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To enhance the defense in depth for nuclear safety after the Fukushima nuclear accident, the
U.S. Nuclear Energy Institute put forward the concept of diverse and flexible coping strate-
gies and the corresponding FLEX support guidelines for the special scenarios of extended loss
of alternating current power and loss of ultimate heat sink caused by beyond-design-basis ex-
ternal event. Subsequently, the idea of the FLEX strategy was broadly accepted and spread
widely. The introduction of the concept of FLEX strategy into the defense in depth was the
biggest improvement for nuclear safety in the recent decade. This paper has reviewed the con-
cept of traditional defense in depth and its weakness that led to the Fukushima nuclear acci-
dent, which led to the development motivation for the FLEX strategy. The research progress
of the FLEX strategy in different countries in the past ten years has been reviewed. Based on
the literature, and the aforementioned review, some recommendations for future work have

been presented.
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INTRODUCTION

According to the prediction of the International
Atomic Energy Agency (IAEA), the demand for
global primary energy will be an increment of about
2.5 times in 2050 comparing with the beginning of this
century in 2000. Nuclear energy has the potential to
contribute to a sustainable solution for the world's
growing energy needs and also environmental prob-
lems [1]. After a slight decrease in nuclear generation
around the Fukushima nuclear accident in 2011, the
nuclear generation increased successively these years.
The development of the world's nuclear industry cur-
rently faces economic, environmental, and safety con-
cerns. The root of the concerns is nuclear safety [2].

Similar to most engineering systems, the safety
of nuclear power plants (NPP) is the most critical con-
cern. Nuclear engineering design is committed to
maximizing nuclear safety. The NPP have been de-
signed to withstand a large series of postulated initiat-
ing events, including design basis accidents (DBA)
and design extension conditions (DEC) [3]. These two
accidents may lead to severe accidents (SA) if they are
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not handled properly [4]. The DBA are postulated to
establish the design bases of the safety systems, which
are considered on the licensing basis. Representative
DBA are main steam line break, loss-of-coolant acci-
dent, and so on [5]. The DEC were introduced with the
purpose to further improve safety by enhancing NPP
capability to withstand the conditions generated by ac-
cidents that are more severe than DBA [6]. Examples
of DEC are station blackout, loss of ultimate heat sink
(LUHS), and anticipated transient without scram [7].

To get the NPP license from the authority, the
NPP design of the licensee offers a demonstrated pro-
tection using various safety and non-safety systems
with application of emergency operating procedures
(EOP) and severe accident management guidelines
(SAMG) (if the EOP are not effective). The set of EOP
and SAMG is designed based on scenarios, often us-
ing the deterministic thermal-hydraulic assessment [8,
9] and the probabilistic safety analysis (PSA) [10].
Based on the advanced design and improvement of
safety procedures/guidelines, the core damage fre-
quency and large early release frequency, which are
the key safety criteria for NPP safety, became smaller
and smaller.
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According to the safety requirements, the cur-
rent NPP design can prevent core damage under DBA
or DEC conditions. However, core damage can occur
under beyond-design-basis external events (BDBEE),
especially extremely severe external events like the
cast Japan great earthquake that led to the Fukushima
nuclear accident and subsequent large radiation re-
lease [11]. To enhance the defense in depth (DID) for
nuclear safety after that, the U.S. Nuclear Energy In-
stitute (NEI) put forward the concept of diverse and
flexible coping strategies (FLEX) for the special pur-
pose of BDBEE hazard mitigation and the correspond-
ing FLEX support guidelines (FSG). Subsequently,
the idea of the FLEX strategy was broadly accepted
and spread widely in the recent decade. Since 2021 is
the 10" anniversary of the Fukushima nuclear acci-
dent, the current progress, and the existing challenges
of the FLEX strategy deserve a review, which is the
main objective of this article.

DEFENSE-IN-DEPTH CONCEPT
AND THE INTRODUCTION OF THE
FLEX STRATEGY

This section presents a review of the concept of
traditional DID and its weakness that led to the
Fukushima nuclear accident, consequently the intro-
duction of the FLEX strategy to enhance the DID for
nuclear safety.

Defense in depth

Traditional DID

The main pillars for nuclear safety are based on
the following concept as shown in fig. 1. Atthe begin-

Fundamental safety objective

d

Fundamental safety function

ning of this century, the ITAEA published its revised
fundamental safety principles, which importantly
states that the fundamental safety objective is to pro-
tect people and the environment from harmful effects
of ionizing radiation [12]. Consequently, the concept
and methodology of DID were brought out at the end
ofthe last century [ 13], and then it spread to regulatory
agencies around the world.

Except for building four physical barriers [ 14] as
shown in fig. 1 for accident prevention or mitigation,
the fundamental idea for DID is to set several consecu-
tive and independent levels of protection to prevent or
mitigate the consequences of accidents [15]. The NPP
conditions are divided into five levels — normal opera-
tion condition, AOO, DBA, SA, and post-SA situation
- for different protections [16]. The definition of each
condition could be found in the IAEA report [17]. The
frequencies from AOO to post SA situation are de-
creased from around 1072 per reactor-year to less than
107 per reactor-year. If one level of protection or bar-
rier is to fail, the subsequent level or barrier would be
available.

The concept of DID could be well understood in
fig. 2. Each blue board represents a defense layer for
hazard prevention. The ideal condition of DID is shown
in fig. 2 as the case (a). They are perfect without any
failure and therefore there is no possibility of system
loss. But case (a) is unrealistic, which only exists in the-
ory [18]. A more realistic situation is shown in fig. 2 as
the case (b). There may be several holes on each blue
board, which means failures in each layer of DID. The
failures in the first layer may be prevented by the second
layer. If both the first layer and the second layer are fail-
ures, losses may be prevented by the third layer, and so
on, the failures are shown as lines-1 in fig. 2 case (b).
According to the PSA, the probability of failure with

to protect people and the environment from
harmful effect of ionizing radiation

scontrol reactivity
= sremoval of heat from core

Figure 1. Nuclear

safety concept
DID

RCS:  Reactor cooling
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AQOQ:  Anticipated operational
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sconfinement of radiocactive material

multiple physical barriers:
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*layer 2: fuel cladding
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*layer 4. containment
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slevel 4: severe accident (SA)
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(a) Ideal DID (effective) (b) Realistic DID (effective)

Figure 2. Traditional DID concept for hazards

more DID layers will decrease sharply when the layers
increase [19]. Consequently, there is nearly no chance
for all layers of failure based on the independence as-
sumption of the layers.

Weakness of traditional DID
— cliff-edge effect

However, the Fukushima nuclear accident
showed some defects of the traditional DID for imple-
mentation and highlighted the possibility that extreme
natural phenomena could challenge the prevention,
mitigation, and emergency preparedness of the DID
layers [20]. From the perspective of review currently,
this seemingly perfect DID theory has a significant
weakness that DID does not consider the cliff edge
(CE) which leads to the so-called cliff-edge effect
(CEE) in the viewpoint of probability theory [21]. The
CE could be divided into two types, physical CE and
knowledge-oriented CE, which will be defined and
discussed separately as follows.

— according to the definition of [22], the physical
CE represent the phenomenon that there occurs a
significant increase of consequence due to a small
amount of decrease of the occurrence frequency
of the external event. This definition of CE can be
understood as depicted in the risk curve, i. e., a re-
lationship between an occurrence probability and
its consequence, as shown in fig. 3. An example
of the physical CE is the common cause failure
(CCF) brought by large external events [23]. To
make matters worse, if the external event is
BDBEE, it may impact multi-units in the same site
or NPP in the same disaster area [24].

— Knowledge-oriented CE is associated with the
knowledge limit within which we can deduce and
make reliable decisions based on our certain
amount of knowledge and available information
of'an objective of interest. These CE imply the de-
viation from the known domain to the unknown
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Figure 3. The CEE [22]

domain or phenomena unexpected. As an exam-
ple, failure of containment may happen due to the
unknown detailed mechanism of hydrogen deto-
nation. As a result of knowledge-oriented CE, it
may lead to inappropriate decisions, which may
cause the failure of DID [25].

The concept of DID would be ineffective owing
to CEE, as shown in fig. 4. The CCF (akind of physical
CE) may lead to failure of all layers of defense simulta-
neously or successively and consequently, leads to the
failure of DID as shown in fig. 4(a). In fig. 4(b), al-
though the hazard does not cause the original DID to
fail completely, it may skip some layers of the DID
system, as an example, the last layer in fig. 4(b), and as
a result, lead to an unknown failure of the system.

Failure of DID in the Fukushima
nuclear accident

To prevent such kinds of the accident like the
Fukushima nuclear accident in the future, we need a
way to reduce and avoid this kind of CE and enhance
the concept of DID. After Fukushima nuclear acci-
dent, TAEA held a conference, which focused on DID
issues and came to a summary about DID including:

(a) Physical CE
(common cause failure)
makes DID ineffective

(b) Knowledge oriented makes
DID ineffective

Figure 4. Failure of DID concept owing to CEE
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— The DID has to be strengthened and extensively
applied in order to meet the most recent safety ob-
jectives,

—  further development and guidance are required for
the strengthening measures, and

— criteria to choose between fixed and mobile equip-
ment should be developed.

To prevent or mitigate the hazard caused by
BDBEE, additional strategies were proposed for cop-
ing with these events including the utilization of porta-
ble equipment, permanent equipment, or combination
of portable and permanent equipment. The FLEX
strategy focuses on maintaining, enhancing, or restor-
ing NPP key safety functions that address the potential
consequences of these BDBEE. Cavaluzzi has used
the PSA method to prove that FLEX strategies with
portable equipment could decrease the possibility of
failure during BDBEE [26].

The introduction of the
FLEX strategy

The kind of natural disaster that caused the
Fukushima nuclear accident was not considered plau-
sible in the vicinity of any NPP in the USA. But the
U.S.NRC established a near term task force (NTTF) to
determine whether safety improvements should be
recommended for US commercial NPP, which finally
issued a report [27] including 12 recommendations in
total. Apart from laws and formal regulations, this re-
port named Recommendations for Enhancing Reactor
Safety in the 215" Century: The Near-Term Task Force
Review of Insights from the Fukushima Daiichi Acci-
dent may be the single most influential document in
the U.S. NRC history [28]. According to the different

Figure 5. Three tiers of
recommendations for
enhancing reactor safety in the .
21% century —

Further studies and longer-

term actions

urgencies of the recommendations, the tasks were di-
vided into 3 tiers as shown in fig. 5 [29].

In addition, many other organizations investi-
gated the Fukushima nuclear accident after it hap-
pened, producing quite a lot of reports [30, 31]. Sev-
eral researchers have reconsidered the lessons from
Fukushima nuclear accident, which have been sum-
marized here, as shown in fig. 6 [32, 33].

In the following year of the Fukushima nuclear
accident, a further recommendation from NTTF was
the U.S. NRC order EA-12-049 (issued on 12 March
2012) [34], requiring all U.S. NPP to implement miti-
gation strategies to protect against the scenario of Ex-
tended Loss of Alternating current (AC) Power
(ELAP) caused by BDBEE. Consequently, U.S. NEI
put forward the concept of FLEX and corresponding
FSG specifically for external scenarios as the
Fukushima nuclear accident, which use on-site or
off-site replacement and substitute equipment, making
connections and repairs, just like restoring power in
any system [35]. Actually, the FLEX strategy may be
considered as an extension of extensive damage miti-
gation guideline (EDMG), which was developed by
U.S. NEI aiming at preventing or mitigating hazards
caused by explosions or fires (especially these caused
by man-made hazards such as aircraft attack) after the
911 terroristattacks [36, 37]. Additionally, the concept
ofthe FLEX strategy to use portable equipment to mit-
igate the accidents has already been adopted by IAEA
(SSG-54), to deal with accidents, especially SA[38].

The strategy has been modified from draft revision
0in 2012 to version 4 in 2016 [39] owing to its impor-
tance and urgency. In the last version of the NEI FLEX
strategy report, the theory of FLEX strategy was supple-
mented with the shutdown modes analysis to identify and
reduce the risk of showdown process, the Appendix E for

Seismic and flood hazard reevaluations and walkdowns
SBO regulatory actions and Mitigation strategies
Reliable hardened vents

SFP instrumentation

Strengthening and integration of EOP, SAMG and
EDMG etc.

* Staffing and communications

. & s

SFP makeup capability
Emergency preparedness regulatory actions

Hazards of seismic, flooding and seismically induced fires
and floods

Prolonged SBO and multi-unit events

Reliable hardened vents

Hydrogen control and mitigation

Emergency Response Data System (ERDS) capability
Decision-making radiation monitoring and public
education

Reactor Oversigh Process modifications to reflect DID
Staff training and resident inspector training on SA

* & o s @
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# Insufficient consideration of CCF

* Lack of strategies for SFP in SA
* Lack of flexible equipments
* |nsufficient PSA level 2 analysis

Human reliability assessment (HRA)

validation guidance of FLEX strategy, the Appendix G
and Appendix H for mitigating strategies assessment of
new flood and seismic hazard information, respectively.
Based on the identified accident sequences fol-
lowing the BDBEE and CE at each NPP, the objective
of the FLEX strategy is to improve the resilience and
flexibility for prevention and mitigation strategies of
NPP, and consequently enhancing the DID [40]. The
concept of the FLEX strategy was accepted by the U.S.
Nuclear Regulatory Commission (NRC) in August
2012 [41]. According to the afore-mentioned recom-
mendations from literature and issues for the
Fukushima nuclear accident, and the characteristic of
the FLEX strategy, the capabilities of the FLEX strat-
egy could be summarized here as shown in tab. 1.
The aim of the FLEX strategy implemented dur-
ing the BDBEE is to decrease the failure risk of NPP as

Table 1. The capabilities of the FLEX strategy

* Underestimation of BDBEE (LOLA, ELAP, LUHS)
* Underestimation of the risk for multi-unit failure

« Shortage of information or wrong information

» Lack of procedures and training for SAMG

Weak capabilities of improvisation/flexible strategies
= Lack of capabilities under loss of control room

Figure 6. Lessons from
Fukushima accident

low as possible. To achieve this objective, the FLEX
strategy should be implemented to achieve the follow-
ing functions [42]:
— mitigation of the remaining residual risks (i. e., the
risks caused by physical CE (CCF), and
— prevention and/or mitigation of the unknown risk,
(i. e., therisks caused by knowledge-oriented CE).
Therefore, how the FLEX strategy enhances the
concept of DID could be explained by fig. 7.

RESEARCH PROGRESS OF FLEX
STRATEGY IN DIFFERENT COUNTRIES

After the Fukushima accident, the responses of
different countries are quite different from each other
in the aspect of government policy and utilities
post-accident measures, as different countries have

Category Subcategory Content
CCF CCF for Multi-unit NPP site
— Seismic events
— Flood
Initial BDBEE — High winds

— Extremely low temperatures (including snow, ice)

— Extremely high temperatures

Technical strategy

—-LOLA
Induced DEC — ELAP
— LUHS
) S N — SFP makeup
gf\éel:rglggc?ggnltmtlgatlon capability _SFP spray
— SFP leak mitigation

Phenomena of SA

— Containment venting

Enhance NPP procedures/guidelines

Strengthening and integration of NPP EOP / SAMG strategy
for beyond design basis accidents (BDBA)

Personnel management
Management strategy

— Staffing

— Training and drilling

— Communications

— Human reliability assessment

Resource management

On-site and off-site resource protection and deployment
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I Set of on-site and off-site
I portable FLEX strategy
I

Figure. 7. The FLEX strategy
enhanced DID concept

(a) FLEX strategy enhanced
DID concept for physical cliff
edge

different national conditions and attitudes towards nu-
clear energy [28]. However, many countries now have
decided to have portable equipment available for
added capability, and there is considerable worldwide
interest and research effort directed toward FLEX
strategy, especially in the countries with high-density
NPP sites such as Korea, since the possibilities of
BDBEE and its hazards at multi-unit sites are larger.
In this section, introductions and comparisons of the
post-Fukushima safety enhancement measures related
to FLEX (or similar to the concept of FLEX but with
different nomenclatures) in different countries are de-
scribed according to the available literature. It should
be noted that even if similar concepts or actions are
adopted in different countries, they have different no-
menclatures. Additionally, this section mainly focuses
on the regulatory requirements in observed countries
and the response from their nuclear industries briefly
since the FLEX strategy is site-specific and different
NPP developed their own detailed strategies, which
are dissimilar from each other. For more detailed in-
formation about the FLEX strategies at a specific NPP
site, the corresponding reference can be resorted to.

USA

Following the Fukushima accident, the U.S. NPP
assessed the safety items and concluded that BDBEE (e.
g., seismic events, external flooding, etc.) are highly un-
likely but could present challenges to NPP. The
Fukushima Response Steering Committee, a leadership
structure formed to integrate and co-ordinate the indus-
try's ongoing response to the Fukushima nuclear acci-
dent, developed the FLEX concept. The committee —
senior electric utility executives, reactor owners'

(b) FLEX strategy enhanced
DID concept for knowledge
oriented cliff edge

groups, the Nuclear Energy Institute (NEI), the Institute

of Nuclear Power Operations, and the Electric Power

Research Institute-spent the year following Fukushima

ensuring that its lessons are fully understood and inte-

grated into plans to enhance safety.

Numerous industry activities related to NPP pro-
cedures/guidelines were initiated to implement les-
sons learned in the USA [43]. In addition to updating
the generic EOP/SAMG strategy, the usage of EDMG
and FLEX equipment has attracted much attention
[44]. The integration of the updated EOP/SAMG strat-
egy with EDMG, FSG, and emergency mitigating
equipment guidelines (EMEG) is an essential part of
the activities.

After the FLEX strategy had been developed by
NEI, all U.S. NPP had to develop FLEX strategies to pro-
tect against ELAP resulting from BDBEE and submit an
overall integrated plan. These so-called FLEX inte-
grated plans should have had to be submitted to the US
regulator no later than two refueling cycles after
submittal, or by end of 2016, whichever came first [45].

Under the FLEX program, NPP owners have in-
vested heavily in additional on-site diesel generators
and diesel-driven pumping systems. Efforts have been
made to expand on-site diesel fuel storage capabilities.
Several FLEX integrated plans could be resorted to for
more detail, for example:

— Nuclear Innovation North America (NINA) re-
viewed the FLEX capabilities of the NPP at the
South Texas Project Units 3 and 4 (STP3&4),
which are the US-Advanced Boiling Water Reac-
tors (ABWR) and concluded that the US-ABWR
was capable of providing a significant coping pe-
riod for an ELAP and consequent LUHS without
core damage by using existing plant systems and
considering also FLEX strategy [46].
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—  Fort Calhoun NPP established detailed flow charts
in procedures/guidelines to introduce the FSG for
different safety objectives in ELAP/LUHS sce-
narios. Simultaneously, a list of FLEX strategies
was built to modify the support optimal strategies
[47].

— Palo Verde NPP has checked the safety issues after
the Fukushima nuclear accident and introduced
the FLEX equipment, such as portable pumps,
FLEX generators, condensate storage tanks,and
the refueling water tank to enhance the safety sys-
tems in NPP [45].

—  The 3-unit Browns Ferry NPP Authorized by the
Tennessee Valley has the capacity to store at least
282,240 gallons of diesel fuel on-site for its FLEX
diesel generators [48].

Finally, the US NRC intended to issue a Safety
Evaluation Report for each site following the demonstra-
tion of successful implementation of the FLEX plan.

Based on the summary of feedback experience
and research on FLEX strategies after the Fukushima
nuclear accident, the U.S. NRC proposed to amend Ti-
tle 10 of the Code of Federal Regulations (10 CFR). The
new rules were finally issued in August 2019 [49], with
the following emphasized key points and requirements
of FLEX strategies for each applicant or licensee:

— build the integrated response capability that in-
cludes FSG, EDMG, and EOP,

— develop, implement, and maintain a supporting
organizational structure with defined roles, re-
sponsibilities, and authorities for directing and
performing the FSG and EDMG,

— develop, implement, and maintain sufficient staff-
ing to support the implementation of FSG and
EDMG in conjunction with the EOP during an
event, and

— provide training, drills, or exercises to personnel
that perform activities in accordance with FSG
and EDMG.

The SAFER (short for Strategic Alliance for
FLEX Emergency Response) team, an alliance estab-
lished between AREVA and Pooled Inventory Man-
agement, is contracted by the U.S. nuclear industry to
establish and operate National SAFER Response Cen-
ters to purchase, store, maintain and deliver emer-
gency response equipment in the case of a major nu-
clear accident or BDBEE in the U.S. [50]. Two
SAFER control centers were built in Lynchburg and
Birmingham separately. Additionally, two regional re-
sponse centers Memphis and Phoenix (also called
FLEX support centers) have been built with equip-
ment, logistic, and support technicians for the deploy-
ment of off-site FLEX strategies within 24 hours [51].

The NRC also emphasizes that it is allowed for a
licensee to make changes to FSG and EDMG without
prior NRC approval, provided that the licensee per-
forms an evaluation demonstrating that regulatory re-
quirements continue to be met. Documentation of all
changes would need to be maintained.

In addition, the U.S. NRC has made efforts to
credit FLEX strategies in regulatory applications [52],
such as investigating human reliability assessment
methods for the FLEX context [53], incorporating the
FLEX equipment into PSA [54] and overseeing the li-
censee's implementation of FLEX strategies, prepar-
ing Regulatory Guide 1.226 to guide the licensees on
how to demonstrate their compliance with regulations
of BDBEE planning and preparedness.

Canada

Following the Fukushima nuclear accident, Ca-
nadian NPP procured equipment and initiated modifi-
cations to improve response capability for BDBA.
Consequently, modified guidance was correspond-
ingly introduced for these changes to address BDBA
[55]. To prevent SA, emergency mitigating equipment
are introduced as additional barriers for accident man-
agement, maintaining reactor core cooling, and pro-
tecting the integrity of containment in Canada. Hence,
EMEG, which is similar to EDMG and FLEX, is being
prepared in parallel with enhancements of SAMG by
reflecting the lessons learned from the Fukushima nu-
clear accident [56].

From then on, the Canadian Nuclear Safety Com-
mission regulatory document REGDOC-2.5.2 [57] re-
quires the design authority to consider mitigation of a
broad range of accidents and provide the initial accident
response guidance including EMEG, which is robust,
readily available, easily deployable within required
timeframes, and has adequate redundancy [58].

European Union

The Fukushima nuclear accident triggered the
need for coordinated action at the EU level to identify po-
tential further improvements in NPP safety. The Council
of the EU asked the European Commission and the Euro-
pean Nuclear Safety Regulators Group (ENSREG) to in-
vestigate the robustness of a plant for events beyond its
licensed design basis and reassess the safety margins of
NPP in the light of the events in Fukushima [59]. On 25"
March 2011, ENSREG decided that the safety of all EU
nuclear plants should be reviewed, based on comprehen-
sive and transparent risk and safety assessments — the
stress tests [60]. The stress tests consist of three main
steps: a self-assessment by licensees, followed by an in-
dependent review by the national regulatory bodies, and
by the third phase of international peer reviews. The in-
ternational peer review phase consists of three steps: an
initial desktop review, three topical reviews in parallel,
and seventeen individual country peer reviews. Through
the stress test, each specific plant could identify its weak
points and any CEE by the postulated extreme natural
events, and could further find any provisions to prevent
these CEE or increase its robustness through modifica-
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tion of hardware or procedures/guidelines, organiza-
tional preparedness, etc. The FLEX strategies in France
and Spain will be introduced following as examples of
the EU.

France

Following the Fukushima nuclear accident, the
French Nuclear Safety Authority asked the French nu-
clear licensees to carry out a reassessment of their fa-
cilities in the light of the Fukushima nuclear accident.
These reassessments, called Complementary Safety
Assessments, were based on the specifications at-
tached to the aforementioned decisions and consistent
with the specifications for the stress tests requested by
the European Council. With the assessment results,
France has shown that its nuclear facilities have a sat-
isfactory level of safety. However, it had been decided
to significantly improve their robustness to extreme
situations, by introducing nuclear rapid response force
(FARN), which has a similar objective and function to
EDMG. In addition, some risk of CEE has been identi-
fied during the assessments, corresponding measures,
which was called hardened safety core (HSC), similar
to the FLEX strategy in the USA, have been devel-
oped, providing a set of material to enable the NPP to
withstand hazards or situations caused by the CEE
[61]. The HSC must ensure ultimate protection of nu-
clear facilities with the following three objectives:

— Prevent a SA or limit its progression,

— limit large-scale releases in the event of an acci-
dent which it was not possible to control, and

— enable the licensee to perform its emergency man-
agement duties [62].

The HSC may be composed of existing struc-
tures, systems, and components (SSC), that might re-
quire to be strengthened, or of new SSC that should be
designed and sized to withstand extreme situations.
The SSC may be active or passive. The implementa-
tion of HSC for operating NPP compensated for some
weaknesses in the current approach and improved sig-
nificantly the robustness of the installations against
BDBEE [63].

Spain

After Fukushima nuclear accident, two comple-
mentary technical instructions (ITC) were issued by
the Spanish Nuclear Safety Council: ITC-1 according
to the European stress tests, and ITC-2 about the po-
tential LOLA of NPP due to big explosions and fires.
Based on the assessments of stress ftests, the Spanish
NPP confirmed the robustness of the Spanish nuclear
fleet and proposed a series of improvements aimed at
reinforcing the response to BDBEE, thus increasing
safety margins [38]. Both EDMG and FLEX strategies

have also been established in Spain for hazards caused
by BDBEE.

A new Alternative Emergency Management
Centre (in Spanish, CAGE) has been built at each one
of the Spanish NPP. These new centers are designed to
allow the management of the emergency in LOLA sce-
narios, which are independent and have the resources
to deal with the proposed scenarios autonomously for
72 hours, providing protection to the intended person-
nel [37]. The emergency support service of CAGE
aims to strengthen the NPP emergency capabilities, by
integrating with the Emergency Response Organiza-
tion of NPP. In addition, a common Emergency Sup-
port Center (CAE) has been established, sharing re-
sources (such as portable diesel generators, portable
diesel pumps) among the different Spanish NPP and
capable of providing support in the event of an emer-
gency at any of the sites. The CAE service is available
to any Spanish NPP. The service can be activated at
any time of day and any day of the year. Once acti-
vated, the CAE acts under the instructions of the Di-
rector of the Emergency Plan of the NPP that activates
the service. The CAE mobilizes equipment and per-
sonnel to the NPP site, to respond to the request made
in less than 24 hrs. after service activation. The opera-
tion can be summarized in three sequential stages: ac-
tivation, mobilization, and deployment [51]. Addi-
tionally, a logistics company Carreras Logistics Group
is operative and available for supporting any Spanish
NPP in an emergency [64].

Korea

Stress tests were required for all the NPP after the
Fukushima nuclear accident in the Republic of Korea.
Regarding the BDBEE such as Earthquake and Tsu-
nami, their induced loss of safety functions (ELAP +
LUHS) and possible severe accident, Korea had di-
vided the stress tests into 3 steps:

—  Operator self-assessment,

— adequacy review of including plant walk-down
and detailed reviews of the regulator by experts,
and

— reviews of nuclear safety and security commission,
which was launched on October 26, 2011, as a regu-
latory body directly under the President in charge of
strengthening independence and nuclear safety [65].

Based on the stress tests, a total of 56
post-Fukushima action items were considered to en-
hance nuclear safety, such as the modification of struc-
ture and equipment design against BDBEE, the rein-
forcement of emergency response, efc. [66]. A
centralized expert team called Severe Accident Fast
Response Expert Team has been built at Korea Hydro
and Nuclear Power Company. The team can be dis-
patched to the emergency site within 6hrs. from the
company Central Research Institute in Daejeon to any
NPP with disaster in Korea [67].
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Furthermore, several advanced and detailed
studies have been done in Korea, such as the study on
FLEX in a multi-unit site during a BDBEE case [41],
integrating EDMG and FLEX to provide comprehen-
sive strategies for NPP [68], the introduction of an in-
tegrated passive safety system to achieve various pas-
sive functions for FLEX strategies in OPR1000 NPP
[69], the introduction of humanoid robotics for nu-
clear disaster management [70].

Based on the afore-mentioned study, Korea re-
vised the nuclear law in Jun 2016 that before June
2019 all operating NPP should submit accident man-
agement plans (AMP), which included not only EOP
and SAMG but also EDMG and MACST operating
guidelines [68]. The MACST means a multi-barrier
accident coping strategy that is similar to the FLEX
strategy of the USA.

China

Immediately after the Fukushima nuclear acci-
dent, China's State Council decided to perform a com-
prehensive safety inspection of the operating NPP and
NPP under construction, and suspend the construction
permit issuance process for new NPP. China's State
Council required that specific measures should be de-
signed against man-made/natural DBDEE, for exam-
ple, malevolent airplane impact and external flooding.
Additionally, the FLEX strategy shall be available to
instruct the actions of the operator in such cases. Con-
sequently, several studies related to FLEX strategies
have been done for different NPP types in China. Dur-
ing the period of AP1000 technical transfer from
Westinghouse to China, Xu et al. focused on in-vessel
retention strategy [71] and its uncertainty [72] in an as-
sumed SA to enhance the DID of AP1000 safety sys-
tem. Xu [73] has also studied the EDMG/FLEX strat-
egy for the SFP of AP1000 by using the on-site existed
system, fire system, and portable devices. Xing and
Wang [16] have concentrated on the FLEX strategy
for the Hualong No. 1 (China's domestic
state-of-the-art Generation Il NPP and the first unit of
Hualong No. 1 in the world was put into commercial
operation on January 30, 2021). In Hongyanhe NPP
(CPR1000) [74], the EDMG and FLEX strategies
have been established. Additionally, related to FLEX
development in China, Xu et al. [75, 76] have concen-
trated on the procedures to develop FLEX strategy
based on the summary of the literature. Yu et al. [77]
have built an integrated strategy which was divided
into three parts for control and command, control
room recovery, and accident management separately.

FUTURE WORK RECOMMENDATION

The FLEX strategy was proposed after the
Fukushima nuclear accident. Many related studies

could be found in the literature and it has developed

significantly in the past ten years. But the current re-

search is relatively preliminary and not systematic. It
can be expected that there will be more FLEX strat-

egy-related research in the future. Several research di-

rections are proposed as follows:

— The BDBEE may impact all the plants on-site,
multi-unit FLEX strategy needs to be considered
in detail, not only from the aspect of technical is-
sues but also the management.

—  Some researchers began to consider the economi-
cal characteristic of the use of portable equip-
ment/devices. But more detailed methodology
needs to be established for quantitative analysis.

— Integration of the FLEX strategy has always been
the focus of the FLEX strategy research, but so far
it has not achieved a completed integration, and
different countries have different understandings
of integration. A more powerful strategy set for
accident management needs to be built.

— A methodology for the on-site and off-site re-
source management (including the logistics) dur-
ing a BDBEE scenario to improve their reliability
should be developed to achieve a highly efficient
intervention of the equipment/devices.
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ACRONYMS

ABWR — advanced boiling water reactors

AC — alternating current

AMP — accident management plans

AOO — anticipated operational occurrence

BDBA — beyond design basis accident

BDBEE — beyond-design-basis external event

CAE — emergency support center (in Span-
ish)

CAGE — alternative emergency
management centre

CCF — common cause failure

CE — cliff edge

CEE — cliff-edge effect

DBA — design basis accident

DEC — design extension condition

DID — defense-in-depth

EDMG — extensive damage mitigation guide-
line

ELAP — extended loss of alternating

current (AC) Power
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EMEG - emergency mitigating
equipment guideline

ENSREG- european nuclear safety
regulators group

EOP — emergency operating procedure

EROS - emergency response data system

FLEX - diverse and flexible coping strategy

FSG — FLEX support guideline

HRA — human relinbility assessment

HSC — hardened safety core

IAEA  — International Atomic Energy Agency

ITC — complementary technical instructions (in
Spanish)

LOLA - loss of large area

LUHS - loss of ultimate heat sink

MACST — multi-barrier accident coping
strategy

NEI — U.S. Nuclear energy institute

NO- — normal operation

NPP — nuclear power plant

NRC — nuclear regulatory commission

NTTF - near-term task force

PSA — probabilistic safety analysis

RCS — rector core cooling system

SA — severe accident

SAFER - strategic alliance for FLEX
emergency response

SAMG - severe accident management
guideline

SBO — station blackout

SFP — spent fuel pool

SSC — structure, systems and components
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Xynr CJY, baoxyej IIAHI'

NPETJIE] KOHHEINTA OOBPAHE IIO IYBUHUM U FLEX CTPATETUJA
Y PA3ZINYUTUM 3EM/bAMA HAKOH HECPERE Y ®oYKYNIUMU

Jla 6u no6ospiIao ofbpaHy 1o 1yOUHH HyKJIeapHe CUTYPHOCTU HaKOH Hecpehe y ®ykymumu,
AMepUYKM MHCTUTYT 3a HYKJI€apHy €HEPrujy U3HEO je KOHIENT Pa3HOBPCHUX U MPUIArofJbUBUX CTpa-
Teruja ieoBama u ofgrosapajyhe FLEX cmepHuune noppiike 3a noceGHe clieHapuje mpoy>KeHOT TyOnTKa
Hau3MEHUYHE CTpyje U Kpajimer I'yOUTKa CHare Xjajuolla y3pOKOBaHE CIOJbAlIbUM forabajeM u3BaH
npojekTHUX ocHoBa. Hakown Tora, uaeja FLEX crparteruje mupoko je mpuxBaheHa u pacmpocTameHa.
YBobeme konuenta FLEX crpareuje y on6paHy no gnyouHu 6uiio je HajBehe moGosblname HyKJeapHe
CUT'YPHOCTH y IIOCNE/IH0] ACLICHUjU. Y pajly je IeTalbHO pa3MOTPEH KOHIENT TPaJUIMOHAIHE Oi0paHe o
NyOUHM U HEroBe cab0CTH KOje Cy JoBee 0 HyKaeapHe Hecpehe y @yKyIuMu, IITO je 3a3Baio IOopacT
motuBanuje 3a pa3Boj FLEX crparternje. [Ipukasan je npersen HanpeTka ucrrpaxkuBama FLEX crpa-
TETHje y Pa3InIuTHAM 3eMJbaMa y IIOCIEeABHX ieceT rofnHa. Ha OcHOBY muTepatype u HaBefieHOT Iperiena
IIpeficTaBIbEHE Cy HEKE IPeNopykKye 3a Oyayhu pap.

Kwyune peuu: FLEX citipaitiezuja, 006para ito 0younu, cilomauirsi 002ahaj ussar ipojeKiiHux ocHO8d,
ApooyxceHU ZyOuiliax cCHaze HaAU3MEeHUYHe CIipyje, Kpajibl ZyOuitiax cHaze XxaAaououa,
HYKAeapHU aKuyuoeHii y Dyxyuiumu



