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THE REPORT ON THE FUKUSHIMA DAIICHI ACCIDENT

At the TAEA General Conference in September 2012, the Director General announced that the JAEA
would prepare a report on the Fukushima Daiichi accident. He later stated that this report would be
“an authoritative, factual and balanced assessment, addressing the causes and consequences of the

accident, as well as lessons learned”.!

The report is the result of an extensive international collaborative effort involving five working
groups with about 180 experts from 42 Member States (with and without nuclear power programmes)
and several international bodies. This ensured a broad representation of experience and knowledge.
An International Technical Advisory Group provided advice on technical and scientific issues. A Core
Group, comprising IAEA senior level management, was established to give direction and to facilitate
the coordination and review. Additional internal and external review mechanisms were also instituted.
The organizational structure for the preparation of this publication is illustrated in Fig. 1.
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FIG. 1. IAEA organizational structure for the preparation of the report on The Fukushima Daiichi Accident.

The Report by the Director General consists of an Executive Summary and a Summary Report. It
draws on five detailed technical volumes prepared by international experts and on the contributions of
the many experts and international bodies involved.

The five technical volumes are for a technical audience that includes the relevant authorities in IAEA
Member States, international organizations, nuclear regulatory bodies, nuclear power plant operating
organizations, designers of nuclear facilities and other experts in matters relating to nuclear power.

| INTERNATIONAL ATOMIC ENERGY AGENCY, Introductory Statement to Board of Govemors (2013),
hitps://www.iaea.org/newscenter/statements/introductory-statement-board-governors-3.



The relationship between the content of the Report by the Director General and the content of the
technical volumes is illustrated in Fig. 2.
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SAFETY ASSESSMENT

2. INTRODUCTION

Technical Volume 1 of this report has described what happened during the accident at the Fukushima
Daiichi nuclear power plant (NPP). The accident exceeded the design basis of the Fukushima Daiichi
units in several respects. It was a severe accident, it affected multiple units and it was an accident
which left the operators with little indication of what was happening, rendering them unable to control
the situation. This volume describes why the accident occurred the way it did. To do so, multiple
assessments have been performed to answer the following questions:

— Why did the site suffer from an extended station blackout?
— Why was site staff unable to cool the reactors and maintain the containment function?

The methodology used in this assessment is based on the IAEA safety standards in force at the time of
the accident. The IAEA Safety Standards Series provides a system of Fundamental Safety Principles,
Safety Requirements and Safety Guides. As the primary publication in the IAEA Safety Standards
Series, the Fundamental Safety Principles No. SF-1 [1] establishes the basic safety objectives and
principles of protection and safety for ensuring the protection of the public and the environment, now
and in the future, from the harmful effects of ionizing radiation. Safety Requirements publications
establish the requirements that must be met to ensure the protection of people and the environment,
both now and in the future, in accordance with the objective and principles of the Safety
Fundamentals. Safety Guides provide recommendations and guidance on how to comply with the
safety requirements, indicating an international consensus on the measures recommended. The IAEA
Statute makes the safety standards binding on the IAEA in relation to its own activities. They are not
by default binding on Member States, but any State entering into an agreement with the IAEA
conceming any form of IAEA assistance is required to comply with the requirements of the safety
standards that pertain to the activities covered by the agreement. Many States elect to use IAEA safety
standards as templates for their own legislation and regulations. Many other States, including Japan, .
use legislation and regulations adapted to their own situation and traditions.

All nuclear accidents result from a failure to maintain one or more of three fundamental safety
functions, as described in JAEA Safety Standards Series No. NS-R-1, Safety of Nuclear Power Plants:

Design, [2]:

— Control of reactivity;

— Removal of heat from the core;

— Confinement of radioactive material and control of operational discharges, as well as limitation of
accidental releases.

The accident at the Three Mile Island NPP occurred owing to the loss of the second safety function,
but releases were minimized because the containment successfully prevented any significant
radioactive release to the environment. The Chernoby! accident occurred owing to the loss of the first
safety function, and in this case no containment was available, resulting in the core being exposed to
the environment and a very large release of radioactive material. The accident at the Fukushima
Daiichi NPP occurred owing to the loss of the second and third safety functions as a result of an
unanticipated severe external event — an earthquake followed by a resultant tsunami of extreme
height. In this volume, the reasons behind the failure to maintain the second and third safety functions
at the Fukushima Daiichi reactors are assessed in detail.

The volume begins (Section 2.1) with a review of how the design basis of the site for external events
was assessed initially and then reassessed over the life of the NPP. The section also describes the
physical changes that were made to the units as a result. The remainder of the volume describes the



treatment of beyond design basis events in the safety assessment of the site, the accident management
provisions, the effectiveness of regulatory programmes, human and organizational factors and the
safety culture, and the role of operating experience. Further background information is contained in
three annexes included on the CD-ROM of this Technical Volume which describe analytical
investigations of the accident along with information on topics such as system performance, defence in
depth and severe accident phenomena.

Section 2.2 provides an assessment of the systems that failed, resulting in a failure to maintain the
fundamental safety functions in Units 1-3, which were in operation at the time of the tsunami and in
which the reactor pressure vessels (RPV) and containment vessels failed. The section also describes
Units 4-6, which were shut down at the time of the tsunami, and the site’s central spent fuel storage
facility.

Section 2.3 discusses the probabilistic and deterministic safety assessments of beyond design basis
accidents (BDBAs) that had been performed for the plant and the insights from these assessments that
had led to changes in the plant’s design. The section pays particular attention to the assessment of
extreme natural hazards, such as the one which led to the total loss of AC power supply on the site.
The additional loss of DC power supply in Units 1 and 2 played a key role in the progression of the
accident because it impeded the diagnosis of plant conditions and made the operators unaware of the

status of safety systems.

Section 2.4 describes the accident management provisions and their implementation. All components
of accident management are discussed, both preventive (before core melt) and mitigative (after core
melt or severe accident). The section covers hardware provisions, emergency operating procedures,
severe accident operating procedures, human resources and organizational arrangements, including
training and drills. Interface with the off-site emergency arrangements is also discussed.

Section 2.5 deals with the governmental, legal and regulatory framework for nuclear safety in Japan
up to the time of the Fukushima Daiichi accident. It evaluates this framework and its contribution to
the accident, and identifies lessons learned.

Section 2.6 analyses the human and organizational aspects of the accident. It examines the main
stakeholders of nuclear safety in Japan and shows how their actions were interrelated and
interconnected, thereby reinforcing basic assumptions about nuclear safety that prevented them from
adequately preparing for such an accident. The section analyses why the accident happened despite
advancements in nuclear safety in areas such as solid design, peer reviews, regulatory frameworks,
safety assessment methodologies, years of successful operating experience, defence in depth,
emergency preparedness, severe accident management guidelines (SAMGs) and a strong international
commitment to nuclear safety.

Finally, Section 2.7 addresses the role of operating experience in improving plant design and operation
in order to continuously improve nuclear safety and support defence in depth. The section assesses the
TEPCO operating experience programme and the extent to which lessons were learned from events
both in Japan and internationally, and the design changes made.



2.1. ASSESSMENT OF THE PLANT IN RELATION TO EXTERNAL EVENTS

2.1.1. Site characteristics: Reassessment of the design bases for the Fukushima site and selection
of the main plant grade level

2.1.1.1. Reassessment of the design bases of the site

The Fukushima Daiichi NPP site was selected for the location of six reactor units at the beginning of
the 1960s. The site permissions were issued for Unit 1 in 1966, Unit 2 in 1968, Unit 3 in 1970, Unit 5
in 1971 and for Units 4 and 6 in 1972. With the exception of Unit 1, which was connected to the grid
in November 1970, all of the other units were constructed and put into operation during the 1970s.

The process of site selection and site evaluation followed the practice and regulations at the time.
Detailed information on this aspect as well as on the site characteristics is given in Technical Volume
1 in accordance with the information obtained from the Establishment Permit document [3, 4] drawn
up for all six units. It can be considered as being equivalent to the section on site characteristics in a
safety analysis report (SAR) for NPPs, as outlined, for example, in IAEA Safety Standards Series
No. GS-G-4.1, Format and Content of the Safety Analysis Report for Nuclear Power Plants [5].
However, attention should be paid to the age of the data provided in the Establishment Permit,
checking, in particular, that they have been updated regularly, as needed (see, for example, Ref. [4]).
In this case, the population data originate from the end of the 1960s, the meteorological data are more
recent, and the data and studies on seismic matters for some structures, systems and components
(SSCs) date from the beginning of the 2000s.

During the operational life of the units, a comprehensive reassessment of the site characteristics and all
its aspects was not required by the regulatory authority, regardless of evidence on new hazards or new
hazard levels, updated regulatory requirements on periodic safety reviews or the availability of new
scientific and technical findings or experiences [6]. However, the Tokyo Electric Power Company
(TEPCO) performed the reassessment of specific subjects related to seismic and tsunami hazards, as
described later in this volume.

Before March 2011, safety reviews in Japan resulting from a regulatory request were mainly
conducted in relation to specific hazards or issues — called ‘backchecking’ in Japanese practice —
rather than as a comprehensive reassessment and implementation of physical plant upgrading or
‘backfitting’.} Thus, the backchecking of seismic hazards had been requested since 2006, while
tsunami hazards were not given the same priority. This was confirmed by the newly established
Nuclear Regulation Authority (NRA) during the IAEA Consultancy Meeting on Regulatory Activities
and Operating Experience held in Tokyo from 20 to 24 January 2014. The implementation of physical
upgrades to enhance safety were carried out only for specific aspects, with a grace period of five years
being granted for executing the relevant plant upgrading [7]. This situation changed after March 2011
and the current regulatory system requires the mandatory implementation of safety backfits.

Thus, prior to the Fukushima Daiichi NPP accident, no formal legal or regulatory requirements existed
in Japan that required the comprehensive reassessment of the original site related design basis and site
characteristics, either periodically or in response to new knowledge that might have been gained. This
situation precluded periodic safety reassessment of the full range of external hazards that may affect
plant safety under new conditions. On the other hand, since the beginning of the 1990s, periodic safety
reviews have been an established practice in several Member States, where comprehensive

! Assessment is a process aimed at providing information that forms the basis of a decision on whether or not something is
satisfactory. Reassessment is a new assessment, performed after the original assessment and triggered by any of the reasons
described above. The final decision on whether or not something is satisfactory may lead to the launch of a plan for
determining effective corrective measures, including implementation of physical plant upgrading.



reassessments of site related aspects have been implemented on a regular basis. Furthermore, relevant
guidance has been provided in IAEA safety standards [8], including technical and scientific support
services. In this regard, the IAEA site and design Safety Requirements and related Safety Guides have
been updated to take account of developments in the methodology, new requirements from regulatory
authorities and new data. Such safety review and reassessment programmes must include
consideration of the site related aspects of existing operating nuclear installations in a systematic and
comprehensive manner. All topics and potential hazards are to be considered in this process, and the
subsequent execution of safety upgrades has to enhance significantly the safety of those installations.
A comprehensive reassessment of site related aspects would generally include the following aspects:

— Geological and geotechnical hazards (e.g. surface faulting, soil liquefaction, cavities),

— Earthquake hazards;

— Volcanic hazards, which are of particular importance in Japan due to its high volcanic risk;

. — Hydrological hazards, such as external flooding hazards, from several potential sources (e.g.
tsunamis, storm surges, downbursts with heavy precipitation),

— Extreme and rare meteorological phenomena (e.g. hurricanes, cyclones, typhoons, tornadoes),

— Human induced events of accidental origin (e.g. aircraft crash, explosion pressure waves).

Many of the safety reassessment programmes of existing nuclear installations have had the support
and guidance of the IAEA and have resulted in modern and updated safety standards [8]. An'important
example of such measures to assess and enhance safety is the re-evaluation of site related safety
aspects (mainly seismic) that was carried out for most of the water cooled water moderated energy
reactor (WWER) type reactors in Eastern European countries mainly during the 1990s.

Before the accident, due to the lack of a regulatory framework for updating and upgrading plant safety
in relation to the characteristics of the site, the Fukushima Daiichi NPP’s site related characteristics
were not reassessed in a systematic and comprehensive manner. Such a reassessment would have
considered all site related aspects and external events (i.e. seismic and geological, meteorological and
hydrological, volcanic, and human induced hazards) as well as environmental issues. Regarding the
specific regulatory framework for assessing tsunami hazards, at the time of the issuance of the
Establishment Permit and during the entire operational period, the regulatory authorities did not issue
any requirements or guidance concerning the need to reassess the tsunami hazards and,
correspondingly, the plant safety with regard to these extreme natural events. The new guidance
developed and released by the Nuclear Safety Commission (NSC) of Japan in 2006 [9] as part of the
seismic safety guidelines does not contain any requirements, criteria or methodology that could be
used in the reassessment of tsunami hazards in view of new and updated methodologies, data,
evidence or concerns, except for a generic statement on the need to take into account concurrent
events, in addition to the seismic hazards.

The situation described above led to an underestimation of the tsunami hazards that affected the site
and the plant. It also resulted in a lack of appropriate measures to cope with higher than design basis
tsunami hazards. It was characterized, in addition, by the absence of systematic reviews, as well as by
the lack of interim measures before confirmation of emerging information from trial calculations.

2.1.1.2. Selection of the main grade level of the plant units

The decision on the finished top level of the ground at the location of the main plant buildings — at an
elevation defined with respect to a reference level as, for example, the mean sea level — is an
important aspect of the site that affects plant safety owing to its significance in relation to flooding
hazards. This aspect refers to the adoption of the main plant grade level” at the time of the design and

2 The main plant grade level is the top level of the ground, as finished, after plant construction.
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construction of the plant with respect to the natural topographical situation prevailing on land and
offshore.

The reference marker for all plant elevations in the region corresponds to the Onahama Port datum line
(Onahama Port, or OPY, located about 50 km south of the Fukushima Daiichi NPP. TEPCO selected a
main plant grade level of OP +10.00 m for the nuclear island and main buildings of Units 1-4 when
the ‘natural’ ground level, i.e. the terrain topography, was approximately +30-35 m, well above such a
level. For Units 5 and 6, this main plant grade level was defined as OP +13.00 m. The selection of
such main plant grade levels implied the removal of a significant portion of natural soil/rock to reach

that grade level.

Some general considerations about the main plant grade level are worth noting. Many factors are
usually taken into consideration for a decision on that grade level, in view of the requirement of
maintaining, throughout the operational life of the plant, a ‘dry site’ concept. The dry site concept
implies that all items important to safety will be constructed above the level of the design basis flood,
taking into account wind wave effects and any accompanying event(s) that may affect the reference
level of the water at the time of the design basis flood (such as storm surge, sea level rise, tectonic
movement, accumulation of debris, sediment transportation and ice). This can be accomplished by
locating the plant at a sufficiently high elevation or, if necessary, by means of construction
arrangements that raise the ground level at the site above the estimated maximum flood level. The site
boundary should be monitored and maintained to keep such dry conditions during the operational life
of the plant. In particular, if any filling is necessary to raise the plant above the level of the flood
conditions for the design basis flood, this engineered plant item should be considered as an item
important to safety and should therefore be adequately designed and maintained. :

The dry site concept is considered a key measure against site flooding hazards that may affect safety.
The original plant layout is to be defined on such bases, and it should be reassessed during the
operational life of the plant to confirm these conditions. If the reassessment yields negative results,
adequate protective measures and mitigation actions should be implemented in a timely manner.

If the above conditions are not met, the site is considered a ‘wet site’, where the level of the design
basis flood is determined to be above the plant main grade level. Consequently, permanent site
protective measures must be taken during the construction and operational stages, and, as mentioned
above, these engineered plant protective measures are to be considered as items important to safety
and should therefore be appropriately designed and maintained. Thus, the factors that are usually taken
into account for the decision on the main plant grade level include the following:

— Specific plant design aspects (e.g. the plant and building layout, particularly the layout of the
reactor building and reactor room level);

— Maximum and minimum levels of the estimated flooding caused by storm surges, rare
meteorological phenomena (e.g. typhoons, hurricanes) or tsunamis (generated by, for example,
earthquakes, landslides or volcanoes), i.e. as a result of the evaluation of all hydrological hazards;

— Geotechnical aspects related to foundation soil properties, the competent soil layers for the
foundation of the buildings and, accordingly, the type (shallow or deep) of the selected foundation
system,

— Hydrogeological aspects related to the presence of the groundwater table (aquifers), with its
influence during the construction and operation stages,

— Construction methods and costs for digging, excavation and backfill, as well as considerations

regarding the transport and assembly of heavy components;

3 Onahama Port datum lines are 0.727 m below Tokyo Bay standard mean sea level as indicated in section 2.2.2 of the
Establishment Permit [3].



— Operational aspects, e.g. those related to pumping water in and out to the main condensers, with its
impact on in-house energy consumption;

— Embedment effects of the main buildings in the site response to seismic loads and the soil-
structure interaction effects in the dynamic response of the SSC.

In the civil construction of the plant, TEPCO considered these factors, as indicated in the TEPCO
Fukushima Nuclear Accident Analysis Report [10], through interviews with former employees who
were involved in this work [10]. Although the topography provided a natural ground level of OP +30-
35 m, TEPCO decided to build the plant at OP +10.00 m, i.e. much closer to the sea water level. This
decision entailed the removal of soil and rock layers with a thickness of more than 20 m over a large
area.

Figure 2.1-1 shows a cross-section of the construction site, including soil characteristics, based on the
figure included in the Establishment Permit [3], to illustrate this discussion.
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FIG. 2.1-1. Cross-section of the Fukushima Daiichi construction site showing soil characteristics (all levels are above mean
sea level) [3].

Figure 2.1-2 shows a typical cross-section of the main buildings of Unit 1, illustrating the location of
the grade level at OP +10.00 m and the relationship with the layout of the buildings.

The TEPCO report on the accident [10] indicated that the main plant grade level was defined in
accordance with the information available from the historical records on tsunamis in the Fukushima
Daiichi region and the topographical and bathymetric conditions of the shoreline in the area. In terms
of construction costs, it would have been preferable not to excavate to a low level, though on the other
hand, the lower level provided access advantages for water intakes and loading wharfs as well as
significantly lower installation (ie. required pump power) and operating costs for pumping cooling
water. The report [10] also listed economic factors. These included the total excavation cost to develop
the power station site area, including road access and the work area required, as well as the need to
remove the clay and sandstone upper layers to reach the stable strata to obtain firm foundation soil
where the major buildings were founded.



Reactor building service floor

Turbine buiidin,

\ Main control room (OP +13.6 m)

Common spent fuel pool buildin,

==+ Water lovel
= 5 m contour line

i B Emergency diesel
generator

@ Switchgear
@ Balteries

FIG. 2.1-2. Cross-section of the main buildings at Unit 1 of the Fukushima Daiichi NPP [3].

Thus, the main reason for the decision on the main plant grade level would have been the economics
of water cooling supply (i.e. installation cost during the construction stage and transport energy cost
during the operational life of the installation) based on the assumption that the external flooding levels
would not impose a risk according to recent historical records in this area [10].

These plant grade elevations, particularly those at OP +10.00 m and +4.00 m, played a key role in the
runup to the flooding from the tsunami in March 2011. Thus, a site that was considered as a dry site in
the original design basis became a wet site during its operational period as result of the analyses of the
flood levels performed before March 2011. These analyses were under review in March 2011.

2.1.2. International safety standards in relation to earthquake and tsunami hazard assessments
and design aspects

2.1.2.1. Earthquakes: Hazards and design considerations

The TAEA has issued a number of publications focusing on earthquake and flood hazards since the
1970s through its Nuclear Safety Standards (NUSS) programme. These publications include Safety
Requirements and Safety Guides, which were developed on the basis of consensus among Member
States and recognized engineering practices. The safety standards in these areas, of generic and
specific nature, have been periodically updated in accordance with scientific and practice
developments, and considering also the lessons learned from occurred external events in the world.

IAEA safety standards require that, before the construction of an NPP, site specific external hazards,
such as earthquakes and tsunamis, need to be identified, and the impacts of these hazards on the NPP
need to be evaluated as part of a comprehensive and full characterization of the site. Adequate design
bases are required to be established to provide sufficient safety margins over the life of the NPP. These
margins need to be sufficiently large to address the high level of uncertainty associated with the
evaluation of external events. Site related hazards need to be periodically reassessed in order to
identify any need for change as a result of new information and knowledge during the life of the plant.



The guidance provided in the IAEA safety standards on seismic hazards (fault displacement and
ground motion hazard) has been revised three times.

The first Safety Guide on this topic was published in 1979 as Safety Series No. 50-SG-S1,
Earthquakes and Associated Topics in Relation to Nuclear Power Plant Siting [11]. At that time, the
concept of capable fault was first introduced to differentiate those active faults which may have the
potential for relative displacement at or near the ground surface.

In the 1960s and 1970s, it was common international practice to use historical records when applying
methods for estimating seismic and concomitant (e.g. tsunami) hazards. This common practice
included increasing safety margins by increasing the maximum recorded historical seismic intensity or
magnitude in the site region, and assuming that such an event would occur at the closest distance to
the site [11]. This was done to account for the uncertainties in the observations of intensities or
magnitudes, as well as to compensate for the fact that the maximum potential values might not be
attained in a relatively short period of observation when, typically, the observation period needs to
include pre-historical data in order to provide robust estimates for the hazard assessment. However,
the seismic hazard assessment for the design of Units 1 and 2 at the Fukushima Daiichi NPP was
conducted mainly on the basis of regional historical seismic data withdut increasing the safety margins
as described above. During the process of obtaining construction permits for the later units, a new
methodology was applied using a combination of historical earthquake information and the
geomorphological fault dimensions [3, 4]. At that time, the regulations on deterministic seismic hazard
assessment in many countries did not require a given frequency of occurrence for this extreme event.
However, later, in the 1990s, studies demonstrated that the mean period of recurrence of those design
bases spanned from 1000 to 100 000 years, with the median being 10 000 years [12]. These studies
were performed in support of the revision of siting regulations in some countries based on a
comparison of the original design basis for earthquakes with the available probabilistic hazard results.

The first version of the Safety Guide on seismic hazard assessment [11] was substantially revised in
1991 and published as Safety Series No. 50-SG-S1, Rev. 1 [13]. At this time the concept of seismic
hazard analysis based on a seismotectonic model using a reliable geological, geophysical, geotechnical
and seismological data set was established. This meant that the seismic hazard at an NPP site would be
controlled not only by seismicity (i.e. the historical record of occurred earthquakes), but also by
tectonics, which gives an indication of the long term potential for geological structures to generate
earthquakes. This concept has been retained in the subsequent revisions of this Safety Guide, first in
2002 [14] and, finally, in 2010 with the current Specific Safety Guide, IAEA Safety Standards Series
No. SSG-9, Seismic Hazards in Site Evaluation for Nuclear Installations [15].

In the Safety Requirements publication IAEA Safety Standards Series No. NS-R-3, Site Evaluation for
Nuclear Installations [16], a preference was indicated for probabilistic hazard analyses for external
events in order to take into consideration the potential for hazards beyond the design basis and, as a
consequence, the need to avoid cliff edge effects affecting safety. Following this requirement, IAEA
Safety Standards Series No. SSG-9 [15] provides detailed recommendations for a probabilistic seismic

hazard analysis (PSHA).

Although the probabilistic approach is recognized as an efficient tool to evaluate hazards beyond the
design basis, there are examples of deterministic approaches for beyond design basis seismic
evaluation. The European Utility Requirements (1998) provide a factor of 1.4 beyond design for
checking the adequacy of the plant, while the United States Nuclear Regulatory Commission (NRC)
requires a plant to demonstrate a high confidence of low probability of failure (HCLPF) of 1.67.



2.1.2.2. Tsunami: Hazards and design considerations

Tsunami waves and associated phenomena may produce severe damage to installations located in
coastal areas. With regard to nuclear installations, IAEA safety standards require that the potential for
tsunamis that can affect safety and the determination of its characteristics should be assessed, taking
into consideration pre-historical and historical data as well as associated hazards, with account taken
of any amplification due to the coastal configuration at the site (see paras 3.24-3.28 of Ref. [16]). -

If such a potential exists and detailed hazard characterization is done, the facility, installation or plant
should be designed to withstand the event according to adequate design bases, including specific
performance criteria determined as a result of a tsunami hazard assessment, as indicated in IAEA
Safety Standards Series No. NS-R-1, Safety of Nuclear Power Plants: Design [2] (see paras 5.16 and
5.17). These aspects have also been considered in the current revision of NS-R-1, JAEA Safety
Standards Series No. SSR-2/1 [17], in Requirement 17.

To comply with these requirements, IAEA Safety Standards Series No. NS-G-3.5, Flood Hazard for
Nuclear Power Plants on Coastal and River Sites (2003) [18], and IAEA Safety Standards Series
No. NS-G-1.5, External Events Excluding Earthquakes in the Design of Nuclear Power Plants [19],
provided detailed recommendations based on recognized practice and consensus among Member
States at that time. Characterization of runup, drawdown and associated phenomena (i.e.
hydrodynamic forces, debris and sedimentation) was recommended in NS-G-3.5 [18]. This version of
the Safety Guide on flood hazards reflected the operating experience from the flooding affecting the
Le Blayais NPP site in France in 1998.

As stated in the IAEA safety standards [18], the dry site concept needs to be applied (as defined in the
previous section) particularly in relation to flood events. Thus, all items important to safety should be
constructed above the level of the design basis flood, with account taken of wind wave effects and any
accompanying event(s) that may affect the reference level of the water at the time of the design basis
flood (such as storm surges, sea level rise, tectonic movement, accumulation of debris and ice). In
many Member States, this concept is preferred to the alternative solution of permanent external
protective barriers such as levees, sea walls and bulkheads, which require being classified as safety
related SSCs with strict design and construction engineering, periodic inspections, maintenance and
monitoring features, among other aspects important to safety. In both cases, redundant and
conservative measures should be implemented owing to the intrinsic cliff edge characteristics involved
in surmounting the protective barriers in place. These measures include ensuring waterproofing and
the suitable design of items necessary to provide the capability to properly perform the fundamental
safety functions of shutting down the reactor and maintaining it in safe shutdown condition [18].

A revision of NS-G-3.5 was recently undertaken to consider new data, information and lessons
learned, mainly from the December 2004 Indian Ocean tsunami. The result was IAEA Safety
Standards Series No. SSG-18, Meteorological and Hydrological Hazards in Site Evaluation for
Nuclear Installations [20], which was published in 2012. This new version maintains the concepts and
recommendations from the previous Safety Guides and provides more detailed recommendations
related to the protection of NPPs against the hazardous effects of tsunamis. An annex in this safety
standard — which is not considered as part of the safety standard — refers to current practices in some
Member States, with Japan and the United States of America being the examples.



2.1.3. Japanese regulatory practices in relation to earthquake and tsunami hazards and design
aspects

2.1.3.1. Earthquakes

At the time the construction permit for Units 1-6 of the Fukushima Daiichi NPP was issued, between
1966 and 1972, the applicable criteria in Japan for defining the site related design bases including the
review guidance were, in general, those established in the:

— Regulatory Guide for Reviewing Nuclear Reactor Site Evaluation and Application Criteria, issued
by the Japan Atomic Energy Commission (JAEC) in 1964 [21] (revised in 1989).

— Regulatory Guide for Reviewing Safety Design of Light Water Nuclear Power Reactor Facilities,
issued by JAEC in 1970. This guidance document was revised in 1977 and 1990 [22] and provides
very general requirements on the need for safety functions not to be affected by this type of natural
hazard.

Regarding the seismic hazard assessment, a document entitled Regulatory Guide for Reviewing
Seismic Design of Nuclear Power Reactor Facilities was issued by the NSC in 2006 [9] * which was
valid at the time of the Fukushima Daiichi accident.

Active and capable faults — Japan

Until very recently, the Japanese nuclear regulatory guides and Japanese practice did not make a clear
distinction between active faults and capable faults as established by the IAEA. In other words,
seismic hazard analyses involved only vibratory ground motion and not fault displacement. Starting
~with the 16 July 2007 Niigata-Chuetsu-Oki earthquake that affected the Kashiwazaki-Kariwa NPP,
and following several IAEA missions that recommended that fault displacement hazard issues be
specifically addressed, more attention was given to this topic by TEPCO. In fact, TEPCO agreed to
conduct a research study, including performing specific and detailed site investigations in relation to
the fault displacement issue at the Kashiwazaki-Kariwa site and to initidte probabilistic fault
displacement hazard analysis. This was also identified as a task within the framework of the IAEA
Extrabudgetary Programme on Seismic Safety. TEPCO presented their results during a seminar on
fault displacement hazards in January 2014 at the JAEA, which was.organized as part of the annual
Donors’ Meeting of the Extrabudgetary Programme of the IAEA’s International Seismic Safety Centre

(ISSC).

The NSC Regulatory Guidelines of 2006[9] increased the definition of an active fault from 50 000 to
120 000—130 000 years. The latter period refers to the late Pleistocene. This change was significant
since the faults near the NPPs, which may have been previously considered not active during the
original site selection and design process, had to be considered active after 2006 and the seismic
hazard values, consequently, were increased. Even though the older faults were considered to be active
by the NSC Regulatory Guidelines of 2006 [9], the Japanese regulatory authority at that time, the
Nuclear and Industrial Safety Agency (NISA), did not have in place specific requirements or
regulations regarding fault displacement issues and only required that the vibratory ground motion be
re-evaluated.

The regulatory outlook on the fault displacement issue has changed significantly in Japan since the
Fukushima Daiichi accident. Fault displacement hazard has now become a subject that is raised
frequently by the current Nuclear Regulation Authority (NRA). However, even though regulatory
requirements were not in place, NISA had already asked several utilities to investigate the fault
displacement hazard at their NPPs. After the 2007 Niigata Chuetsu-Oki earthquake and the

4 Hereafler referred to as the NSC Regulatory Guidelines of 2006
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identification of the potential fault displacement issue at the Kashiwazaki-Kariwa site by the IAEA,
NISA became more proactive in its oversight of the problem. The issue was formally raised by NISA
only after the Fukushima Daiichi accident and in the context of the backcheck programme at the
Expert Hearing on Earthquakes and Tsunamis [23].

NISA/NRA have asked for reviews of the following NPPs regarding the potential for fault
displacement hazard at the site according to information provided by the official NRA web site:

— On 29 August 2012, NISA directed the Kansai Electric Power Company (KEPCO) to develop an
additional plan on the fracture zones at the site of the Mihama NPP.

— In November 2012, the NRA conducted investigations and held evaluation meetings relating to the
fracture zones at the site of KEPCO’s Ohi NPP. Additional investigations are planned, including a
feature called the F-6 fracture zone.

— NISA received additional investigation plans from the Japan Atomic Power Company (JAPC) in
May and August 2012 regarding the fracture zones at the site of the Tsuruga NPP. The NRA
conducted field investigations related to on-site capable faults at Tsuruga in December 2012.

— NISA directed the Hokuriku Electric Power Company to conduct additional investigations of the
fracture zone at the site of the Shika NPP on 18 July 2012.

— NISA received a report on the evaluation results of the fracture zones at the site of the Higashidori
NPP from Tohoku Electric Power Company in March 2012.

A new regulation prepared by the NRA in July 2013 defines fault activity. The document puts the new
limit for fault capability to 400 000 years in cases where. the late Pleistocene dating cannot be
established due to the absence of these horizons [24]. This may have some major consequences for
Japanese NPPs, as follows:

— Faults in the vicinity of the site, previously not identified -as active (or ‘capable’ in IAEA
terminology) under old regulations, may now bécome a seismogenic source which would be able
to generate seismic ground motion and/or be a source for fault displacement hazards.

— In the case of seismic ground motion, there will yet be another increase in the vibratory ground
motion hazard with respect to the level for which the SSCs were designed or previously re-
evaluated.

— In the case of fault displacement hazards, there would now be a serious issue if they were found at
or near an NPP site.

The M 6.5 default earthquake that most of the NPPs in Japan were designed against may have
concealed some small faults (or folds) in the site vicinity (i.e. about a 5 km radius around the NPP site)
as they contributed much less to the ground motion hazard than the M 6.5 default earthquake. Because
fault displacement was not explicitly considered a separate hazard, this did not cause an issue before
the new NRA regulations. It is likely that small capable faults may exist in the vicinity of some
Japanese NPPs. Without resorting to probabilistic fault displacement hazard analysis, it is difficult to
resolve issues related to these faults. The NRA will make deterministic decisions regarding these
faults because Japanese regulations do not support probabilistic fault displacement hazard analysis.

Vibratory ground motion

The underestimation of the seismic hazards for the Fukushima Daiichi and Daini NPPs is shown in
Tables 2.2-1 and 2.2-2, provided by TEPCO. At these sites, the original design basis as well as the
values obtained from recently conducted seismic hazard reassessments were exceeded with respect to
the maximum acceleration values recorded in March 2011.

The underestimation of the seismic hazard is related to the reliance of past Japanese practice on basing
the seismic hazard assessment mainly on observed earthquakes (recent historical data) and not on the
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tectonic potential of the faults (including the subduction zone), coupled with the lack of conservative
assumptions for taking into account the uncertainties that exist in the assessment of pre-historical
extreme events. In this regard, consideration of an active fault survey for assessing vibratory ground
motion has been strengthened after the issue of the NSC Regulatory Guidelines of 2006.

It is important to point out the difference in the Japanese approach with respect to the international
practice. As indicated in the previous section, in the 1960s and 1970s, it was common international
practice to use historical records when applying methods for estimating seismic and concomitant (e.g.
tsunami) hazards. This approach was basically deterministic. The international practice [11] was to
add a safety margin to supplement the lack of information on non-observed extreme events of very
low annual frequency of occurrence by increasing the maximum historically recorded seismic intensity
or magnitude and by assuming that such an event may occur at the closest distance to the site, as
explained in detail in Safety Series No. 50-SG-S1 [11]. This was not done in Japan in order to
compensate for the fact that the maximum values might not be attained in a relatively short period of
observation. The pre-historical data are to be included in order to consider extreme events and provide
robust estimates for the hazard assessment of very low annual probability of occurrence events. In
addition to the criterion to use pre-historical and historical data commensurate with the low annual
frequency of occurrence of these extreme external events, the internationally recognized practice also
recommended the use of global analogues in order to cope with the lack of such pre-historical data.
This is another important tool, particularly as an earthquake with M 9.5 (the largest in history) had
occurred previously in the same tectonic environment of the Pacific tectonic plate.

When the IAEA Fact Finding Expert Mission of 24 May—2 June 2011 [6] said in its report that the
“tsunami hazard was underestimated”, it meant that the magnitude associated with the subduction zone
was underestimated because of the emphasis on the use of historical data only (see the detailed
description in Section 2.1.4.2). 4

At the beginning of the 1960s, when the first unit of Fukushima Daiichi was designed, there were two
major subduction earthquakes (in Chile in 1960 at M 9.5 and in Alaska in 1964 at M9.2) in the
Circum-Pacific Belt, on which Japan is also located. At that time, an integrated approach to large scale
seismotectonic modelling was not adopted in Japan. The tectonic potential of faults was not
considered because at that time the earthquake occurrence model relied heavily on seismicity data and
a belief that a mega earthquake like the M 9.5 earthquake in Chile in 1960 would not occur in this area
which proved to be incorrect.

Due to the conservative approach of the Japanese regulatory guides for seismic design of NPPs —e.g.
using the static approach with three times the static equivalent seismic loads established for
conventional building codes — the site specific seismic hazard may not be the actual design basis. The
difference between S1 and S2 earthquake levels’, as they were defined by the Japanese regulations, is
related to the time frame for which the faults that may generate significant earthquakes are considered
to be active. Until the publication of the NSC Regulatory Guidelines of 2006 [9] for calculating S1, it
was required to postulate that faults that had moved within the past 10 000 years were to be considered
as being active. For the calculation of S2 this time frame was 50 000 years. This meant that many
more faults had to be considered active in the calculation of S2. This increased the estimated value of

the seismic ground motions hazard.

551 and S2 are the two levels of severity of design basis ground motions that should be taken into account. IAEA Safety
Series No. 50-SG-S2 defined the application of these two levels in design as follows: (1) ground motion level 1 (S1), which
is the maximum that reasonably can be expected to be experienced at the site area once during the operating life of the
nuclear power plant; (2) ground motion level 2 (S2), which is considered to be the maximum earthquake potential at the site
area [11, 25].
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With the publication of the NSC Regulatory Guidelines in September 2006 [9], the 50 000 year period
was increased to 120 000—130 000 years, as was described in the previous section. This meant that
every NPP in Japan was required to perform a backcheck in order to understand the impact of the
additional faults that needed to be considered to be active for assessing the vibratory ground motion.

Since September 2006, the derivation of the seismic design basis using the seismic hazard approach
has stipulated the following approaches:

— Following a methodology similar to the deterministic seismic hazard analysis outlined in IAEA
Safety Standards Series No. SSG-9 [15], using the ground motion prediction equations (GMPEs)
approach for the identified seismic sources as formulated, for example, by the Japan Electric
Association (JEA) Response Spectrum,

— Using the Green’s Function approach for numerical simulation of the ground motion generated by
the identified seismic sources;

— Considering diffuse seismicity, formulating the ground motion by collecting and analysing
relevant strong motion records that cannot be assigned to an identified seismic source with
account taken of site characteristics.

During the preparation of IAEA Safety Standards Series No. SSG-9 [15], the following paragraph was
added in order to represent the Japanese approach regarding the second item in the list above:

“5.14. In seismically active regions for which data from ground motion caused by
identifiable faults are available in sufficient quantity and detail, simulation of the fault rupture
as well as of the wave propagation path is another procedure that should be followed. In cases
where nearby faults contribute significantly to the hazard, this procedure may be especially
effective. The parameters needed include:

(a) Fault geometry parameters (location, length, width, depth, dip, strike),

(b) Macroparameters (seismic moment, average dislocation, rupture velocity, average stress
drop),

(c) Microparameters (rise time, dislocation, stress parameters for finite fault elements),

(d) Crustal structure parameters, such as shear wave velocity, density and damping of wave
propagation (i.e. the wave attenuation Q value). '

“For complex seismotectonic environments such as plate boundaries, thrust zones and
subduction zones, and in particular for offshore areas, the specific seismotectonic setting of the
earthquake that affects those seismic source parameters mentioned in (a)~(d) should be
considered in the characterization of the ground motion.”

Minimum magnitude (M 6.5) event

Historically, postulating an M 6.5 default earthquake at the site may have had favourable and
unfavourable consequences. The favourable consequence is that a certain level of robustness is
ensured for every NPP in Japan as a minimum. However, this assumption also had an unfavourable
consequence because it led plant operators to ignore nearby faults if they produced lower ground
motions that were less than the enveloping response spectrum due to the M 6.5 postulated earthquake.
While this had no implication in the evaluation of the vibratory ground motion hazard, it led to the
potential for the fault displacement hazard being ignored. As expressed in the previous subsection, this
topic was recognized as a regulatory issue in Japan after the 2007 Niigata Chuetsu-Oki earthquake, at
the Kashiwazaki-Kariwa site. It has been formally recognized as a regulatory issue in Japan since the
Fukushima Daiichi NPP accident, and the corresponding reassessments of several Japanese NPPs to
verify safety against earthquake related hazards are ongoing.
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Ground motion prediction equations for the Niigata-Chuetsu-Oki and Great East Japan
earthquakes '

For approximately the same epicentral distance and distance from fault rupture (about 200 km), the
base mat motions recorded at the two plants, Fukushima Daiichi and Daini (only 10 km apart), are
significantly different (see Tables 2.1-1 and 2.1-2). The soil properties are similar (at ~50 m, a layer
with shear wave velocity of Vg = 700 m/s). The plant structures are also similar, as is the embedment
depth of ~10-12 m for all units.

The two earthquakes (Niigata-Chuetsu-Oki in 2007 and the Great East Japan in 2011) which were
recorded in the basement levels of the reactor buildings of the seven units of the Kashiwazaki-Kariwa
NPP and all the units of the Fukushima Daiichi and Daini NPPs show that when the location of the
earthquake focus with respect to the NPP is of the same order of magnitude as the causative fault
dimensions, the values obtained using the conventional GMPE and site response (considering only soil
amplification) will not be accurate in terms of predicting ground motion.

The variability between the records obtained at Units 1-4 and Units 5-7 of the Kashiwazaki-Kariwa
NPP during the Niigata-Chuetsu-Oki earthquake is significant and cannot be predicted using
conventional tools. As shown in Tables 2.1-1 and 2.1-2, the same is true for the records obtained at
the Fukushima Daiichi and Daini units during the Great East Japan Earthquake. This may explain the
emphasis given to the fault rupture simulation approach by Japanese scientists.

2.1.3.2. Tsunamis and external flooding

At the time the construction permit for the Fukushima Daiichi NPP was issued, from 1966 to 1972 for
Units 1-6, the applicable criteria in Japan for defining the site related design bases including the
review guidance, were those established in the:

— Regulatory Guide for Reviewing Nuclear Reactor Site Evaluation and Application Criteria, issued
by the JAEC in 1964, (revised in 1989) [21].

— Regulatory Guide for Reviewing Safety Design of Light Water Nuclear Power Reactor Facilities,
issued by JAEC in 1970. This guidance document was revised in 1977 and 1990 and provides very
general requirements on the need that safety functions must not be affected by natural hazards

[22].

Specifically regarding the tsunami hazard assessment, the 1990 version of the Regulatory Guide for
Reviewing Safety Design of Light Water Nuclear Power Reactor Facilities [22] provided very generic
requirements and only stated that the effect of the tsunami should be considered in the design, but it
did not prescribe an approach or methodologies to be used or performance criteria to be fulfilled in
that regard. It also stated that the design tsunami should be determined, for example, by numerical
simulation.

Later, in 2002, reflecting the advances and progress in the area of numerical simulations for tsunami
hazard evaluation, a standard assessment methodology was developed by the Japan Society of Civil
Engineers (JSCE) through its Tsunami Evaluation Subcommittee of the Nuclear Civil Engineering
Committee. Thus, the Tsunami Assessment Method for Nuclear Power Plants in Japan [26] was
published and its main elements are described in Section 2.1.5.4. It is based on a deterministic
approach, and the uncertainties in the tsunamigenic source data are considered by processing a number
of studies with a variation of the significantly involved parameters.

However, the most important characteristic of the JSCE methodology, from the point of view of its

incidence in the calculations performed before March 2011 by TEPCO and which led to an
underestimation of the tsunami wave heights at Fukushima Daiichi, is the fact that the tsunamigenic
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sources are fixed or deterministically established by the guidelines, and the applicant should apply
only those sources as indicated by the procedure. It should also be highlighted that this standard
provides a method for calculating the maximum and minimum tsunami heights, but does not include
specific guidance on how to deal with the associated effects such as, for example, hydrodynamical
loads, sand drift, or missiles from transported debris (see chapter 2, point 2 of Ref. [26]). Moreover,
the JSCE methodology indicates that “it is assumed that the effects of the other phenomena are less
important than that of the water level”. These associated effects are only referred to as future
challenges in the last sentence of the final chapter.

The JSCE methodology had been applied by TEPCO and all other utilities in Japan since 2002, as
described in detail in Section 2.1.5.4 of this volume. It is also included in an annex of IAEA Safety
Standards Series No. SSG-18 [20] as an example of practice of a Member State (Japan). Practice in the
USA is also included in that annex.

In relation to regulatory requirements and guidance, the new NSC Regulatory Guidelines of 2006
address tsunami safety in chapter 8 as an accompanying event of an earthquake, stating that “safety
functions of Facilities shall not be significantly affected by the tsunami which could be postulated
appropriately to attack but very scarcely in the operational period of Facilities”. No detailed or specific
requirements or guidance is provided on the way to comply with this statement, in particular regarding
the meaning of “very scarcely” [9].

Regarding the combination with other flooding hazards, it was indicated that in practice only the high
tide is added to the calculated tsunami water levels. In the meeting with NSC authorities at the time of
the IAEA Fact Finding Expert Mission, it was clarified that the NSC Regulatory Guidelines of 2006
were not legally binding and they were not regulations, although in practice they were considered as
such. It was also expressed that these guidelines would be revised in view of recent experience and

lessons learned [6].

No regulatory guidelines existed, also, regarding the consideration of external flooding as a hazard that
may result from a combination of meteorological and hydrological phenomena.

2.1.4. Design basis and reassessments of the earthquake hazards and remedial actions taken
during the operational life of the Fukushima Daiichi NPP

2.1.4.1. Background information on seismic hazards

IAEA safety standards require that the site of a nuclear installation be adequately investigated with
regard to all characteristics that could be significant to safety and possible external natural and human
induced hazardous phenomena. IAEA Safety Standards Series No. NS-R-3, Site Evaluation for
Nuclear Installations [16] states the key requirements to be complied with, as follows:

“3.2. Information on prehistorical, historical and instrumentally recorded earthquakes in the
region shall be collected and documented.

“3.3. The hazards associated with earthquakes shall be determined by means of
seismotectonic evaluation of the region with the use to the greatest possible extent of the
information collected.

“34,  Hazards due to earthquake induced ground motion shall be assessed for the site with

account taken of the seismotectonic characteristics of the region and specific site conditions. A
thorough uncertainty analysis shall be performed as part of the evaluation of seismic hazards.
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“3.5. The potential for surface faulting (i.e. the fault capability) shall be assessed for the
site. The methods to be used and the investigations to be made shall be sufficiently detailed that
a reasonable decision can be reached using the definition of fault capability given in para. 3.6.”

The IAEA Safety Requirements mentioned above, which updated similar safety requirements
established in Safety Series No. 50-C-S (Rev. 1), Code on the Safety of Nuclear Power Plants:
Siting [27], published in 1998, are supported by the detailed recommendations provided in the newly
revised IAEA Safety Standards Series No. SSG-9 [15], in which methodologies and criteria for
assessing seismic hazards and, particularly, seismic ground motions and the potential for fault
capability are provided.

As indicated in IAEA Safety Standards Series No. S8G-9 [15], the general approach to seismic hazard
evaluation should be directed towards reducing uncertainties at various stages of the evaluation
process in order to obtain reliable results driven by data. Experience shows that the most effective way
of achieving this is to collect a sufficient amount of reliable and relevant data. There is generally a
trade-off between the time and effort necessary to compile a detailed, reliable and relevant database
and the degree of uncertainty that the analyst should take into consideration at each step of the process.
All pre-instrumental data on historical earthquakes (that is, events for which no instrumental recording
was possible), extending as far back in time as possible, should be collected. Palaeoseismic and
archaeological information on historical and pre-historical earthquakes should also be taken into
account.

Since its first revision in 1991, Safety Series No. 50-SG-S1 (Rev. 1), Earthquakes and Associated
Topics in Relation to Nuclear Power Plant Siting [13, 27] recommends the application of a
seismotectonic approach which is established on the basis of a database comprising geological,
geophysical, geotechnical and seismological information. The integration of the geological data
(physical capability of tectonic structures to generate earthquakes) with historical and pre-historical
seismicity (empirical data) is the cornerstone of the seismotectonic approach regardless of the method
used for the calculation of the seismic hazard specific to the site (deterministic or probabilistic).

After detailed hazard characterization is done, the plant should be designed to withstand the seismic
events according to specific design bases determined as a result of this hazard assessment, as indicated
in paras 5.16 and 5.17 of IAEA Safety Standards Series No. NS-R-1, Safety of Nuclear Power Plants:
Design [2]. Moreover, para. 5.22 of NS-R-1 [2] states that: “The seismic design of the plant shall
provide for a sufficient safety margin to protect against seismic events.”

To comply with such design requirements, mainly applicable to the design of new installations, JAEA
Safety Standards Series No. NS-G-1.6, Seismic Design and Qualification for Nuclear Power
Plants [8], provides detailed recommendations for the design of SSCs according to their safety
significance and following recognized intemational engineering practice and consensus at the time.

Finally, and more applicable to the situation at the Fukushima Daiichi NPP, for existing operating
power plants the evaluation of seismic safety should be conducted as required by the following factors,
as prescribed by para. 2.10 of IAEA Safety Standards Series No. NS-G-2.13, Seismic Safety

Evaluation for Existing Installations [28]:

“(a) Evidence of a seismic hazard at the site that is greater than the design basis earthquake
arising from new or additional data (e.g. newly discovered seismogenic structures, newly
installed seismological networks or new palaeoseismological evidence), new methods of
seismic hazard assessment, and/or the occurrence of actual earthquakes that affect the
installation;

(b) Regulatory requirements, such as the requirement for periodic safety reviews, that take into
account the ‘state of knowledge’ and the actual condition of the installation;
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(c) Inadequate seismic design, generally due to the vintage of the facility;

(d) New technical findings, such as vulnerability of selected structures and/or non-structural
elements (e.g. masonry walls), and/or of systems or components (e.g. relays);

(e) New experience from the occurrence of actual earthquakes (e.g. better recorded ground
motion data and the observed performance of SSCs);

(f) The need to address the performance of the installation for beyond design basis earthquake
ground motions in order to provide confidence that there is no ‘cliff edge effect’; that is, to
demonstrate that no significant failures would occur in the installation if an earthquake were
to occur that was slightly greater than the design basis earthquake...;

(g) A programme of long term operation of which such an evaluation is a part.”

2.1.4.2. Design basis in relation to earthquake hazards

The following is based on the Establishment Permit Report of the Fukushima Daiichi NPP [3] and
Nuclear Reactor Establishment Change Permit Application (Nuclear Industry Report to the
Government No. 5-11) submitted on 13 April 1993 [4]. The site description parts of the original
Establishment Permit Report [3] have been included in Technical Volume 1. Those parts that relate
directly to the derivation of the seismic design basis are treated in this section.

The contents of the section on earthquakes in Ref. [4] are as follows:

— Seismic motion earthquakes and earthquake damage that have occurred in Fukushima Prefecture
and surrounding areas;

— History of earthquake damage in areas near the Fukushima Daiichi site;

— Ground conditions of the Fukushima Daiichi site;

— Seismic past earthquakes;

— Recent seismic activity;

— Active faults;

— Seismic geotectonics;

— Site ground vibration characteristics;

— Standard seismic motion;

— Reference documents.

Earthquakes and earthquake damage that has occurred in Fukushima Prefecture and surrounding
areas

As indicated in Refs [3] and [4], records of earthquake damage in Japan date back as far as A.D. 599
and have been used to create chronological tables which provide information on the magnitude,
hypocentre and degree of damage from each earthquake. Earthquakes around Fukushima Prefecture
can be classified into two groups, those with hypocentres in the ocean off the coast of Iwaki and
Sanriku, and those occurring inland around Lake Inawashiro.

According to isolines that indicate the number of years between recurrences in the region around
Fukushima Prefecture, earthquakes with intensities greater than severe earthquakes and those greater
than disastrous earthquakes occur only once every approximately 150 years and once every
approximately 400 years, respectively. Furthermore, a very severe earthquake is not known to have
occurred in the vicinity of Fukushima Prefecture, making it one of the least earthquake prone areas in

Japan.

According to historical research, other than Aizuwakamatsu, in the vicinity of Lake Inawashiro, no
other areas in the vicinity of Fukushima Prefecture have suffered damage in the past, and areas around
the site of the Fukushima Daiichi and Daini NPPs have never been damaged by an earthquake.
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History of earthquake damage in areas near the Fukushima Daiichi NPP

Of all the earthquakes that have occurred in Fukushima Prefecture and its surrounding areas, those that
are thought to have caused some damage near the site of the Fukushima Daiichi NPP and for which
records of damage still exist have been extracted as follows:

— Aizu earthquake in 1611 (27 September 1611) M 6.9;

— Sendai earthquake in 1646 (9 June 1646), M 7.6,

— TIwashiro-no-kuni Koori earthquake in 1731 (7 October 1731) M 6.6,

— Earthquake off the coast of Shioyazaki to the southeast in 1938 (23 May 1938) with M 7.5 and
intensity V in Onahama, Fukushima, Aizu;

— Earthquake off the coast of Fukushima Prefecture to the east in 1938 (5 November 1938), with
M 6.5 and intensity V in Onahama, Fukushima, Aizu.

Reference [3] provides a description of the effects of the above mentioned earthquakes and concludes
that the area in the vicinity of the Fukushima Daiichi NPP site is a region of Fukushima Prefecture
with little seismic activity.

One important point to note is related to the offshore earthquakes that occurred on the subduction zone
to the east, the Sendai earthquake in 1646 to the north-east and the earthquake off the coast of
Shioyazaki in 1938 to the south-east of the site have been estimated at M 7.6 and M 7.5, respectively.
They are both within a distance of 70 km from the Fukushima Daiichi NPP site.

The basic data that have been used in checking the seismic hazard of the site are the historical
seismicity starting with an earthquake from the year 1611. This means that the data are constrained to
about 400 years.

Ground conditions at the Fuliushima Daiichi NPP site

As mentioned in Section 2.1.1, the construction site of the power plant was prepared to an elevation of
approximately OP +10.00 m. The main nuclear island structures, such as the reactor buildings of the
six units, were built directly on mudstone bedrock that lies near an elevation of OP —4.00 m. This

mudstone bedrock belongs to the Sendai Group from the Pliocene Epoch of the Neogene Period and is

approximately 400 m thick.

On the basis of the results of the bearing capacity tests and on the values obtained of the
compression (P) and shear (S) soil wave velocities, the ground conditions were deemed to be good.

Original seismic design basis

Applying the above described methodology and data available at the time of the licensing of the
Fukushima Daiichi NPP units — based more on historical seismicity than on tectonics — the original
design basis values for the seismic hazard, expressed in terms of zero period ground acceleration
(ZPGA), are quite modest, with values ranging from 245 Gals (~0.25g) to 294 Gals (~0.29g) for the
north—south and east-west horizontal components, respectively, for Units 1-5. For Unit 6, higher
values of ~0.50g were evaluated as the original design basis.

In addition, and in compliance with the seismic design criteria in Japanese practice, a static horizontal

acceleration of 470 Gals (~0.47g) is used for designing the buildings and structures. ZPGA values,
measured in Gals, for each unit are included in Tables 2.1-1 and 2.1-2 [6].
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2.1.4.3. Reassessment of the earthquake hazards

Information on the evolution of the assessment of seismic hazards was obtained mainly from the
chapter on Seismic Motion of the Nuclear Reactor Establishment Change Permit Application (Nuclear
Industry Report to the Government No. 5-11) [3, 4].

New investigations were performed in order to obtain a change permit for the construction of
structures as described below. The importance of these investigations is that they are based on much
more recent earthquake catalogues as well as information on tectonics, i.e. active faults in;the region
of investigation. A new set of ground motion parameters were derived for these new structures.
However, it is not clear whether or not the new parameters were applied to the existing structures, i.e.
whether or not backcheck evaluations were performed.

The following explains the methodology used in the determination of the design basis seismic motion
as it should be applied to “common facilities used to assist operation, as well as concrete ducts and
internal equipment connected to these facilities” mentioned as part of changes made to the Nuclear
Reactor Establishment Change Permit Application (Nuclear Industry Report to the Government
No. 5-11) [3, 4]. Specifically, these include the establishment of the spent fuel pool and dry storage
facility, the establishment of the spent fuel transport vessel storage area and specialization and extra
installation of emergency diesel generators.

The change permit application states that the USAMI Catalog (1979), Utsu Catalog (1982) and
Meteorological Agency Earthquake Catalog were the most reliable at that time. A figure provided in
the change permit application shows the distribution of recent damaging earthquakes having epicentres
within 200 km of the site from all of the damaging earthquakes mentioned in the USAMI Catalog and
the Meteorological Agency Earthquake Catalog. With regard to the magnitude and epicentre locations
of the earthquakes, the USAMI Catalog was used for earthquakes that occurred prior to 1884, the Utsu
Catalog was used for earthquakes occurring between 1885 and 1980, and the Meteorological Agency
Earthquake Catalog was used for earthquakes that occurred after 1981. This decision was likely made
on the basis of the confidence that was placed in the three catalogues for the respective time periods
mentioned above.

While there are some differences between the information available earlier and the new earthquake
catalogues, the impact of the new seismicity information on the design does not seem to be very
significant. Nevertheless, the following important conclusions were made after the review of the
recent earthquakes from the Meteorological Agency Earthquake Catalog:

— According to the hypocentre distribution, earthquakes frequently occur around the site in ocean
areas offshore of Miyagi, Fukushima and Ibaraki Prefectures.

— According to the vertical distribution, earthquakes that occur on the Pacific Ocean side are generated
in conjunction with subduction of the Pacific plate, and the hypocentres get deeper as they near land.

— Earthquakes that occur in conjunction with the subduction of the Pacific plate as mentioned above
occur at a depth of between 60 and 90 km near the site.

Active faults

The latest comprehensive survey on active faults at the time was Active Faults in Japan (New Edition)
[29]. The report shows active faults within 100 km of the Fukushima Daiichi NPP site. According to
this publication, the main faults having late Quaternary activity in areas around the site are the Futaba
fault and the western marginal fault zone of the Fukushima Basin:

(1) Futaba fault:

The length of the Futaba fault (on land) is 18 km, from the vicinity of south-western Kayakura in
Soma City to the vicinity of Ogai in Haramachi City. Its activity extends to the late Quaternary.
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No connection was considered to have existed between this fault and observed past
earthquakes or microearthquakes. As Active Faults in Japan (New Edition) [29] puts the
activity level of this fault at Class B, earthquakes occurring on the Futaba fault (M 6.9,
A =35km) are considered to be extreme design basis earthquakes. This means that
deterministically, a design basis earthquake of M 6.9 has been considered to have occurred
at a distance of 35 km from the Fukushima Daiichi NPP.
(2) Western marginal fault zone of the Fukushima Basin:

According to Active Faults in Japan (New Edition) [29], there are a number of faults, from
the vicinity of Shiroishi City in Miyagi Prefecture to the vicinity of Tsuchiyu in Fukushima
Prefecture along the western marginal fault zone of the Fukushima Basin. The longest of
these extends 15 km, and all are of Class B in terms of activity level. Earthquakes occurring
near this fault zone were the Iwashiro earthquake of 1731 (M 6.6) and one in southern
Miyazaki Prefecture in 1956 (M 6.0). Neither of these extended along the full length of the
fault zone, the impact on the NPP site is described in section 3.2.1 (Past Earthquakes) of
Active Faults in Japan (New Edition) [29]. No connection was found between this fault zone
and the observed microearthquakes.

Further consideration of this issue was based on the connection between this fault zone and the
seismic geological structure described below. With regard to other faults, their size and distance
from the site were considered to have a minimal impact at the site.

Seismotectonic structures

Seismiéally active tectonic structures near the Fukushima Daiichi NPP site can be classified as
follows:

— Earthquakes occurring in north-eastern Japan:
(1) Near the Japan Trench at shallow depth;
(2) At plate boundaries;
(3) In the Earth’s crust, mainly onshore;
(4) Within the sinking Pacific Plate.
The analysis of destructive earthquakes that have occurred in these areas reveals the
following:
e The M 8 class earthquakes occurring near the Japan Trench and further eastward
have little impact on the NPP site, given the distance.
e Earthquakes of around M 7.5 are occurring off the coast of Miyagi, Fukushima and
Ibaraki Prefectures, at the plate boundaries.
e Earthquakes around M 7.0-M 7.5 are thought to be occurring in the Earth’s crust
west of the Ou Mountains, the Kitakami River Basin and near Nikko.
e No large earthquakes that would impact the NPP site are occurring in the intra-
Pacific Plate slab.

While M~8 earthquakes occurring near the Japan Trench would not have much of an impact

on the site due to their distance, M~9 earthquakes.would likely have an impact on both the

seismic hazard as well as the tsunami hazard. The underestimation of the tsunami hazard
seems to be based on the assumption of M~8 earthquakes instead of using M~9 for the

Japan Trench earthquakes.

— Earthquakes that may occur on seismotectonic structures:

The following earthquakes may occur in seismically active tectonic structures near the

Fukushima Daiichi NPP site:

(1) Earthquakes near the plate boundary: The largest earthquakes occurring in the ocean
near the Fukushima Daiichi NPP site were one in Rikuzen in 1646 and an M 7.6
earthquake in Sendai in 1835. The potential magnitude of earthquakes in this area is a
maximum of M 7.75. Due to the potential for earthquakes of this maximum magnitude
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to occur anywhere near the plate boundary from off the coast of Fukushima Prefecture
to the Japan Trench, it is assumed that an M 7.8 earthquake will occur near the plate
boundary off the coast of Fukushima Prefecture (A = 50 km, focal depth (H) = 40 km).
This means that deterministically, a design basis earthquake of M 7.8 has been
considered to have occurred at a distance of 50 km (and at a depth of 40 km) from the
site.

(2) Crustal earthquakes: The largest earthquake occurring on land near the NPP site was one
in Nikko in 1683 with a likely magnitude of between M 7.3 and M 7.5. Due to the
connection with active faults in the area, an M 7.5 earthquake is expected to occur in the
western marginal fault zone of Fukushima Basin (A = 65 km).

Regarding the seismic hazard assessment, there are several aspects of the applied methodology that
would be important to understand, as they may have a bearing on the underestimation of the seismic
hazards and, consequently, on the eventual underestimation of earthquake concomitant events as the
tsunami hazard.

— The estimation of the maximum magnitude was made using a combination of historical earthquake
information and the geomorphological fault dimensions. The latter is specifically for ‘on-land’
events and not for those generated at the Japanese Trench in the Pacific subduction zone.

— The information regarding the on-land faults was taken from official sources, but conservative
parameters are assumed for the analysis.

— For the Japan Trench, it is assumed that the magnitude would be about M 8. Furthermore, because
of the distance from the site, it was assumed that these events would not impact the site, because
closer sources would dominate the seismic hazard.

A point that has not been considered here is the fact that the maximum magnitude associated with the
Japan Trench was estimated without much tectonic based justification and was based mostly on
observed historical data. An approach similar to the on-land faults (deriving maximum magnitudes in
relation to physical fault dimensions) was followed for the maximum magnitude estimation (M 8} of
the Japanese Trench, but the number of segments to be mobilized during a single event was
underestimated.

2.1.4.4. Actions taken to cope with reassessed earthquake hazards

At the time of the Fukushima Daiichi accident in March 2011, TEPCO was in the process of
backchecking or reassessing the seismic safety of the plants in compliance with the requirements from
NISA following the issue of the new NSC Regulatory Guidelines of 2006 [9] and as a result of the
2007 Niigata-Chuetsu-Oki earthquake that affected the Kashiwazaki-Kariwa NPP.

Tables 2.1-1 and 2.1-2 [6] present information for all units of the Fukushima Daiichi and Daini NPPs
on:

— The original design basis for the seismic horizontal ground motion, including the static horizontal

acceleration;
— ‘The revised seismic design bases as part and as a result of the backcheck reassessment process

started in 2006;
— The observed maximum acceleration values during the Great East J apan Earthquake. The figures

in boxes indicate exceedance with respect to the original design basis values.

As can be seen in Table 2.1-1, for the first two units of the Fukushima Daiichi NPP, the original
design basis values are quite modest, with about 0.25g for the ZPGA and with 0.47g for the static
horizontal acceleration. The latter is applied for specific design purposes of the building and structures
as part of the seismic design process of Japanese NPPs, which is quite conservative, follows three
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distinct paths and chooses the most conservative result. This point is illustrated in a recent IAEA
publication on the results of a benchmark project conducted for the Kashiwazaki-Kariwa NPP (the
KARISMA benchmark project) [30].

Another interesting point to be noted is that, for Unit 6, the original design values of the peak ground
acceleration are higher than the reassessed values, in line with the application of the new NSC
Regulatory Guidelines of 2006 and also higher than the ZPGA values recorded from the March 2011
event.

Regarding Units 1-5, a significant increase can be observed in the reassessed ground motion (obtained
after 2006-2007) as compared with the original design ground motions. This may be attributed to two
factors: the use of a more seismotectonic based approach to seismic hazard analysis (less dependence
on historical seismicity), as described previously for the new seismic guidelines, and a more
conservative estimation of the ground motion for a given set of magnitude/distance pairs due to the
availability of a much richer ground motion database feeding into more robust ground motion
prediction equations (GMPEs).

The reassessed ground motion parameters for the Fukushima Daiichi NPP were exceeded at Units 2, 3
and 5 in the east—west (E~W) direction. It should be noted that similar exceedance is not observed in
the north-south (N-S) and vertical (U-D) components, where a comfortable margin still remains
between the reassessed design ground motions'and the observed accelerations. .

Furthermore, the observed accelerations at the Fukushima Daini units (at least those in the two
horizontal directions) are significantly less than those for the Fukushima Daiichi units, although the
distance from the causative fault may differ only slightly (about 10%). It can be concluded that some
directivity effect (E-W component) or local soil response at the Fukushima Daiichi NPP site may be
responsible for this difference in the exceedances observed at the two sites.

It is possible to perform a brief comparison of the consequences of the exceedance of the seismic
accelerations and the tsunami heights observed in March 2011 with respect to the re-evaluated seismic
and tsunami hazard values. The reassessed seismic hazard was exceeded at three units and only in one
direction. While the seismic source parameters of the 11 March 2011 earthquake (e.g. the magnitude
of the subduction earthquake) may have been underestimated, the consideration in the seismotectonic
model of other seismogenic sources (as part of the regional seismotectonic model which may be
located onshore) and the use of new GMPEs for calculating the reassessed hazards may have
compensated for part of this underestimation in the maximum magnitude of one of the sources (i.e. in
the offshore subduction zone).

Regardless of the underestimation of the seismic hazard, TEPCO’s Progress Report No. 2 [31]
confirmed that the earthquake did not have a serious impact on plant safety. It did not cause a loss of
coolant accident (LOCA) or the loss of emergency diesel generator (EDGY) functions in Unit 1, as
speculated after the accident and indicated in the Report of the National Diet of Japan [32]. Thus, it
has been concluded that pipe breaks causing leakage on a scale that would have affected the
development of the accident did not occur. Concerning the loss of EDG functions, it has been shown
that this was not caused by the earthquake, since the recorded data clarified that the EDG function loss
followed immediately after the loss of function of the seawater pumps, which is considered to have
been caused by the tsunami.

Tsunami hazards are caused by tsunami waves generated by fault dislocation at the seabed produced
by earthquakes as the root cause. The tsunamitectonic model for calculating the tsunami wave height
differs greatly from the seismotectonic model for calculating the seismic hazard expressed in terms of
ground accelerations. Only subduction earthquakes which can generate out of plane components of
fault displacement are the cause of the generated tsunami water waves. Therefore, the underestimation
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of the source parameters (e.g. the magnitude) would be more difficult to compensate. Nevertheless, the
tsunami hazard as re-evaluated in the trial calculations shows little difference from the one that
actually occurred.

TABLE 2.1-1. MAXIMUM ACCELERATION VALUES OBSERVED AT UNITS 1-6 OF THE
FUKUSHIMA DAIICHI NPP, AND COMPARISON WITH ORIGINAL DESIGN BASIS VALUES AND
RE-EVALUATION VALUES [6]

Maximum response acceleration value (Gal)

) Maximum measured — - Static

DNy e G Rovied deigbuis 009 QRIS dvion
NS EW UD NS EW UD NS EBEW (Geh

Unit 1 258 487 489 412 245
Unit 2 550 302 441 438 420 250
Unit3 327 231 449 441 429 291 275 70
Unit 4 281 Bl 200 447 445 422 291 283
Unit 5 b1l 256 452 452 427 294 255
Unit 6 298 444

244 445 448 415 495 500

Note: Values in boxes indicate that the maximum recorded value was beyond the original design basis.

TABLE 2.1-2. MAXIMUM ACCELERATION VALUES OBSERVED AT UNITS 1-4 OF THE
FUKUSHIMA DAINI NPP, AND COMPARISON WITH THE ORIGINAL DESIGN BASIS VALUES AND
RE-EVALUATION VALUES [6]

Maximum response acceleration value (Gal)

. . Maximum measured - — : Static
;‘P’k;suh;t"a Daini  geceleration value (Gal)  Revised design basis (2008) ngs‘i’:’gl‘;?;)g“ :c‘z;’lze;':ht.fn
NS EW UD NS*' EW UD NS EW (Gal)
Unit 1 254 230 305 434 434 512 372 372
Unit2 243 196 232 428 429 504 317 309
Unit 3 P14 208 428 430 504 196 192 470
Unit 4 k1g 288 415 415 - 504 199 196

Note: Values in boxes indicate that the maximum recorded value was beyond the original design basis.

A final point to be highlighted is related to the design practice to cope with seismic and tsunami
hazards. As mentioned before, the Japanese practice of seismic design incorporates several
approaches, adopting the one that is most conservative. This results in a robust design of SSCs in
NPPs. In the case of the Fukushima Daiichi accident, this design clearly prevented significant
consequences from the exceedance of ground motion parameters, which would have been the result if
other design criteria, like the application of more than three times the static acceleration of the
conventional building codes, had been applied for the design of the buildings at the Fukushima Daiichi
site. This was also observed and documented by the IAEA after the Niigata-Chuetsu-Oki earthquake
in 2007 at another TEPCO plant, the Kashiwazaki-Kariwa NPP.

However, the design against tsunami hazards is quite sensitive to cliff edge effects, and this leads to
less robust solutions than those that can be implemented for seismic events. A minor exceedance of
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flood levels may lead to severe consequences by causing internal flooding. This difference was
highlighted in the report of the IAEA International Fact Finding Expert Mission of the Fukushima
Daiichi NPP [6].

Figure 2.1-3 illustrates the location of the measurement points for the measurements shown in
Table 2.1-1 for Fukushima Daiichi NPP units [6].

& Unit 6 i Seismometer ; 2,
Unit 1 Unit 2 Unit 3 Unit 4

OP+1.0m

FIG. 2.1-3. Maximum acceleration values observed at Units 1-6 of the Fukushima Daiichi NPP, and comparison with the
original design basis values and re-evaluation values [6].

2.1.5. Design basis and reassessments of tsunami hazards and remedial actions taken during the
operational life of the Fukushima Daiichi plant

2.1.5.1. Characteristics of tsunami hazards

A tsunami — in Japanese meaning a wave (‘nami’) in a harbour (‘tsu’) — is a series of travelling
waves of long wave length (e.g. from kilometres to hundreds of kilometres) and period (e.g. several
minutes to tens of minutes, and, exceptionally, hours), generated by deformation or disturbances of the
sea floor (or, in generic terms, underwater floor). Earthquakes, volcanic phenomena, underwater and
coastal landslides, rock falls or cliff failures can generate a tsunami. Large meteorites impacting the
ocean can also generate a tsunami. All oceanic regions and sea basins of the world, and even fjords
and large lakes, can be affected by tsunamis.

Tsunami waves and associated phenomena may produce severe damage to installations located in
coastal areas. With regard to nuclear installations, IAEA safety standards require that the
characteristics of potential tsunamis that can affect safety be assessed, taking into consideration pre-
historical and historical data and other types of associated hazards, with account taken of any
amplification due to the coastal configuration at the site, (see paras 3.24-3.28 of Ref. [16]).

Consequently, if the potential of a tsunami exists and detailed hazard characterization is carried out,
the facility, installation or plant should be designed to withstand the event according to design bases,
including specific performance ecriteria which are to be determined as a result of a tsunami hazard
assessment and the intensity or magnitude of the postulated event.

In addition to the effects produced by a variation in water levels (maximum and minimum), the
hazardous effects of tsunami waves include strong currents in harbours and bays, bores in rivers,
estuaries and lagoons, and huge hydrodynamic forces. Sedimentation phenomena, including
deposition and erosion, may also be generated owing to large forces at the sea floor.
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Two important issues should be considered in the process of assessing tsunami hazards when
estimating the flooding design basis for a nuclear installation:

— The minimum water level produced by the receding wave of the tsunami plays a key role in safety,
since, for a period of time, the cooling water may be disrupted or interrupted.

— Tsunami waves are strongly dependent on the configuration of the coast (bathymetry and
topography). Therefore, the hazard assessment (e.g. the runup and water level at the shoreline) not
only needs to consider the coastal configuration at the site evaluation stage before the plant has
been built, but also — and significantly — it needs to consider the final layout of the installation
with all modifications to the ground elevation, slopes, grade levels, etc.

Finally, as shown in Fig. 2.1-4, tsunamis are one of the factors to consider in the assessment of the
final flood level (maximum and minimum levels). Thus, the tide height, wave heights produced by
other meteorological and hydrological phenomena, tectonic subsidence or uplift have to be considered
in combination with the occurrence of the tsunami waves. The final flooding level reaching the site 1s
the combination and result of all those factors at the time of the occurrence of the event.

West (mountain) Reactor building East (sea)

OP +35.0m Turbine building

Maximum

.
R water level Mean sea level at

Onahama Port

Inundation
depth

Main plant
grade
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FIG. 2.1-4. Tsunami parameters at the shoreline [20].

2.1.5.2. Design basis in relation to tsunami hazards

As indicated in Section 2.1.2, according to the approach applicable in the 1960s, when the application
for the Establishment Permit for the Fukushima Daiichi NPP was submitted, it was common
international practice to use historical records for assessing the design basis tsunami height for
designing the installation but adding conservative assumptions and using deterministic approaches to
count for the potential occurrence of extreme events with very low annual frequency of occurrence.
Later, during the 1970s, the methods for assessing the tsunami levels evolved and numerical
simulations based on source models of the tectonic mechanisms for characterizing the tsunamigenic
sources that generate the sea floor deformations were developed and used. In line with that approach,
the design basis tsunami was determined for each site on the basis of the available information on the
maximum historical observed tsunamis and the greatest tsunamis induced by submarine active faults

(Fig. 2.1-5).
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FIG. 2.1-5. Historical earthquakes in the Japan subduction french [33].

Following these criteria, the tsunami hazard at the Fukushima Daiichi NPP site was initially estimated
based on the data and observations from the tsunami generated by the M 9.5 earthquake in Chile in
1960 that reached Japan’s east coast. Thus, the design maximum height was defined at OP +3.122 m
in accordance with the tide level records observed during that event at Onahama Port, in Fukushima
Prefecture, located 50 km south of the site (see also Section 1.2 of Technical Volume 1).

As reported by NISA to the 2011 IAEA Fact Finding Expert Mission [6], this value still represented

the licensing design basis for flooding generated by tsunamis at the time of the accident in
March 2011, Based on that practice, according to the Japanese reports prior to the accident in
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March 2011, the regulatory body had no authority to impose new requirements on the licensee or to
change the design bases.

Consequently, the OP +4.00 m of the plant grade level for locating the safety related SSCs at the water
intake area corresponding to the location of the seawater cooling pumps would have been considered
sufficient by TEPCO to cope with the maximum flood level evaluated as was indicated above.
Moreover, the main plant grade levels (i.e. the elevation of the buildings and structures of the nuclear
island and balance of plant) that were established at OP +10.00 m for Units 1-4 and at OP +13.00 m
for Units 5 and 6 would have been considered enough margin.

Table 2.1-3 summarizes the values of the maximum and minimum tsunami flood levels adopted for

the Fukushima Daiichi and Daini NPP sites and for the different units.

TABLE 2.1-3. ORIGINAL DESIGN BASIS: MAXIMUM AND MINIMUM FLOOD LEVELS FOR
TSUNAMI HAZARDS AT THE FUKUSHIMA DAIICHI AND DAINI NPP SITES [33]

Year of

Site Unit Establishment Permit Rise Drawdown
1 1966
2 . 1968
3 1970
Fukushima Daiichi NPP
4 1972 OP+3.122 m
5 1971
OP-1.918m
6 1972
1 1974
2 1978 ’ OP+3.690 m
Fukushima Daini NPP
3 1980
OP+3.705m
4 1980

OP-1.918m Historical low water level

OP +3.122m Heighf of the tide from the Chilean tsunami at Onahama Port on 24 May 1960

OP +3.690m =0P+1.490m+22m .

OP +1.490m Mean of high tides at Onahama Port ) ‘

22m Height of the tsunami component fiom the Chilean tsunami at Onahama Port on 24 May 1960
OP +3.705m =0P+1.505m+2.2m

OP +1.505m Mean of high tides

At this point, it should be noted that the approach applied used only known historical data, leading to
the determination of the plant design basis, as shown in Figs 2.1-5 and 2.1-6:

— Figure 2.1-5 shows the location and rupture areas of the earthquakes that generated those tsunamis
at the subduction offshore zone (Japan Trench) of the Eurasian and Pacific tectonic plates. The
figure shows that no records were available of earthquakes occurring along the Japan Trench in
the offshore area in front of Fukushima Prefecture.

— Figure 2.1-6 shows that at the Fukushima Daiichi site the tsunami flood levels were low (of the
order of a few metres) compared with the levels in locations to the north of the site — as in Iwate
and Miyagi Prefectures — that had recorded maximum levels of around +38 m for tsunamis that
occurred in 1611, 1677, 1896, 1933, 1938 and 1960.
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The following points should be highlighted in this approach:

— The use of historical records dating from a very recent period of a few hundred years only. No
conservative assumptions were made regarding the need to take account of the potential
occurrence of extreme events (i.e. a typical period of recurrence of the order of 10 000 years).

— The correspondence between the lack of historical records of tsunami flood levels at the specific
location of the Fukushima Daiichi and Daini sites and the lack of data on the occurrence of
earthquakes in the offshore area in front of the sites, i.e. a seismic gap for that seismogenic source
which coincides with the lack of a high level of tsunami flooding phenomena.
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FIG. 2.1-6. Historical tsunami records [33].

The practice in the 1960s, as described above, was not unique to TEPCO. Other utilities in Japan also
used the same approach, for example, at the Onagawa NPP operated by the Tohoku Electric Power
Company, located about 120 km to the north of the Fukushima Daiichi NPP site in Miyagi Prefecture.
In this region, most of the larger earthquakes occurred in historically recorded times in the Japan
subduction trench located off the eastern coast, as shown in Fig. 2.1-5, in comparison with the ones
recorded at Fukushima Prefecture.

28



Using the same approach as in the Fukushima Daiichi NPP design basis, the maximum level adopted
for the flood design event for Unit 1 of the Onagawa NPP site in 1970 was OP +2.00-3.00 m, as
indicated in its Establishment Permit. This level corresponds to values obtained from the literature
survey. Later, for Unit 2, in 1987, the highest flood level was determined at OP +9.10 m using
numerical simulation techniques. However, the main plant grade level of the Onagawa NPP site is
OP +14.80 m. Another reason for the increased level of tsunami runup historically recorded at the
north of the Fukushima Daiichi NPP site, in the region of Miyagi and Iwate Prefectures, is the
influence of the coastal topography and bathymetry. The Fukushima Daiichi site is located along a
rectilinear coastline, while at the Onagawa NPP site, the coastline is a ria (a coastal inlet) with a
V shape that would significantly amplify the wave heights of tsunamis. Figures 2.1-7 and 2.1-8,
illustrate these issues [33].

f’f"
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Souree: Esri, i-cubed, USDA, USGS, AEX, GeoEye, Getmapping, Aerogrid, IGF, and the GIS User Community

(a) (b)

FIG. 2.1-7. (@) Aerial view of Fwate and Miyagi Prefectures; and (b) Fukushima Prefecture.

Finally, there is the issue of floods other than tsunamis. The Establishment Permit [3] document
indicates the following in Section 2.2.3:

“2.2.3 Wave Height

“Large waves occurring near the site are produced by mainly typhoons or low pressure systems
and according to observational records after February 1965 the largest wave was produced by
Typhoon #28 (1965) and had a significant wave height at a water depth of 10 m of 6.51 m and a

maximum wave height of 7.94m.

“Waves usually hit perpendicular to the coast flowing in an easterly direction and the majority
of waves fall between the directions of ESE and ENE.”
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FIG. 2.1-8. Influence of topography and bathymetry in Iwate and Miyagi Prefectures in comparison with Fukushima
Prefecture [33].

This would mean that flood levels significantly higher than the estimated value of OP +3.122 m for a
tsunami would be considered for other natural phenomena such as the rare meteorological phenomena
of powerful typhoons. In this regard, TEPCO has clarified that site protective design countermeasures
adopted for coping with the high waves from typhoons include breakwater structures which have the
function of damping the waves, and thus the heights of waves in the harbour would stay below the
adopted level of OP +4.00 m.

2.1.5.3. Re-evaluation of tsunami hazards

The numerical simulation of earthquake induced tsunamis based on a tectonic mechanism and source
modelling was carried out only after the mid-1970s. These simulation techniques involve the
characterization of tectonic sources of earthquakes that occur at the bottom of the ocean and which
cause the uplift and subsidence of the seabed and, subsequently, lead to the generation of tsunami
waves at the sea surface, which propagates in the sea to reach shorelines far away. These relative
displacements between both sides of the colliding tectonic plates are the tsunami source. Table 2.1-4
summarizes the evaluations performed by TEPCO after the Establishment Permit, including the
remedial measures taken at each time.

As can be seen from the table, from 1966 to 2002, there were no developments and tsunami hazard
levels were not reassessed. After 2002, following new guidance from the JSCE in 2002 and 2009 and
to strengthen safety according to the disaster prevention plans of the local governments (Ibaraki and
Fukushima Prefectures in 2007), the original maximum flood level due to tsunamis was revised
upwards from the design basis of OP +3.122 m to the higher level of OP +5.70 m in 2002, and to OP
+6.10 m in 2009 using latest bathymetry and tidal data. In addition to those re-evaluations, TEPCO
conducted a number of trial calculations using approaches and assumptions different than those
proposed by the JSCE. They are described in the following sections.
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TABLE 2.1-4 SUMMARY OF TSUNAMI EVALUATIONS PERFORMED BY TEPCO BETWEEN 1966
AND 2009 [33]

Year  Tsunami height Evaluation method Counntermeasures

Establishment Permit (observed height as result
1966 OP+3.122m ;¢ Chilean tsunami in 1960)

2002 OP+5.7 Japan Society of Civil Engineers (JSCE) To raise elevation of the pumps
< m assessment method To make buildings watertight, etc.
2007 OP+4.7m Disaster prevention plan by Ibaraki Prefecture Unnecessary
Approx. Disaster prevention plan by Fukushima
2007 op+sm Prefecture Unnecessary
Latest bathymetric and tidal data on the basis of

2009 OP+6.1m the JSCE assessment method To raise pumps’ elevation, etc.

2.1.5.4. The JSCE methodology

Using the JSCE methodology, the Fukushima Daini, Tokai and Onagawa NPPs also revised their
tsunami flood levels upwards as follows:

— Fukushima Daini NPP: OP +5.20 m (increasing 2.078 m from the original design basis of
OP +3.122 m);

— Tokai NPP: OP +4.88 m (with no provisions in this regard in the original design basis);

— Onagawa NPP: OP +13.60 m (increasing 4.5 m from the value of OP +9.10 m estimated in 1987).

Specific aspects of the JSCE methodology included the following:

— It deals only with earthquake generated tsunamis.

— It deals mainly with local or near field tsunamis, i.e. tsunamis generated close to the Japanese
shorelines, since the effects of near field tsunamis are greater and more destructive than those of
far field tsunamis. It recognizes the occurrence of far field, distant tsunamis (e.g. tsunamis
originating in the Alaska/Cascadia subduction zone in North America or in the Nazca plate
subduction zoné in South America), but it uses them for validating the historical data. The
simulation models assume that in those regions of the world the largest historical earthquakes have
already been experienced.

— It provides specific guidance only on maximum~-minimum wave heights, i.e. on the variation of
water levels; it does not provide specific recommendations on how to address the issue of other
tsunami related hazards (hydrodynamic forces of the waves, debris impact, sedimentation, etc.) as
indicated in chapter 2, point 2 of the JSCE document [26].

— Tt defines the ‘design tsunami’ as the one that causes the maximum and minimum water waves at
the site among all the various possible scenario tsunamis. The scenario tsunamis are a large
number of postulated tsunamis for which numerical simulations are performed, each with different
characterizations of the source model. Accordingly, a parametric study is conducted, varying some
of the source parameters (e.g. fault position, depth of upper edge, strike direction, dip angle, dip
direction), with the uncertainties taken into account. The design tsunami should exceed all
recorded and calculated historical tsunamis at the target site. The historical tsunami records are
used to validate the numerical simulations.

— It specifies standard tsunamigenic sources, i.e. those common to any target sites. This is one of the
most critical aspects of this guidance, since the tectonic sources that can generate tsunamis are
modelled with all their characteristics provided by the established guidance, which corresponds to
historical tsunamis. The scenario tsunamis corresponding to the different tectonic regions around
Japan are defined in Table 2.1-5.
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TABLE 2.1-5. TSUNAMIGENIC SOURCES FOR JAPAN AS DEFINED IN TABLE 4-1 OF REF. [26]

Classification ' Sea area Types of earthquakes
Tsunamis due to earthquakes along the ~ Sea areas related to the subduction of ~ Typical interplate earthquakes
plate boundaries the Pacific plate Tsunami earthquakes (slow
earthquakes)
Intraplate earthquakes with a reverse
fault :
Intraplate earthquakes with a normal
fault
Sea areas related to the subduction of ~ Typical interplate earthquakes
the Philippine Sea plate

Tsunamis due to earthquakes in the Eastern margin of the Sea of Japan Shallow inland earthquake
eastern margin of the Sea of Japan '

Tsunamis due to earthquakes in the | Entire area around Japan Shallow inland earthquake
submarine active faults

An important consideration discussed explicitly in the JSCE methodology is tectonic plate
displacement — either subsidence or uplift — produced by the tsunami generating seismic event and -
affecting the onshore area. This issue is not indicated in the methodology for determining the tsunami
flood level, since the main plant grade level changes owing to the crustal movement, although TEPCO
has considered it in the model simulation using an elastic theory.

During the 11 March 2011 event, the onshore ground level at the Fukushima Daiichi site experienced
a subsidence of approximately 0.66 m, meaning that the main plant grade level had subsided by such
an extent. Therefore, instead of an OP +10.00 m main grade level, the plant was located about 0.66 m
below, i.e. approximately OP +9.34 m, when the tsunami reached the coast and flooded the plant site.
In any case, the new main plant grade level should count for this phenomenon.

In summary, the tectonic subsidence is usually considered in estimating the tsunami flood level, but
the level of water reaching a plant grade level is not the difference between the tsunami estimated
level minus the original plant grade level, but minus the ‘subsided new’ plant grade level. '

Figure 2.1-9 and Table 2.1-6 illustrate the geodetic measurements after the earthquake, at locations
P1 to P5 and T1 to T3 of the main plant grade level and the subsidence values that the plant has
experienced at those points, with an average of 0.662 m.

TABLE 2.1-6. GEODETIC MEASUREMENTS AND SUBSIDENCE AFTER THE 11 MARCH 2011
EARTHQUAKE (AFTER THE TEPCO REPORT TO NISA IN OCTOBER 2011) (ORIGINAL IN
JAPANESE) [34]

T1 T2 T3 Pl P2 P3 P4 P5
OP+13m OP+10m  OP+4m OP+4m OP+4m OP+4m  OP+4m OP+102m
OP+12.375m OP oP op oP oP oP op

+9.338 m +3.300m +3379m  +3.358m +3.209m +3.370m +9.579 m

® Top row: original measurements; bottom row: measurements following the earthquake.
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FIG. 2.1-9. Geodetic measurements and subsidence after the 11 March 2011 earthquake (after the TEPCO report to NISA in
October 2011) (original in Japanese) [4].

The application of the JSCE methodology in 2002 for re-evaluating the design tsunami at the

Fukushima Daiichi NPP is illustrated in Fig. 2.1-10, where the eight zones of potential tsunami
sources are indicated. It should be highlighted that the offshore trench fault source in front of the

Fulkushima Daiichi NPP is not included in that re-evaluation.
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FIG. 2.1-10. Standard source model as defined by JSCE guidance, 2002 [26].

One hundred and forty-five simulations (see Fig. 2.1-11) were performed, with the dominant source
being the one identified as No. 7 with M 8, corresponding to the earthquake at Fukushima-Oki (M 7.9)
in 1938, which was assumed at M 8§ in the calculations.
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FIG. 2.1-11 Scenario of tsunamis for calculations performed by TEPCO in 2002 [33].

As a result of these calculations by TEPCO, the tsunami hazard water levels (maximum and
minimum) were obtained with a maximum high water level of OP +5.7 m, while the minimum water
level of OP —3.60 m was calculated on the basis of the 1960 Chile earthquake (M 9.5).

Another important consideration is the runup value, which is the water height, reached at the
maximum inundation point, as shown in Fig. 2.1-4. The estimated value corresponds to the tsunami
height at the location that can be called the water cooling intake point, which is the point at shoreline
at which the water reaches the level of the cooling intake structures. TEPCO indicated [33] that the
runup was taken into account and did not significantly increase the calculated value of OP +5.7m
since it did not reach the main grade level of OP +10 m.

In 2007, to confirm the level of nuclear safety in relation to the disaster prevention plans of Ibaraki

and Fukushima Prefectures, TEPCO voluntarily performed new evaluations with the source models
corresponding to historical tsunamis, which were defined as illustrated i Fig. 2.1-12.
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FIG. 2.1-12. Tsunamigenic sources for the evaluations performed in 2007 to ensure safely in relation to the disaster
prevention plans of Tbaraki and Fukushima Prefectures [33].
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The Japan Atomic Power Company (JAPC), the operator of the Tokai Daini NPP, recalculated the
design tsunami heights for its site based on these new wave source models to maintain consistency
with the assumptions in the disaster prevention plans. In the case of the Tokai Daini NPP, the results
of these evaluations showed maximum water levels of OP +4.70 m and +5.00 m, which were similar
to the results obtained in 2002. The design tsunami height had to be revised upwards, and the JAPC
decided to construct a 7.0 m high wall at Tokai Daini to protect the emergency seawater pump
room [10].

Later, in 2009, with more precise topography (onshore), bathymetry (offshore) and tidal data of the
Fukushima Daiichi NPP site, TEPCO again performed this evaluation using the JSCE source models,
and obtained the maximum water level of OP +6.10 m. Figures 2.1-13 and 2.1-14 illustrate the results
obtained by TEPCO of the tsunami re-evaluations performed between 2002 and 2009 for the
Fukushima Daiichi and Daini NPPs.

West Reactor building East (sea)
(mountain)
Turbine building
Service
building

Maximum
water level
OP+5.7 m
(OP +6.1 m)
OP+4.3 m -

FIG. 2.1-13. Summary of 2002 and 2009 tsunami re-evaluations of the Fukushima Daiichi NPP using the JSCE methodology
(topography and tide data were revised in 2009) [33].
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FIG. 2.1-14. Summary of 2002 and 2009 tsunami re-evaluations of the Fukushima Daini NPP using the JSCE methodology
(topography and tide data were revised in 2009) [33].

In addition to the studies completed by TEPCO between 2002 and 2009 based on the JSCE
deterministic methodology and wave source models, as described above, a number of trial calculations
were performed using wave source models or methodologies that went beyond the JSCE tsunami
assessment method. In the following section, these trial calculations, and the results obtained, are
described.

2.1.5.5. First trial analysis using the probabilistic tsunami hazard assessment approach

The first trial analysis was conducted using a probabilistic approach under discussion at the JSCE and
identified as a prototype approach. Thus, a probabilistic tsunami hazard assessment was performed by
TEPCO to confirm the adaptability and improvement of the JSCE prototype method [33].

This first trial analysis resulted in a mean annual frequency of exceedance of 107 to 107° for a tsunami
exceeding 10 m at the Fukushima Daiichi NPP site. TEPCO did not interpret this result as the actual
frequency of tsunamis that could strike the nuclear power plants at the Fukushima Daiichi NPP site.
These results were presented in the International Conference on Nuclear Engineering-14 (ICONE-14)
on 17-20 July 2006.

2.1.5.6. Trial analyses using the JSCE methodology with different source models

Two additional trial calculations were performed in 2008-2009 by TEPCO using the JSCE
methodology, but with different source models, as described in Fig. 2.1-15:

— Using as a tsunami source the model proposed by the Headquarters for Earthquake Research
Promotion (HERP) with an M 8.2 earthquake rupturing an area of 200 km x 50 km located
anywhere in the offshore zone, as indicated in the figure on the left in Fig. 2.1-15;

—_ Using as a tsunami source the Jogan 869 earthquake with M 8.4 and with the assumed location as
proposed by Satake et al. [35], as indicated in the graph in the figure in the middle in
Fig. 2.1-15.

The comparison of these two models with respect to the ruptljre and magnitude of the 11 March 2011

earthquake is also illustrated in the figure on the right in Fig. 2.1-15, as well as with respect to the
2002 re-evaluation that strictly applied the JSCE prescribed methodology.
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The results obtained from these two trial calculations using different source models are described in
the following sections.
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FIG. 2.1-15. Trial calculation performed by TEPCO in 2008. Comparison of source models (see Ref. [36] for the figure on
the left, Ref. [35] for the figure in the middle, and Ref. [26] for the figure on the right).

2.1.5.7. Trial analysis based on the JSCE methodology with HERP source models

As stated above, this trial calculation was carried out using the model proposed by the Headquarters
for Earthquake Research Promotion (HERP) with an M 8.2 earthquake rupturing an area of 200 km x
50 km, located in the subduction zone. Here, the basic difference with respect to previous re-
evaluations by TEPCO applying the JSCE methodology is the assumption that an M 8.2 earthquake
may occur in the offshore trench of the Japan subduction fault facing Fukushima Prefecture. This
assumption was not considered previously because it was accepted that there was a seismic gap,
reflecting that there was no record of a large, M 8 level earthquake off the coast of Fukushima
Prefecture.

In 2007, the Central Disaster Management Council (CDMC) of the Cabinet Office discussed the
proposal by HERP of the source model and concluded that a large, M 8 level earthquake along the
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Japan Trench off the coast of Fukushima Prefecture should not be taken into account because it was
unclear whether or not it would be feasible to assume the existence of a wave source in areas where no
earthquake had previously occurred. It was decided to use only records available from a given
historical time.

Because the HERP proposal did not specify a wave source model, TEPCO conservatively used the
wave source model of the M 8.3 Meiji Sanriku earthquake of 1896. This earthquake occurred off the
coast of Twate Prefecture, more than 100 km north of Fukushima, and resulted in a tsunami of 38 m.

The results of this second trial calculation carried out by TEPCO in 2008 for the Fukushima Daiichi

and Daini NPPs are shown in Fig. 2.1-16, as presented by TEPCO during the meeting with the IAEA
of 10-14 February 2014 [33].
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FIG. 2.1-16. Earthquake regions as determined by the Headguarters for Earthquake Research Promotion (HERP) for the
Fukushima Daiichi and Daini sites as used by TEPCO in 2008 [36].
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TABLE 2.1-7. RESULTS OF THE TRIAL CALCULATIONS FOR THE FUKUSHIMA DAIICHI NPP SITE

Fukushima Daiichi
. Northern part Southern part
Unit 12 3 4 3 6 (OP +13 m) (OP+10'm)
Tsunami height (m) 8.7 93 8.4 84 102 - 102 13.7 15.7

TABLE 2.1-8. RESULTS OF THE TRIAL CALCULATIONS FOR THE FUKUSHIMA DAINI SITE

Fukushima Daini
Unit 1 2 3 4 (OP+12m)
Tsunami height (m) 7.6 7.2 7.8 82 15.5 (southem part)

The results of the trial calculation presented in Tables 2.1-7 and 2.1-8 are summarized as follows:

— In front of Units 1-4, at the location of the seawater cooling pumps where a maximum level of
OP +5.7 m was calculated in 2002, a maximum tsunami height of OP +9.3 m was estimated.

— In front of Units 5 and 6, the maximum tsunami height was estimated as OP +10.2 m.

— Other locations at the site, at the southern and northern parts, show maximum tsunami heights of
OP +13.7 and 15.7 m, significantly higher than the previous re-evaluation values.

2.1.5.8. Trial analysis using Jogan 869 tsunami source models

Regarding the trial calculation with consideration of the Jogan 869 earthquake and tsunami,
Fig. 2.1-17 and Table 2.1-9 shows the evolution of the knowledge and hypothesis between 1990 and
2008 about the location of the epicentre in the Japan offshore trench.

TEPCO conducted the trial calculation with magnitude 8.4 and with the assumed location of the
tsunami source as proposed by Satake et al. [35]. This model is based on data obtained from soil
deposits from the Jogan tsunami through paleo-tsunamigenic investigations. As indicated by
TEPCO [33], Satake et al. [35] did not determine the Jogan tsunami source model because of the lack
of deposit data of that tsunami and the need to conduct additional tsunami deposit survey
investigations in Fukushima and Ibaraki Prefectures.

Five boreholes were dug along the coast in the vicinity of the Fukushima Daiichi and Daini NPPs to
investigate the existence of evidence of the Jogan 869 tsunami. Three boreholes, located to the south
of the site, yielded no evidence of tsunami deposits, while two boreholes located to the north of the
site showed evidence of tsunami deposits at 0.5 m depth in one of them and between 3 m and 4 m
depth in the other. TEPCO indicated that the results obtained from the deposit investigations showed
some inconsistencies with respect to the trial calculation using the source model proposed by Satake et
al. [35]. Therefore, additional investigations were proposed to be carried out.
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FIG. 2.1-17. Jogan 869 earthquake and tsunami potential locations [33].

TABLE 2.1-9. POTENTIAL LOCATIONS OF THE JOGAN 869 EARTHQUAKE AND TSUNAMI [33]

1990 Abeet al.

Tsunami source was assumed to be located off Santiku
Tsunami height in Sendai plane was smaller than 1611 Keicho Sanriku tsunami

2001 Minoura et al.

Tsunami source was assumed to be located off Miyagi
Tsunami height in Fukushima coast was approximately 2-4 m

2006 AIST and
Tohoku University

Tsunami deposit survey was carried out in Miyagi Prefecture at first and then in Fukushima
Prefecture

2008 Satake et al.

Tsunami source was supposed to be located from off Miyagi Prefecture to off Fukushima
Prefecture
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Because information about the Jogan tsunami was limited and the source model was uncertain before
2005, the JSCE (2002) [26] did not take the Jogan tsunami into account.

The source model adopted by TEPCO for this calculation assumed an M 8.4 earthquake with a rupture
area of 200 km x 100 km for Model 10 and an M 8.3 earthquake with a rupture area of
100 km x 100 km for Model 8 [33]. These were facing Miyagi and Fukushima Prefectures, offshore in
the Japan subduction trench.

This trial calculation using the Jogan 869 tsunami resulted in maximum tsunami wave heights of
OP +8.7-9.2 m for the six units of Fukushima Daiichi (Table 2.1-10) with no inundation in other
northern and southern parts of the site at the grade levels of OP +13.00 m and OP +10.00 m, and
tsunami wave heights of OP +7.8—8.00 m for the four units at Fukushima Daini and no inundation for
the grade level OP +12.00 m (Table 2.1-11).

TABLE 2.1-10. TRIAL CALCULATION RESULTS FOR THE JOGAN 869 TSUNAMI FOR FUKUSHIMA
DAIICHI [33]

Fukushima Daiichi
. Northern part Southern part
Unit 12 3 4 5 6 (OP+13m) (OP+10 m)
Tsunami height (m) 87 87 87 87 91 92 No inundation No inundation

TABLE 2.1-11. TRIAL CALCULATION RESULTS FOR THE JOGAN 869 TSUNAMI FOR FUKUSHIMA
DAINI [33] '

Fukushima Daini
Unit 1 2 3 4 (OP +12m)
Tsunami height (m) 8.0 78 7.8 7.9 No immndation

2.1.5.9. Conclusions by TEPCO on the trial calculations

In view of the results obtained from the trial calculations performed, TEPCO management considered
that it was necessary to review the appropriateness of the tsunami source models. Thus, electric
utilities requested that the JSCE review the suitability of the tsunami sources in 2009. In parallel, in
August 2010, TEPCO constituted the Tsunami Measures Working Group as an internal body in the
utility to conduct a full scale examination to study measures for reducing the impact of tsunamis.

Each of these trial calculations — performed between 2006 and 2009 — predicted maximum tsunami
wave heights considerably greater than either the original design tsunami height of OP +3.122 m or
the results of OP +5.7-6.1 m from the re-evaluations performed between 2002 and 2009 using the
consensus JSCE methodology. The prediction to be properly considered in this case was for a runup
that would reach and flood the main plant grade level at OP +10.00 m and +13.00 m if the HERP data
were considered in the source model.

Another issue is the difference between the tsunami heights produced by the Great East Japan
Earthquake at the Fukushima Daiichi and Daini NPP sites and for which studies presented by TEPCO
show that the rupture that caused the Great East Japan Earthquake was so large that several trains of
tsunami waves were generated from different locations along the rupture, as if they had been produced
by multiple separate earthquakes. At Fukushima Daiichi, some trains arrived almost in phase, causing

them to reinforce each other and produce a much bigger tsunami. The superposition of peaks did not
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occur at Fukushima Daini, leading to a lower wave height. The possibility of this phenomenon
occurring had not been realized before the Great East Japan Earthquake and was not explicitly
considered in the JSCE methodology. As shown by the trial analyses, the JSCE methodology was able
to provide conservative predictions of tsunami heights if the correct assumptions were made about the
source model and the magnitude of the earthquake in the offshore trench of the Japan fault in front of
Fukushima Prefecture (the HERP source model).

. 2.1.5.10. Actions taken to cope with reassessed tsunami hazards

Actions taken by TEPCO

As a result of the reassessment processes of the flood level caused by a tsunami, which were carried
out by TEPCO and other utilities in Japan with NPPs operating on the east coast, and which were
triggered mainly by: (i) the issue of the 2002 JSCE methodology; (ii) the issue of the NSC Regulatory
Guidelines of 2006 and (iii) the Niigata-Chuetsu-Oki earthquake in 2007 affecting the Kashiwazaki-
Kariwa NPP, a number of countermeasures, through plant modifications or safety upgrades, were
implemented at four NPPs, as summarized in Table 2.1-12.

In the case of the Fukushima Daiichi NPP, considering the fact that safety related items for removing
the reactor decay heat (linked to the ultimate heat sink) and for cooling the emergency diesel
generators (EDGs) for emergency power supply are located at the plant area at OP +4.00 m, which
would be flooded in case of the newly reassessed tsunami flood level of OP +5.70-6.10 m, TEPCO
mentioned during the IAEA Fact Finding mission in 2011 [6] that the motors of the safety related
pumps (residual heat removal (RHR) system) were accordingly elevated to avoid disruption of
function. However, no additional details were provided about the adequacy of these measures to cope
with such an event for the -protection of all related mechanical, electrical and instrumentation and
control (I&C) components of the RHR system. Table 2.1-12 shows that TEPCO raised the pumps.
Whether all the pumps or the pump motors were elevated was not clear.

Until 2009, TEPCO carried out actions in response to the newly calculated values for the tsunami
flood level which were obtained using only the JSCE methodology. The results of the trial calculations
carried out from 2008 using (i) the HERP assumptions of an M 8.3 earthquake in the Japan Trench
offshore, facing the Fukushima Daiichi and Daini sites, and (ii) the model proposed by Satake et al.
[32] for the Jogan 869 showed significantly higher values of the tsunami wave heights. This implied
the need to cope with several. more metres of flood, runup and inundation areas, including the main
plant grade where the nuclear buildings are located. TEPCO did not implement interim corrective
actions to develop protective measures for the plant to cope with such higher levels. of flooding
resulting from the trial calculations while conducting further examinations of the assessments, based
on the following reasons:

— There was no historical record of a large, M 8 level earthquake off the coast of Fukushima.

— The JSCE methodology was the applicable standard developed with the consensus of all
participating institutions in Japan, and it was also accepted and used by other utilities.

— Other institutions, not only the JSCE but also the Central Disaster Management Council (CDMC)
and the Prefectural Governments in Ibaraki and Fukushima, did not consider the tsunami source
located off the coast of Fukushima Daiichi and Daini NPP sites.

— An earthquake with a magnitude higher than 9 was not considered to be a cred1ble event in the
Japan Trench by the Japanese scientific community.

— Historical events such as the Jogan 869 earthquake and tsunami, which caused flood levels similar
to the ones reached in March 2011, required additional investigation and collection of data for
better knowledge of their causes and effects before applying them to assess those hazards for
nuclear installation sites.
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TABLE 2.1-12. SUMMARY OF THE RESULTS OF TSUNAMI REASSESSMENTS (2002-2009) AND
PLANT MODIFICATIONS BY JAPANESE ELECTRICAL UTILITIES [33]

) TEPCO JAPC Tohoku Co.
Event Fukushima Daiichi Fukushima Daini Tokai Daini Onagawa
Ground level of main —
+14.
building OP+10or+13m OP+12m HP +89m OP +14.8m
Unit 1in 1970
oy OP+2-3m
Unit 1 in 1972 .
cqs terature survey)
. . Unit1in 1966 OP+3.122m — (iteraty
Establishment Pemit  p 43 199 m Units3and 4in 1978  in 1971 Unit 2in 1987
OP+705m OP+9.1m
(numerical
simulation)
OP+5.7m OP +13.6 m
(tsunami off the coast = (tsunami off the
of Fukushima is OP+52m TP +488m coast of Sanriku is
dominant) dominant)
JSCE method in 2002
Countermeasure such  Countermeasure such
as raising the as making the Countermeasure was Countermeasure
seawater pumps was  buildings watertight unnecessary was unnecessary
completed was completed
Scenario tsunami for  OF t4.7m OP+4.7m TP"+5.72m
disaster prevention Countermeasure such .
was published by Countermeasure was ~ Countermeasure was as raising the wall Unexplained -
Tbaraki Prefectural unnecessary unnecessary around seawater
Government pumps was completed
Scenario tsunami for ~ Approximately Approximately
disaster prevention OP+5m OP+5m
was published by Unexplained Unexplained
Fukushima Prefectural Countermeasure was  Countermeasure was
Govermment unnecessary unnecessary
OP +6.1 m OP+5.0m
Latest bathymetric Countermeasure such . .
and tidal dgt? in2000  asraising the Countermeasure was ~ Unexplained Unexplained
seawater pumps was  unnecessary
completed.
OP+13.1 m (tsunami  OP +9.1 m (tsunami
’ height) height) - -
Tsunami in 2011 OP +15.5m OP+14.5m TP +54m OP+13.8m
(inundation height) (inundation height) '

* See water reference level for Fukushima Daini (HP: Hitachi Port; TP: Tokyo Peil).
Note: JAPC — Japan Atomic Power Company, Tohoku Co. — Tohoku Electric Power Company.

Actions taken by the regulatory authority

The reassessments of the tsunami hazards at the Fukushima Daiichi NPP site conducted by TEPCO
during the operational period values were not requested by NISA (the regulatory authority at that time)
according to the information collected at the time of the IAEA Fact Finding Expert Mission in May
2011 [6]. This was also confirmed by NRA (the new regulatory authority established in 2012} during
the meetings held in Tokyo in January 2014 [7]. '

Regarding the actions taken by NISA as a response to the newly developed guidelines for tsunami
assessment issued by the JSCE in 2002, NISA and TEPCO concurred that JSCE guidance was



adequate for such a purpose. However, NISA did not issue a specific request to conduct a
reassessment based on that methodology [6, 7].

The results of tsunami reassessments performed by TEPCO using the JSCE methodology were not
formally submitted to NISA. Consequently, the results were not reviewed, commented, approved or
rejected by the regulatory authority, although NISA was aware of their existence [10]. The fact that the
tsunami estimate increased by a factor of almost two and the main tsunamigenic source shifted from
the distant (Pacific subduction tectonic plate in Chile) to the near (Pacific subduction tectonic plate in
the offshore Japan subduction trench Shioyazaki) source did not catch the attention of NISA for a long
time (from 2002 until March 2011). '

As these reassessments and countermeasures were undertaken by TEPCO voluntarily without any
instruction from NISA, they did not lead to changes in the licensing documents, and thus the design
bases remained as they were before. Regarding the physical measures taken by TEPCO at the
Fukushima Daiichi NPP as a consequence of the reassessed higher tsunami wave heights, described in
the previous section, and aimed at enhancing safety measures against tsunami flooding, NISA
considered them as sufficient according to the Japanese reports [7].

In general, the actions taken by NISA in relation to reassessment of the external hazards were
triggered mainly by the issue of the new NSC Regulatory Guidelines in 2006 [9]. NISA requested all
NPP licensees by letter to undergo a backcheck on the basis of the new guidelines. This included the
need to re-evaluate the tsunami hazards as an accompanying event, although it was not specifically
requested in the letter. By the end of 2010, a few months before the accident, NISA received the
reports for Units 3, 4 and 5, but they did not include a tsunami safety evaluation, which was planned to
be performed by 2016 [7].

2.1.6. Extreme external events in a multi-unit site and multiple sites in the same region

The complexity of the events of the Great East Japan earthquake and tsunami stems from the fact that
the natural external hazards impacted multiple units in the Fukushima Daiichi NPP. In addition, the
four other NPPs along the coast were also affected to different degrees by the earthquake and the
tsunami. However, all operating reactor units at these plants were safely shut down.

This meant that 14 reactor units at 4 sites were simultaneously exposed to high intensity natural
external hazards (main shock and aftershocks, and tsunami warnings) during a long period of time in a
geographical region that was simultaneously affected by those natural hazards and whose
infrastructure was severely damaged.

Although the lessons learned from the Kashiwazaki-Kariwa experience in 2007 were very useful,
particularly for on-site emergency measures at the Fukushima Daiichi NPP, and despite a significant
number of lessons being properly implemented before 11 March 2011, there was still major regional
disruption, which hampered immediate recovery actions at the plant. The nature of the destruction and
the damage that occurred at the regional level at multiple units at multiple sites caused significant
delays and disruptions in recovery actions for all sites and units.

Although many Member States have multi-unit sites, and in some cases have NPP units in a number of
neighbouring sites that may be exposed to a large natural hazard simultaneously, guidance is lacking
regarding how to deal with the safety of multi-reactor unit sites when affected by external hazards that
occur in a continuous sequence of events.

The established general design criteria require that SSCs important to safety not be shared among
nuclear reactor units unless it can be demonstrated that such sharing will not significantly impair the
performance of the assigned safety functions, including, in the event of an accident in one unit, the
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orderly shutdown and cooldown of the remaining units. It should be questioned how these design
criteria have been applied, how safety was assessed and how the successful performance criteria were
demonstrated in the case of the numerous existing multiple unit sites when most of them were sharing
the external electrical power grids, the switchyards and the ultimate heat sinks, and especially for the
occurrence of external hazards as common cause failure events. It is known that most of the safety
assessments performed consider shared SSCs to be an extra layer of redundancy because of the
assumption that the accident occurs only in one unit while the remaining are kept safe.

The common cause nature of these extreme hazards plays an important role in off-site emergency
preparedness and response because they affect the feasibility of implementing local, regional and
national emergency plans. The situation described above should be carefully considered at the very
beginning of an NPP project, from the stage of selection and evaluation of the site to the design and
construction of the installation, to the final stage of its operation when all the response procedures and
measures are duly established.

IAEA Safety Standards Series No. NS-R-3 [16] provides the following general requirement in
para. 2.29: ’

“The external zone for a proposed site shall be established with account taken of the potential
for radiological consequences for people and the feasibility of implementing emergency plans,
and of any external events or phenomena that may hinder their implemeritation”.

The details of the implementation of the measures to fulfil such a requirement in all stages of the
nuclear installation’s life cycle is the challenge to be faced and resolved, since one of the lessons of
the Fukushima Daiichi NPP accident was the occurrence of this complex scenario of extreme natural
events affecting many reactor units in many sites located in the same region. This situation should also
be analysed in relation to the need to comply with the concept of defence in depth. The question is
how well this concept is being applied in such complex scenarios as those described earlier and in all
stages of the nuclear installation life cycle.

2.1.7. Summary

During the pre-accident operational period, the site characteristics of the Fukushima Daiichi NPP were
not reassessed in a systematic and comprehensive manner to consider all site related aspects and
external events (i.e. seismic and geological hazards, meteorological and hydrological hazards, volcanic
hazards and human induced hazards) as well as environmental issues. A regulatory framework for
requiring such full reassessment of all site characteristics did not exist. Regarding specific external
hazards, only seismic backchecking has been requested in Japan, following the new guidance on
seismic safety that was developed and released by the Nuclear Safety Commission in 2006 [9] and as a
result of the 2007 Niigata Chuetso-Oki earthquake that affected the Kashiwazaki-Kariwa NPP. But,
specifically for tsunami hazards, this new guidance does not contain any concrete requirements,
criteria or methodology that could be uséd for reassessment purposes, and includes only generic
statements and no specific request for reassessment was issued.

The lack of a comprehensive regulatory framework for external hazards is one of the reasons that led
to an underestimation of the tsunami hazards and to insufficient measures to cope with extreme
external events. The Japanese approach was not in line with international and other national safety
standards, resulting in significant discrepancies in the level of assessed hazard. No recommendations
were expressed at the international level, since no intemational reviews had been requested. Even
though predicting the height of a tsunami is difficult and subject to a variety of scientific and expert
opinions, an international review team of independent experts assessing the Fukushima Daiichi NPP’s
level of protection against flooding would have recommended use of methodologies consistent with
international safety standards. This emphasizes the importance of international cooperation on safety.
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International independent peer reviews on site characteristics, external events and design are an
effective means in assessing and enhancing the safety level of existing facilities.

The definition of the main plant grade level (i.e. at OP +10.00 m) at the time of the Establishment
Permit was of great significance. The prevailing reason for the decision on the plant grade was the
economics of the water cooling supply (i.e. installation cost during the construction stage and transport
energy cost during the operational life of the installation) based on the assumption that the external
flooding levels would not impose a risk according to recent historical records in this area. Thus, a site
that was considered a dry site in the original design bases later became a wet site, when the resulting
maximum flood levels of the reassessment performed showed values higher than the plant grade levels

[10].

Regarding the seismic hazard assessment, the original ground motion design bases were evaluated
mainly on the basis of historical seismicity data. During the process of obtaining permits for all the
units, and particularly after the issuance of new NSC Regulatory Guidelines of 2006 [9], a
methodology using also geomorphological fault dimensions was applied. However, this related
specifically to on-land events and not to those generated at the Japan Trench, in the Pacific Ocean,
which are the ones that generate tsunamis. The information regarding the on-land faults was taken
from official sources, but conservative parameters were assumed for the analysis. Regarding the Japan
Trench, the associated maximum magnitude was estimated to be about M 8 without much tectonic
based justification, largely based on observed historical data and at the locations where they already
occurred. Thus, due to the distance from the site, it was assumed that these offshore events would not
be relevant for the seismic hazard at the site because closer on-land faults would constitute the main
contributors to the seismic hazard. Although an approach similar to the on-land faults (deriving
maximum magnitudes in relation to physical fault dimensions) was followed for the maximum
magnitude estimation, M 8, of the Japanese Trench, the number of segments to be mobilized during a
single event was underestimated.

The assessment of the maximum flooding levels caused by earthquake generated tsunamis, as done for
the original design basis at the time of the issuance of the Establishment Permit in the late 1960s as
well as in the reassessments carried out during the operational life of the plant, was underestimated in
relation to the potential occurrence of extreme flooding events. The tsunami generated by the Great
East Japan Earthquake reached values approximately 10 m higher than the originally estimated value
(ie. OP +3.122m) and 7m higher than the highest of the accepted re-estimated value (ie.
OP +6.10 m). : '

The evaluation by TEPCO of the tsunami flood level at the time of the Establishment Permit used the
methodology and criteria prevalent in Japan at that time, which were based only on the study and
interpretation of historical records of earthquakes and tsunamis. Although those records covered a
period of some thousands of years, the distant tsunami that occurred in the Pacific subduction plate of
Chile in 1960 was the event used for design purposes, and the OP +3.122 m level reached at Onahama
Port was the adopted as the tsunami flood design level. For near sources located in the Japan Trench
facing the east coast, a combination of the lack of historical records of tsunami flood levels at the
specific location of the Fukushima Daiichi NPP site and the lack of evidence of the occurrence of
earthquakes in the offshore area in front of the site were the basis for supporting this decision.

The Japanese approach, at least until 2006, of using mainly historical data of observed events that
were available for a very recent period of a few decades or a few hundred years is the main reason for
the underestimation of the earthquake magnitudes in assessing the tsunami hazards. The common
international practice at the time of the original plant design was to use historical records when
applying methods for estimating seismic and concomitant (e.g. tsunami) hazards. To compensate for
the lack of pre-historical data commensurate with the low probability required (the usually accepted
period of recurrence on the order of 10 000 years), this practice included the following assumptions:
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(i) the rule of increasing the maximum historical recorded intensity or magnitude and (ii) to locate the
seismic source closest to the site. This internationally recognized conservative and deterministic
approach was also reflected in IAEA Safety Series No. 50-SG-51 [11], in 1979, which was prepared
and discussed according to international criteria applied in the 1970s.

In addition to the criterion to use pre-historical and historical data commensurate with the low annual
frequency of occurrence of these extreme external events, the internationally recognized practice
recommended the use of global analogues in order to cope with the lack of such pre-historical data.
This is another important tool, particularly when an earthquake with M 9.5 (the largest in history) had
occurred previously in the same tectonic environment of the Pacific tectonic plate. During the same
decade as the site characterization of the Fukushima Daiichi NPP, two major earthquakes occurred on
the Circum-Pacific Belt (on which the Japan Trench is also located). These were the Chile earthquake
of 1960 with M 9.5 and the Alaska earthquake of 1964 with M 9.2.

Considering the above explanation, the maximum seismic magnitude for the Japan Trench could have
been postulated to be M 9+ on the grounds of tectonic similarity.

The need to use pre-historical and historical data and the use of global analogues when data are
missing in the area under investigation have been included worldwide since the 1970s in requirements,
recommendations and practices for dealing with the assessment of extreme natural external events.

In spite of the lack of regulatory requirements for conducting a reassessment of the tsunami hazards,
TEPCO had carried out a number of re-evaluations of the tsunami flood level at the Fukushima
Daiichi NPP site since 2002, using numerical simulations. In all these reassessments, the tsunami
wave heights were revised upwards, with increases from the original OP +3.122 m design flood level
to OP+5.70 m in 2002, to OP +6.1 m in 2009 and to approximately OP +15.7m in the trial
calculations conducted in 2009.

Such reassessments were triggered mainly by the issue of the new guidelines for assessing tsunami
hazards for NPP sites published by the JSCE in 2002 as a standard practice accepted by all nuclear
utilities in Japan. The JSCE methodology used a standard source model for near tsunamis based on
historical data in which no tsunamigenic source was assumed to occur offshore facing the Fukushima
Daiichi and Daini NPP sites in the Japan Trench. That assumption was key to all evaluations
performed using this standard practice.

Other reassessments were called ‘trial calculations’, and they were based on different assumptions,
supported by other institutions or experts in Japan. One institution in Japan, HERP, has maintained
that an M 8.2 earthquake should be considered elsewhere in the Japan Trench. When this position was
applied in the trial calculation performed by TEPCO, the resulting tsunami flood level value was very
similar to the flood level which occurred in March 2011, and was much higher than those obtained
using the standard practice. )

Therefore, if either a conservative approach had been followed in Japan as the one applied at the time
of the original design and construction, or if global analogues had been used due to lack of specific
pre-historical data, the associated generated tsunami height would have been close to the height
calculated in the trial calculations.

In summary, assessments using a conservative approach, based on all relevant, domestically and
internationally available data, yielded predictions of tsunamis heights close to the level reached during
the March 2011 accident.

The remedial actions adopted by TEPCO to cope with the new situation, derived from higher tsunami
water heights resulting from the reassessments performed, were only commensurate with the values
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obtained by using the JSCE 2002 methodology. The design and implementation of protective
measures to cope with higher values than the ones corresponding to the trial calculations, including all
associated hazardous phenomena such as hydrodynamic forces and debris impact, remained pending
the outcome of the additional studies, investigations and confirmations that were to be carried out.

As a country known for its high level of awareness of natural disasters, Japan has an excellent system
of warning, preparedness and response to cope with these external events. However, the magnitude of
the 2011 natural disaster was not anticipated in any of the reassessments performed for the NPPs
located in the affected region and, consequently, a scenario of extreme natural events affecting the
whole region was not included in the design and operation bases of these installations.

Moreover, contingency plans for the failure of multiple units at multiple sites within a regional disaster
context were not available. The effective mitigation of common cause mode failures affecting multi-
unit plants simultaneously required a large amount of resources in terms of trained experienced
people, equipment, supplies and external support. The timely provision of those resources, for carrying
out the recovery actions was disturbed by the disruption produced at the site and off-site at the
regional level due to the earthquake and tsunami.

2.1.8. Observations and lessons

— The safety of nuclear installations, in general, and the site related aspects, in particular,
needs to be reassessed during their operational life in response to new knowledge, new
hazards, new regulations and new practices, as part of periodic safety reviews. In this
regard, the role of national and/or international independent peer reviews needs to be
emphasized as an important tool to assess and enhance safety.

The requirement for a reassessment process of site related aspects needs to be included in the
regulatory framework, and the responsible organization needs to implement the plant safety
improvements in a timely manner based on the results of this process. This needs to cover, in a
systematic and comprehensive manner, all natural and human induced hazards which may create
or exert potential effects on nuclear installation safety, as well as the impact on the environment.
The reassessment process needs to be performed in accordance with periodic safety reviews and

_ international safety standards and recognized engineering practice. In this regard, international
peer review missions are key elements for assessing and enhancing safety with another layer of
effective actions which may contribute to cope with the lack of timely actions or responses by the
responsible organizations and/or the regulatory bodies.

— National and international standards to cope with external events in siting, site evaluatlon
and design aspects need to be periodically updated and revised in accordance with scientific
and technical developments, recognized engineering practices as well as using information
from experience of recently occurred extreme natural external events.

The experience and data obtained during the 11 March 2011 earthquake and tsunami in Japan will
be useful in the revision of national regulations in the effort: (i) to bring them in line with modern
criteria and methodologies; and (ii) to be able to cope better with the involved uncertainties in the
assessment of these extreme natural hazards. Regulatory documents need to ensure that databases
take into account pre-historical and historical events commensurate with the low annual frequency
of occurrence of the extreme natural phenomena in line with the relevant IAEA safety standards. It
has been demonstrated that one reason for the underestimation of the 11 March 2011 tsunami was
that only Japanese historical data were taken into account in the evaluations as well as in the use
of methodologies applied on the basis of an incorrect consensus approach. Since: (i) the
magnitudes of all historical earthquakes were smaller than 9; (ii) the historical earthquake
magnitudes and/or intensities were not increased as conservatively done in international
deterministic practice; and (iii) none were located in the offshore region facing Fukushima, the
earthquake and subsequent tsunami hazards were underestimated. Evaluations using standard
practice underestimated the tsunami height that might occur, as happened in March 2011. At the
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same time, some experts and institutions using alternative approaches based on the source model
proposed by HERP determined tsunami flood levels comparable to the 2011 ones in the
Fukushima area. These discrepancies between different expert opinions need to be properly
treated, since all of them might contribute to reducing the uncertainties that exist in assessing
extreme natural events. Therefore, the use of mainly national historical data is not sufficient to
characterize the risk of extreme natural hazards, as highlighted by IAEA safety standards since
2003. The prediction of extreme natural hazards often remains difficult and controversial. Natural
hazards assessment, as well as reassessments, should be performed in a conservative way and be
updated according to new knowledge, as soon as available.
Assumptions of complex scenarios need to be made and adequate conservative estimations
need to be applied at the site evaluation, design and different operational stages in relation to
the potential occurrence of extreme external events of very low frequency but with high
safety consequences. When operating nuclear installations are faced with revised estimates
that exceed previous predictions, it is important to take interim corrective actions ina timely
manner by the responsible organization and the regulatory authority.
The consideration of uncertainties involved in the knowledge and determination of the loads on
SSCs during the operational life of the installation requires the assumption of complex scenarios
in a comprehensive manner from the beginning of the process.
Correspondingly, an appropriate regulatory framework has to be in force and in line with the
identified needs to be able to request, control, regulate and provide guidance on the acceptable
level of risk and the performance criteria that the installation has to comply with to safely cope
with assumptions of extreme external events during the operational life of the plant.
In the case of the Fukushima Daiichi NPP, it has been demonstrated that interim corrective
measures were not taken in a timely manner.
The assessment of natural hazards needs te be sufficiently conservative. Particularly in
relation to the assessment of tsunami hazards, there is a need to use highly conservative
assumptions for estimating the tsunami heights (maximum and minimum), runup and other
site associated phenomena. They should be based on pre-historical and historical specific
data commensurate with the low annual frequency of their occurrence and, if such specific
data are not fully available, using appropriate global analogues.

The consideration of mainly historical data in the establishment of the design basis is not sufficient

to characterize the risks of extreme natural hazards. Even when comprehensive data are available,

due to the relatively short observation periods, large uncertainties remain in the prediction of
natural hazards.

Regarding the need to apply a more conservative approach for tsunami hazards than those used for

other external natural hazards, the main reasons are as follows: -

o Large aleatory and epistemic uncertainties in parameters involved in tsunami hazard
calculations, particularly in the characterization of the tsunamigenic sources;

e Significant variations in inundation levels at different parts of the site considering the specific
and detailed plant layout and the elevations of different plant sectors;

e Difficulties in incorporating. effective tsunami protection measures for operating plants after
an increase in tsunami height estimation resulting from periodic reassessments;

e Inability of SSCs at nuclear plants to cope with increased flood heights with respect to the
design levels, with possible flood related cliff edge effects seriously affecting the safety of the
nuclear installation.

Regarding uncertainties in tsunami hazard calculations, special attention needs to be paid to

the aleatory and epistemic uncertainties associated with the maximum magnitude

earthquake related to tsunamigenic sources such as major subduction zones.

In general, the assessments of the magnitude of historical tsunamigenic earthquakes contain large

uncertainties because they are inferred from damagc caused on land, sometimes at a distance of

more than 100 km, as well as on tsunamis that also heavily depend on bathymetry and coastal
topography. For these reasons, a higher degree of conservatism may be necessary in the estimation
of maximum magnitudes for tsunamigenic seismic sources at the time of the original design in



order to avoid onerous physical upgrades later on during the design, construction or operational
stages, or when such hazards are reassessed.

While the prevailing view among Japanese scientists before the earthquake of 11 March 2011 was
that an M 9 earthquake could not be generated by the Japan Trench, as it has been for this Pacific
tectonic plate in the past (in Chile and Alaska), it is important that diverse expert opinions from
recognized scientific or academic institutions (both nationally and internationally) be considered
to account for the epistemic uncertainties for assessing natural hazards.

There is a need to use a systemic approach in dealing with the design and layout of SSCs for
effective protection against flooding hazards.

The dry site concept is considered to be a crucial element for coping successfully with flooding
hazards, and it has to be formulated from the beginning of the NPP project. It needs to be
periodically reassessed and maintained, and, if conditions for a dry site change, adequate
protective measures need to be taken in a timely manner.

The selection of the main plant grade level during the first stages of the NPP project is a critical
aspect which needs to receive careful consideration due to its importance for the dry site concept.
Leaktightness and water resistance also have to be ensured through a comprehensive evaluation of
all potential waterways, although this measure can only be used as a redundancy, ie. in
conjunction with a dry site or an effective site protection measure. Thus, the main plant grade level
has to be determined with sufficiently large safety margins to avoid flooding hazards due to cliff
edge effects.

On the other hand, for those plant design aspects which may be seriously affected by external
flooding but for which major uncertainties or insufficient knowledge exist, larger conservatisms
have to be applied with respect to other site related aspects and external events for which those
issues are better controlled. The same is true for those aspects with more difficulties and
complexities in executing effective upgrades, or with higher consequences in case of failure that
may affect the defence in depth concept.

There is a need to act effectively and promptly in implementing upgrading measures to
maintain the defence in depth concept of an installation and to ensure the performance of
safety functions when an original dry site becomes a wet site during its operational life as
result of a reassessment of the flooding hazards at the site (i.e. having a potential for higher
flood levels than the main plant grade level). '

Attention has to be paid to the fact that the upgrading measures to protect an operational
installation that is now located on a wet site, and the closing of all possible waterways, may be
practically more difficult to implement for an existing facility than for a new site, where such
measures would form part of its original design and construction.

In the case of indications of evidence of greater hazards than those originally predicted in the
design bases, the responsible organizations have to react effectively and promptly, and ensure
safety through the implementation of interim measures while final confirmation of such evidence
is obtained.

Complex scenarios involving consequential or independent occurrences of multiple external
hazards affecting multiple units located on a site and, possibly, multiple NPPs at different
sites in the same region need to be considered in accident scenarios and actions to be taken.
Due to the nature of the Fukushima Daiichi accident, the lessons learned will cover a very wide
area, which involves a wide variety of findings. Traditional engineering thinking for verifying the
adequacy of a design involves characterizing limit states and comparing the effects of the loads on
the installation (the demand) with the strength (the capacity) of the installation.

However, the greatest uncertainties in this process are with the definition of the acting loads,
i.e. with the demand imposed on the installation. For this reason, design loads are defined to cover
credible, possible and likely situations. In this sense, the design loads need to cover the potential
of the occurrence of extreme events in the future. They have to be properly and conservatively
estimated by the designer.

The designer, in the final design process, may or may not derive the proper design basis criteria
with due account taken of complex scenarios of either extreme or severe natural hazards and with
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enough conservatism to comply with the defence in depth concept and to ensure adequate safety
margins.

The potential for complex scenarios involving multiple external hazards that affect multiple units
at the same site and at the regional scale, and possibly multiple sites in the region, needs to be
comprehensively considered in the accident scenarios and measures to be taken. If such scenarios
cannot be screened out, provisions need to be made for plant layout, site protection measures,
design of shared and non-shared SSCs, accident management and off-site emergency preparedness
and response in order to protect the plants from natural disasters in an environment where serious
disruptions of normal life and infrastructure may occur affecting communications, transportation
and utilities (water, electricity, gas, sewage), and logistics, human resources and supplies.

— Clear procedures establishing measures to be taken before, during and after a tsunami, in
particular, and for any external event, in general, adopted for design bases need to be
prepared, implemented and exercised during the operation of the nuclear installation.

For well defined tsunamigenic (fault controlled) sources, a large earthquake will always precede
the tsunami and, consequently, if the source is located near the site, the vibratory ground motion
will provide a waming. If the source is located at a large distance from the site, warnings from
international and national tsunami notification centres are available. For all types of tsunami that
may occur at the site, notification from the national and/or international tsunami warning system
needs to be transmitted to the control room for immediate operator actions. In addition, a clear
procedure needs to be followed by plant management in preparing for a possible tsunami until the
warning is lifted. It is also important to coordinate post-earthquake procedures with those of the
tsunami response, as an imminent tsunami would likely affect the possible inspections related to
post-earthquake actions. :
Moreover, as a consequence of a major natural disaster, a severe disruption to the plant may have
occurred, and the plant state (with degraded systems and degraded physical conditions of the
SSCs) may have lost robustness and may have degraded the defence in depth conditions with
respect to the design condition level. The safety profile of the plant needs to be well understood
(ie. the SSCs required for fulfilling the fundamental safety functions) for different plant states
(e.g. shutdown), to ensure consistent protection of the plant in case of the occurrence of
consequential and/or independent natural events (e.g. aftershocks following the main extreme
earthquake or other natural events, such as strong winds) which may be generated during an
extended period when plant recovery and upgrading actions are being taken.

2.2. ASSESSMENT OF THE FAILURE TO MAINTAIN FUNDAMENTAL SAFETY FUNCTIONS
2.2.1. Introduction

This section assesses, on a reactor by reactor basis, what led to the failure to maintain the fundamental
safety functions in Units 1-3 of the Fukushima Daiichi NPP. Units 4-6 are also assessed, taking into
consideration their shut down at the time of the initiating event. The focus of this section is on a
systems based review, leaving the assessment of other factors to subsequent sections in Technical
Volume 2. This review was conducted using as a basis the IAEA Safety Requirements publication,
IAEA Safety Standards Series No. NS-R-1, Safety of Nuclear Power Plants: Design [21°, which was in
effect at the time of the accident. The review was supplemented by reference to relevant Safety Guides
as appropriate. Since IAEA safety standards require that a design basis be established, it was
instructive to begin this assessment with a review of the design basis of the boiling water reactors
(BWRs) in operation at Fukushima Daiichi NPP because this will help to identify why certain
equipment was unavailable.

6 Jt has, in the meantime, been superseded by IAEA Safety Standards Series No. SSR-2/1, published in 2012 [17].
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