are aimed to minimize the risks of scenarios, could be proposed. The selection
of measures and the determination of the corresponding parameters, equipment, and
procedures could be an iterative process until the prevention or mitigation of the hazards
caused by the BDBEEs is satisfied.

It is appropriate to note here that some important issues should be considered and
may be addressed during the development of strategies development and V & V:

(1) uncertainty analysis (i.e., the seventh item of challenges) is suggested for the evalua-
tion of the stability and convergence of the BDBEE analysis and supporting system;

(2) the stability and the reliability of the FLEX devices/equipment is an inevitable issue
for their implementation;

(3) special attention should be paid to common causes of failure, especially specific
failure-to-start, failure-to-run modes [102];

(4) it is necessary to validate the FLEX strategies and the related equipment for BDBEEs
in the experiment of thermal-hydraulic test facilities if feasible [103].

These issues need to be properly considered/addressed by different methods, for
example, the redundancy and of alternative installed equipment/devices.
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(4) Build integrated accident management guideline

Since the procedures/guidelines for nuclear safety was developed under different
backgrounds, the harmonization and integration of them are different. However, it seems
very useful since the procedures/guidelines have similar or related nuclear safety objectives.
This step involves the fourth item (emergency management) of the identified challenges.
Kim et al. [104] have preliminarily proposed an integrated framework of NPP accident
management guidelines, which may be a reference for the strategy development and needs
further delicate study.

5.3. Remote Response Technology Enhancement during NPP BDBEEs

An overarching lesson from the Fukushima nuclear accident and other engineering
accidents is that major damage to infrastructure in the area surrounding the plant might
challenge an effective emergency response [68]. Remote response technology has advanced
to the extent that a robot system, if properly designed and deployed, may greatly help
respond to NPP BDBEEs [105]. Actually, the emergency robots were used in the Fukushima
accident, but they did not play an important role due to technical limitations [106,107].
However, since the Fukushima nuclear accident, there has been increasing interest in
developing disaster robots that can be deployed instead of a human operator to the field
to perform mitigating actions in the complex and harsh environment of the NPP site. The
advantages of the emergency robots, compared with workers, are summarized as follows:
shorter procedures to save time, easier procedure control owing to digital operation, higher
precision, higher reliability, lower operating environment requirements (especially for
radiation), etc.

The objective of this suggested study is to develop and enhance the remote response
technology during NPP BDBEEs, including the emergency response robot and its remote
control proto-type platform development, consequently to achieve the implementation of
the FLEX strategies automatically. To achieve the objective, the fifth item (measurement
and data analysis) of the challenges may be encountered and the associated issues in the
Internet of Things, Big data, and Digital Twin need to be resolved. Some characteristic
concerns for emergency response robot development are illustrated in Figure 4. It should
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be emphasized that the “specific functions” in Figure 4 stand for the target functions of the
FLEX strategies during BDBEEs.
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5.4. Emergency Management Support System

An effective response is dependent on integrated planning and response actions among
the NPP, national nuclear safety organization, governmental authorities, and industry and
vendor support personnel. The emergency management support system is crucial since
the NPP emergency management is very complicated, involving multi-lateral coordina-
tion [108], especially during the accidents caused by BDBEEs (the site damage and disorder
in the surroundings may limit the outside support [69] and the introduction of the off-site
FLEX equipment/devices increases the difficulty of accident management), the structure of
which could be seen in Figure 5—one commander center and four specifical modules to
achieve a different target separately. In the commander center, besides the decision group,
the information and data interaction (with relevant entities, headquarters, governments,
regulations, emergency facilities, and so on) should be included and summarized in the
system. To develop such a support system, several challenges in Section 4, especially
the ninth item (equipment management and staging routing), may be encountered and
resolved. Several principles should be set as the basis for efficient emergency management
support operations:

(1). confirm that the distribution of abilities, skills, and on- and off-site communication
are intact;

(2). possess adaptability as the group develops and changes, either adding or canceling
skills as needed [109];

(3). consider the method of remote control and the strategies to regain control over the
site and limit site damage (e.g., firefighting) during BDBEEs;

(4). confirm the sufficiency of the necessary portable/mobile resources (e.g., AC power,
direct current power, water, pneumatic air, diesel fuel) for the FLEX strategy and
necessary staff;

(5). confirm the capability of logistics, especially under the following two conditions:
(a) the ultimate “common cause event”—Black Sky Events—with the potential to
prevent the off-site world from rendering meaningful assistance to the damaged NPP
in a timely manner, and (b) when several NPPs are simultaneously in need of FLEX
equipment and resources from the FLEX regional response centers [110];

(6). confirm the capabilities of simulation, analysis, and consequence evaluation;
(7). confirm enough measurement to check the condition of the key SSCs;
(8). evacuate the personnel on- and off-site and take care of wounded people, providing

basic medical and sanitation, sanctuary, and daily necessities;
(9). confirm the capability of improvisation, especially using the on- and off-site FLEX

resources, in case of a situation without corresponding procedures/guidelines [111].
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5.5. Full-Range Simulator for the Multi-Unit Site

During the deployment of FLEX strategies for NPP accident mitigation, human errors,
mistakes, learning, decision making, and actions are part of the synergistic learning pro-
cesses, which are dynamic and time-dependent, as shown and validated against massive
integral system accidents and events, and human learning data [112]. Therefore, a truly
dynamic restoration theory is required, not a static risk assessment [113]. In order to
achieve this objective, a full-range simulator concentrated on the FLEX strategy, especially
for the multi-unit sites, is suggested for the near future work. The full-range simulator
enabling NPP accident simulations based on the STH best-estimate codes or other accident
analysis codes can be valuable in providing a single unifying platform for strengthening
and integrating emergency response capabilities, such as EOPs, SAMGs, EDMGs, and
FSGs [114,115]. The development of this kind of simulator involves several challenges (e.g.,
the third item about the FLEX strategy time constraint, the fourth item about emergency
management, the seventh item about uncertainty and sensitivity analysis, and the tenth
item about the strategy for the multi-unit site, etc.). A typical flow chart of the simulator
for a multi-unit site is summarized and illustrated in Figure 6. The different locations of
the key SSCs and off-site scenarios are simulated parallelly and an interface is provided for
two functions: (a) data exchange for decision making and consequently for the entering of
the procedures/guidelines of accident management; (b) human–computer interactions for
the training and drills of operators.

Therefore, the simulator can be used to validate or improve the effectiveness of the
procedures/guidelines for the FLEX strategy and to provide a realistic and interactive
platform to support the training and drills for the related operators. Based on the simulator,
the operators can renew their knowledge, improve their behaviors, and finally be qualified
in the implementation of FLEX strategies during BDBEEs.

Additionally, experience from major accidents outside of the nuclear field shows
that organizations can become destroyed, degraded, and challenged, so “preparing to be
unprepared” may be a useful dimension to add for drill/exercise realism [56]. Hence, the
full-range simulator may also include improvisation training for the conditions that have
never occurred and have never been analyzed before.
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6. Conclusions

After the Fukushima nuclear accident, the concept of the FLEX strategy was put
forward by the U.S. NEI. Its theory has been wildly spread and accepted by many countries
that generate nuclear power. The research of the FLEX strategy is a new trend in nuclear
engineering in the recent decade. It provides not only fixed on-site equipment/devices
but also on- and off-site portable resources for nuclear accident prevention/mitigation,
especially for the disaster/hazards (similar to the Fukushima nuclear accident) triggered by
BDBEEs. However, the research progress of the FLEX strategy has been affected by several
unfavorable factors, including the knowledge of CEEs, the V & V methodology of the FLEX
strategies, the portable equipment management and staging routing, the FLEX strategy
for the multi-unit site, and so on. In view of these challenges and technical difficulties,
several suggestions for future work are proposed, such as several topics for a more detailed
PSA analysis of the FLEX strategy, a BDBEE analysis and supporting system, and remote
response technology, etc. Finally, it should be noted that some topics that were not been
emphasized in this paper and this does not mean that they are not crucial for the FLEX
strategy. It is only because of the impossibility to list all of the FLEX-strategy-related topics,
and the limited time and knowledge of the authors. For example, experimental studies
of the FLEX strategies are also important from the viewpoint of some researchers, and
there were rarely experimental studies on the FLEX strategies, especially for those that
introduced new equipment or devices for strategy implementation. Consequently, it should
be focused to some extent in the future.
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Abbreviations

AC Alternating Current
CEE Cliff-Edge Effect
EDMG Extensive Damage Mitigation Guideline
EOP Emergency Operating Procedure
FSG FLEX Support Guideline
HRA Human Reliability Analysis
LUHS Loss of Ultimate Heat Sink
NPP Nuclear Power Plant
PSA Probabilistic Safety Assessment
SAMG Severe Accident Management Guideline
SPAR-H Standardized Plant Analysis Risk-Human
STH System Thermal-Hydraulic (code)
BDBEE Beyond-Design-Basis External Event
DID Defense in Depth
ELAP Extended Loss of Alternating current (AC) Power
FLEX Diverse and Flexible Coping Strategy
HEP Human Error Probability
KAERI Korea Atomic Energy Research Institute
NEI Nuclear Energy Institute
NRC Nuclear Regulatory Commission
RCS Reactor Cooling System
SFP Spent Fuel Pool
SSC Structure, Systems, and Components
V & V Verification and Validation
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