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Foreword

Looking back on the history of nuclear reactor accidents and incidents, it appears
that serious or near-serious events have happened at least once a decade. With
deep regret we must observe that the Fukushima Daiichi accident, which brought
about a socially unprecedented disaster and has required an enormously lengthy
process of cleanup, once again poses a fundamental question: can science and
technology forestall the inevitability of serious reactor accidents? This publication
is a leading attempt put forward by a U.S.—Japan team of experts to answer this
question.

A number of investigative committee studies made thus far on each of the
past accidents have repeatedly indicated that the vulnerability revealed of reactor
safety is more or less closely connected with socio-technical factors, as well as
insufficiency of appropriate technical measures. The necessity of managing these
factors has been recognized as well, in the aftermath of the Fukushima Daiichi
accident. For instance, it has been concluded that overconfidence regarding
safety measures against tsunami events was a major cause of the accident. The
reason for that overconfidence was obviously not purely technical but conspic-
uously socio-technical, suggesting it was due to the lack of a so-called “safety
culture,” broadly construed, which notably rests on the social system and social
structure including behaviors in both individual and organizational or institu-
tional levels. Hence, the management of “safety culture” would not be possible
without proper consideration of behavioral sciences concerning the interface
between nuclear technology and the society using it. In my view, the comprehen-
sive assembly of papers collected in this book is the first academic joint product
aimed at looking into such interfacial issues from a multiplicity of professional
perspectives.

No doubt, the nuclear future, not only in Japan or the U.S. but more broadly
worldwide, depends on active and continuous contributions from younger
generations, and I do hope the voyage of reading this book will provide a unique
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opportunity to foster their in-depth understanding of implications of learning about
nuclear engineering, sciences for nuclear energy, behavioral sciences for nuclear
risks, sciences for resilience, and other relevant fields.

Tokyo, Japan Atsuyuki Suzuki
Professor Emeritus, The University of Tokyo

Former Chair, Nuclear Safety Commission, Japan, and

Former President, Japan Atomic Energy Agency



Preface

This book was assembled by the interdisciplinary team that organized the 2011
Advanced Summer School of Nuclear Engineering and Management with Social-
Scientific Literacy held in August 2011 at the University of California, Berkeley.
This was about 5 months after the Fukushima Daiichi Nuclear Power Station
accident in Japan. Our team initially intended to publish a book consisting of the
lectures and discussions that took place in that setting, and some chapters were
submitted to the editors soon after the summer school. At that time, however,
things were still evolving rapidly, and many pieces of the jigsaw puzzle were miss-
ing. We even did not know what the entire picture of the jigsaw puzzle would look
like. Soon, we, the editors, realized that publishing a book by the first anniver-
sary of the accident in March 2012 was totally unrealistic. We all were so busy in
catching up with rapidly evolving situations in the aftermath of the accident.

These situations are still evolving swiftly as of March 2014, and in that regard,
it became clear that time would never ripen fully for publishing a book about the
accident itself. All the editors agreed, however, that now would be the best timing
to compile a book focused on nuclear engineering education in the post-Fukush-
ima era coming out of reflections on the Fukushima Daiichi accident.

The accident caused great damage and hardship in varied ways to multiple sets
of stakeholders across society, including more than 100,000 citizens who are still
evacuated from their homes as of March 2014. However, many of the societal
damages had not been anticipated or well understood before the accident. While
enormous financial and human resources have been devoted to preparedness and
mitigation, their impact and effectiveness are not clear.

Historically, the level of safety that a nuclear system can achieve has been
measured by the expected number of deaths from radiation. In the concept of
defense-in-depth developed by International Atomic Energy Agency (IAEA),
Levels 1-4 are about defense through design, construction, and operation of an
engineered system to minimize the magnitude and frequency of radioactive
release in a severe accident, and the fifth level defense is achieved by mitigation
of radiological consequences of significant external releases of radioactive mate-
rials. Actually, because of the fact that no one died due to radiation, it is often

vii
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said (mostly by nuclear engineers) that the Fukushima Daiichi accident is a good
demonstration of the effectiveness of the defense-in-depth concept. While it is true
that there were no deaths due to radiation from the accident, more than one thou-
sand people died during the evacuation and while living in temporary housing as a
result of various causes that were triggered by the evacuation. In addition to these
deaths, thousands of families, local communities, and industries were damaged
or completely destroyed. On a national scale, Japan is experiencing difficult and
complicated situations in international relations and economics. On a global scale,
carbon dioxide emission to the atmosphere increased significantly. These conse-
quences should have been properly analyzed, discussed in public, and prepared for
prior to the accident, but there had been serious oversight and misunderstanding
about what harms must be protected against in such a severe accident. This insuf-
ficient preparedness has been compounded by the lack of an effective decision-
making process with participation from a broad range of stakeholders, resulting
in intolerable delays in societal recovery after the accident. Numerous cases can
be found in which decisions led to greater injury due to lack of timely decision-
making informed by solid scientific evaluation of various risks, including those of
low-dose radiation.

The bitter reality is that severe nuclear accidents will occur in the future, no
matter how advanced nuclear technologies become; we just do not know when,
where, and how they will occur. Of course, we should continue our efforts to
improve technologies toward minimizing the frequency and consequences of acci-
dents as discussed in detail in Chap. 12, but, in addition, we should develop effec-
tive aftermath management for enabling swift recovery. Scientific and academic
communities should start efforts for establishing the scientific bases, both natural
and social, for better societal resilience. Naturally, as a part of such efforts, the
education of nuclear engineering professionals at the college and graduate levels
must be reinvented.

In fact, to some extent, the team responsible for the present book had shared
this recognition in advance of the accident, and efforts had been started before
2011, as Chaps. 1 and 21 describe in detail. For the 4 years (2007-2010) prior
to the accident, the Department of Nuclear Engineering and Management at the
University of Tokyo and the Department of Nuclear Engineering at the University
of California, Berkeley had already started a collaboration called GoNERI for
developing advanced educational programs for nuclear engineering. The collabo-
ration was funded by the Global Center-of-Excellence (G-COE) program of the
Japan Society for the Promotion of Sciences (JSPS). GoNERI was motivated by
the particular relevance and importance of social-scientific approaches to vari-
ous crucial aspects of nuclear technology, such as the nuclear fuel cycle, radio-
active waste disposal, implementation in rising countries, etc. Therefore, special
emphasis was placed on integrating nuclear science and engineering with social
science. However, at the same time, it was also recognized that we did not yet
have sufficient command of the fundamentals of the social sciences (such as their
domain, concepts, terminology, methodology, etc.), which limits nuclear engineers
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in collaborating with social scientists, and that the new generation of nuclear engi-
neers must understand societal aspects of nuclear technologies sufficiently to serve
the public good. This understanding was encapsulated in the formulation within
GoNERI of PAGES, the Program for Advanced Graduate Education System for
Nuclear Science and Engineering with Social Scientific Literacy. Prior to the
accident, various efforts had been made in this direction, including a series of bi-
weekly seminars and field trips to Waste Isolation Pilot Plant (WIPP) at Carlsbad,
New Mexico, and Toyo-Cho and Rokkasho-Mura, Japan. The collaborating part-
ners conducted the 2009 Advanced Summer School of Radioactive Waste Disposal
with Social Scientific Literacy at Berkeley and the 2010 Advanced Summer
School of Nuclear Engineering and Management with Social-Scientific Literacy at
Honolulu, in collaboration with Tokai University, Japan.

In response to the occurrence of the Fukushima Daiichi nuclear power station
accident on March 11, 2011, we decided that the 2011 summer school should
focus on reflections on the accident. This accident raised many fundamental and
controversial questions about the traditional approach of nuclear engineering and
its utilization in society, as described above. The 2011 summer school provided an
arena for the discussions to find and create a renewed platform to renovate engi-
neering practices, and thus nuclear engineering education, which are required in
the post-Fukushima era nuclear scene. We offer this book to document and share
our approaches, with the goal of spurring wider discussions and changes.

This book includes most of the lectures given in the 2011 summer school as
well as additional chapters to fill in gaps that could not be filled 3 years ago.
Chapters written right after the 2011 summer school were once returned to the
authors in order to supplement their accounts with any developments over the past
3 years. Chapter 1 is the introductory chapter, which provides the perspectives and
aims that were set in GONERI activities and the 2011 summer school. The follow-
ing chapters are grouped into five parts.

Part I is about “what happened.” Chapter 2 provides information for the reader
to understand what happened in the damaged reactors. Chapters 3 and 4 focus
on consequences of the accident observed in the area exterior to the Fukushima
Daiichi site, including environmental contamination and remediation. Chapter 5
discusses impacts of the accident on national economy, particularly energy
demand and supply in Japan. Chapter 6 gives a brief summary of the deadlocked
situation after the accident for conventional nuclear fuel cycle policy, while in
Chap. 7, observations are given from a European viewpoint.

Part II is about “why this accident occurred.” Observations and discussions
are made from regulatory systems by focusing on the defense-in-depth concept
(Chap. 8), ethical and cultural factors (Chap. 9), and social and organizational sys-
tems (Chap. 10). Chapter 11 provides the historical perspective by comparing the
Three Mile Island and Fukushima Daiichi accidents.

Part IIT gives collective bases necessary for considering a better “system.” Here,
the “system” includes different aspects. Chapter 12 discusses potential improve-
ments for engineering, operation, and maintenance of nuclear reactors. Chapter 13
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summarizes the state of the art for the effects of low-dose radiation on human bod-
ies, which the aftermath of the Fukushima Daiichi accident once again has indi-
cated to be crucial for restoring damaged communities. Improvements should be
made in the regulatory systems, the subject of Chap. 14. Because the accident gen-
erated new categories of radioactive wastes, we need to improve waste manage-
ment schemes, and the accident also let us notice that the traditional approach for
radioactive waste management needs to be rethought, as discussed in Chap. 15.
Chapter 16 is a speech given at the dinner at the 2011 summer school by the then
vice chair of the Atomic Energy Commission of Japan.

Part IV is a collective view of students and mentors who participated in the
2011 summer school. The student group included students from nuclear engineer-
ing as well as from social science, from the US, Japan, and other Asian countries.
Each student chose a question of interest from those suggested by the lecturers and
wrote his/her essay in response. Their essays are collected in Chap. 17. Part IV
also includes Chaps. 18-20 made by three younger scientists who mentored stu-
dents’ discussions. They played the important role of catalyst between the profes-
sors and the students. If we raise one most important key factor for the success of
this summer school, it is excellence of the mentors.

Chapters in Part V offer thoughts and recommendations for new nuclear engi-
neering education. Chapter 21 was contributed by a historian as a reflection on
the challenges of implementing social-scientific literacy for nuclear engineers. The
following two chapters discuss importance of social-scientific literacy to imple-
ment diversity and independence in nuclear engineering from viewpoints of soci-
ology (Chap. 22) and communication with the public (Chap. 23). Bridging those
observations made by the preceding three chapters, Chap. 24 focuses on the over-
all concept of resilience engineering as a new horizon of systems safety.

Regardless of whether a country is launching a new nuclear program, main-
taining its current fleet of nuclear reactors, or heading toward phase-out, we need
nuclear engineers who are technically competent and trusted in society, for which
suitable education must be provided. We hope that this book will provide use-
ful materials for conducting constructive discussions and development of future
generations.

Joonhong Ahn
Cathryn Carson
Mikael Jensen
Kohta Juraku
Shinya Nagasaki
Satoru Tanaka
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Chapter 1
Integrating Social-Scientific Literacy
in Nuclear Engineering Education

Approaches Developed in the GONERI Program

Kohta Juraku, Cathryn Carson, Shinya Nagasaki, Mikael Jensen,
Joonhong Ahn and Satoru Tanaka

Abstract This introductory chapter explains the historical background, outline,
basic concept, and objective of the Program for Advanced Graduate Education
system for nuclear science and engineering with Social scientific literacy
(PAGES), under which the 2011 summer school was organized and this book was
developed. Early efforts and trials in PAGES started in 2008 toward integrating
social sciences in nuclear engineering education mainly by organizing summer
schools as a test bed. Various important insights on how pedagogically effec-
tive integration could and should be achieved were obtained through the summer
schools held in 2008-2010. When the Fukushima Daiichi accident occurred in

An erratum to this chapter is available at DOI 10.1007/978-3-319-12090-4_25.
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March 2011, the organizing committee of the 2011 summer school, which con-
sisted of the authors of this chapter, immediately recognized that this would be a
time when PAGES faced a test with regard to its effectiveness, and the previous
efforts under PAGES should be fully utilized to understand and address the acci-
dent. The organizing committee concluded that while it is still in its infancy, the
PAGES approach successfully established an integrated framework for both engi-
neers and social scientists. It changed the perspectives of the participants, both the
students and the organizers, and it laid groundwork that the organizers hope that
they and others will be able to build upon.

Keywords PAGES : GoNERI - Nuclear engineering education - Social scientific
literacy for engineers - Integration * Fukushima Daiichi accident

1.1 Preamble

EEINT3

Words such as “interdisciplinary,” “collaboration,” and “social aspects” had regu-
larly appeared in various nuclear contexts since long before the Fukushima Daiichi
nuclear accident on March 11, 2011. It had already become common understand-
ing that we need to bring together a wider range of knowledge and expertise to
deal more appropriately with the place of nuclear technology in society.

This trend had also come to Japan at least about 10 years before the Fukushima
Daiichi accident. Responding to that, the Nuclear Engineering Department of the
Graduate School of the University of Tokyo was reformed in 2004, to integrate
international, social, and even humanistic factors with conventional science and
technology research and education. The new English name of the department was
“Department of Nuclear Engineering and Management” (UTNEM) and its pro-
spectus [1] describes its purpose as follows: “the Department is involved in inter-
national cooperation for education and research with added humanities and social
science aspects, including sending its members to international organizations and
prominent foreign universities.” The “Nuclear Socio-Engineering Laboratory” was
established within UTNEM for exploring “the relation and interaction between
technologies and human life” [2] by the strong initiative of Prof. Haruki
Madarame,! who was well known as one of the most influential advocates of this
direction. This laboratory had faculty members who specialized in social scientific
fields such as Social Psychology, Communication Studies, Economics, Regulation
and Legal System, Risk Studies, Social Studies of Science, and so on, and edu-
cated graduate and undergraduate students who worked on research topics closely
related to such fields.

However, the “integration” of “humanities and social science aspects” was
still only partial, strictly speaking. Even after the reformation described above,

1 After retirement from the University of Tokyo in 2010, Prof. Madarame became the Chairman
of the Nuclear Safety Commission of Japan.
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the group that studied social scientific topics on nuclear technology was some-
how “separated” from the rest of department as conventional engineering research
labs were the majority. From the point of view of an observant social scientist, the
situation after the 2004 reformation at the UTNEM was just an “addition” of the
social scientific part, appropriately suggested by the prospectus cited above. This
addition model was not a totally meaningless change, of course, but it was not suf-
ficient to cope with contemporary difficult issues centering around nuclear utiliza-
tion in a so-called post-industrial society.

This process of “integration” seems to require a long-term effort to be accom-
plished. The Fukushima Daiichi accident clearly exposed the incompleteness of
the past efforts at “integration,” as various chapters of this book discuss in detail;
even in 2014, three years after the accident, it seems to be still on going.

The abilities required of leading engineers in this post-industrial era are not
just to pursue technological development as prescribed (typically by governmental
long-term plans or other national programs), but to grasp multi-dimensional needs
for technology, to develop technology in collaboration with different stakeholders
under a more open societal process, and to fulfill their social responsibility in com-
pliance with values shared within society.

1.2 GoNERI

In 2007, the proposal prepared by UTNEM professors for a brand-new initiative,
titled “Nuclear Education and Research Initiative” (GoNERI),2 for achieving fur-
ther integration of engineering and social sciences into their education was suc-
cessfully awarded a grant under the Global Centers-of-Excellence (COE) program
by the Japan Society for the Promotion of Science (JSPS), funded by the Ministry
of Education, Culture, Sports, Science and Technology (MEXT), Japan. The
GoNERI program included various tasks for the purpose of developing an
advanced nuclear engineering curriculum. Among them, the task of “integration”
was given the highest priority. An official statement of the GoNERI program
framed this attempt as “the first systematic education on nuclear energy in the
world ... incorporating the social, liberal arts and technical subjects as they relate
to nuclear utilization.” [3] The UTNEM professors were aware that the faculty and
students of UTNEM in many cases did not yet have sufficient command of the
fundamentals of the social sciences (their domain, concepts, terminology, method-
ology, etc.), and that this separated them from social scientific activities even at the
time when GoNERI started in 2007 and limited them in collaborating with social
scientists and citizens. Consequently, three researchers with different social scien-
tific backgrounds (history of science, risk communication studies, and sociology

2 “Go” is short for Global COE program.
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of science and technology) were invited into GoNERI to pursue this concept, and
they began their work to develop an advanced graduate educational program with
social scientific literacy.

1.3 PAGES

To this end, in partnership with the Nuclear Engineering Department of the
University of California, Berkeley (UCBNE), UTNEM engaged in various
efforts. Those included a series of bi-weekly seminars and field work at the
Waste Isolation Pilot Plant (WIPP), at Carlsbad, New Mexico in January 2009,
as well as the Japanese sites of Toyo-Cho and Rokkasho-Mura in July 2008. Of
particular importance was a one-day workshop held in Santa Fe, New Mexico,
embedded in the field trip to WIPP. Intensive discussions were conducted to
clarify the challenges and to explore approaches and solutions toward better
integration [4]. Through these discussions, we came to share the basic under-
standing that engineers can gain from, and indeed be expected to have, basic lit-
eracy in the social sciences as part of their essential competence, not as an
“additional” or “optional” skill that might sometimes be admired.? In particular,
opening up the decision-making process on socio-technical issues (e.g., intro-
ducing participatory methods) calls for more insightful, communicative, and
open-minded engineers who can interact with other stakeholders, naturally
including ordinary citizens. Engineers should be able to more fully understand
various subtle, but critically important, societal contexts regarding technology,
explain available technical options to stakeholders and society, and proactively
take part in public discussion. In this context, rather than inventing “the best
solution” for problems on behalf of society, engineers are considered to be
experts who can offer their formulation of problems, multiple options available
to society, and, if possible, proposals of solutions.

Sharing the thoughts listed above, it was decided to organize summer schools
for topics that were considered inseparably related to social aspects, such as radio-
active waste management, as a test bed for developing an advanced educational
program to cultivate leading engineers who have this capacity. This collaborative
program was given the name PAGES, Program for Advanced Graduate Education
system for nuclear science and engineering with Social scientific literacy. Under
PAGES, three summer schools were conducted.

3 Conversely, social scientists need a better grasp of engineers and engineering practices, of
course.
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1.4 PAGES 2009 and 2010 Summer Schools

Before the Fukushima Daiichi accident, PAGES conducted the 2009 Advanced
Summer School of Radioactive Waste Disposal with Social Scientific Literacy
in Berkeley, California, and the 2010 Advanced Summer School of Nuclear
Engineering and Management with Social-Scientific Literacy in Honolulu, Hawaii,
with the participation of Tokai University, Japan. Table 1.1 summarizes the outlines
of the PAGES 2009 and 2010 summer schools.

The first 2009 PAGES summer school was realized by the strong initiative of
Joonhong Ahn, one of the editors of this book. None of the GoONERI members had
been involved in such an ambitious project before. But Ahn and other members
recognized that radioactive waste disposal was the one of the most urgent issues
that should be tackled as an interdisciplinary challenge. Under this understand-
ing, the 2009 PAGES summer school invited guest speakers who could provide
“social aspects” education for engineers from the following fields: sociology,
social psychology, economics, risk studies, science and technology studies (STS),

Table 1.1 Outlines of PAGES 2009 and 2010 summer school

PAGES 2009 PAGES 2010

List of organizing committee members

Joonhong Ahn (UC Berkeley)—Chair Shinya Nagasaki (U Tokyo)—Chair
Satoru Tanaka (U Tokyo)—Co-chair Tatsuhiro Kamisato (U Tokyo)—Co-chair
Mick Apted (Monitor Scientific) Joonhong Ahn (UCB)—Co-chair
Cathryn Carson (UC Berkeley) Satoru Tanaka (U Tokyo)

Gary Cerefice (UNLV)

James Conca (NMSU)

Tom Isaacs (Stanford University)
Shinya Nagasaki (U Tokyo)

Jooho Whang (Kyung Hee University)

Venue

University of California, Berkeley ‘ Hawaii Tokai International College, Honolulu
Program

Registration and reception: Aug. 2 (Sun) Registration and keynote lecture: Jul. 25 (Sun)
Lectures: Aug. 3 (Mon)-Aug. 5 (Wed) Lectures: Jul. 26 (Mon)-28 (Wed)
Symposium: Aug. 6 (Thu)-Aug. 7 (Fri) Special Lecture and Workshop: Jul. 29 (Thu)
Field Trips: Workshop: Jul. 30 (Fri) and Aug. 2 (Mon)

Geo tour in Bay Area: Aug. 8 (Sat)
Waste Isolation Pilot Plant,
Carlsbad, New Mexico: Aug. 10 (Mon)

Number of participants (students)

30 (from 5 countries) ‘ 15 (from 7 countries)

Number of participants (lecturers)

28 (from 4 countries) ‘ 25 (from 4 countries)

URL

http://goneri.nuc.berkeley.edu/pages2009/ http://goneri.nuc.berkeley.edu/pages2010/

index.html index.html
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and consensus building practices. Also, we held a symposium by those lecturers,
PAGES members, and student participants on the final day of the program.

After this first trial case, on the one hand, we heard many complaints from stu-
dent participants that there was not enough time for discussion with lecturers and
other participants, even though 60 or 90 min were allocated for each lecture. On
the other hand, academic interactions among invited lecturers from different back-
grounds were strongly stimulated, extended, and deepened. Both the importance
of the concept of PAGES and the actual experiences there were highly appreciated
by almost all the expert participants. Such reactions had not been expected before-
hand. This reaction reflects the reality that the number of opportunities for such
intensive discussion among experts in different fields had been limited, although
such efforts had been encouraged for a long time. This situation is no doubt com-
mon outside the nuclear field as well.

This experience strengthened our confidence in the PAGES project. In March
2010, about half a year after the first PAGES summer school, a closed workshop
“What is social literacy for nuclear engineers? From problem-solving engineer-
ing to program-formulation engineering” was held at the University of Tokyo
with 9 outside experts. The direction of “social literacy” education including the
design of the PAGES summer school program, and more generally the future of
engineering education, were intensively discussed. This workshop resulted in two
important findings: (1) Engineering students prefer that a more object-oriented
educational program be available not only for social-literacy education, but also
for general engineering education, rather than the traditional lecture-style pro-
gram; (2) Social literacy education must be embedded not only in nuclear engi-
neering education, but in other fields of engineering education as well, in light of
recent rapid social changes around engineering and technology.

Inspired and driven by these understandings, the second summer school was
held in Honolulu, HI, in August 2010, in collaboration with Tokai University,
Japan. Honolulu was selected as the venue for the school because it was the
“midpoint” between the U.S. and Japan and an “away” place for both Japanese
students and continental U.S. students. In the 2009 summer school, which was
held in Berkeley, UC Berkeley students and professors (the majority of the par-
ticipants) went home after each day’s program, and interaction between them and
the Japanese students was not as deep as the organizers expected. PAGES project
members realized that this “home and away” gap should be and could be reduced
by the venue selection.

Also, the content of the program was modified in response to the March 2010
workshop’s conclusion, feedback from the 2009 PAGES participants, and other
discussion among PAGES project members. Tatsuhiro Kamisato, a core member
of the PAGES project and a historian of science, took the initiative for this sec-
ond PAGES summer school in collaboration with Shinya Nagasaki, the chair of
the organizing committee and a nuclear engineering professor at the University of
Tokyo. In this year, two major improvements were made from the 2009 school.

The first point was the relativization of nuclear engineering as a field in the
scholarship. Participants were encouraged to free themselves of stereotypical
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thinking such as “nuclear engineering as the given (fixed) field + social aspects.”
The program was designed to help open their minds more and realize that nuclear
technology has been invented, developed, and deployed through interdisciplinary
collaboration among various different fields of scholarship. Lectures from engi-
neering fields other than nuclear engineering (i.e., electric engineering, civil engi-
neering, and so on) and social and human sciences (i.e., political science, history,
social psychology, and so on) were included in the program, and guest lecturers
were invited from various countries and regions including Europe, the U.S. and
Japan. The concept of “engineering in society,” including issues centering on tech-
nology governance, risk, and ethical considerations, were broadly addressed in
lectures and interactively discussed.

Another brand-new idea was the introduction of so-called project-based learn-
ing (PBL) for object-oriented education. In the later half of the summer school
program, students were divided into small groups and given research topics.
They conducted intensive surveys, discussions, and reports during a short period
of time and made final presentations at the end of the program. The following
four topics were chosen and studied by student groups: “Safety of High Level
Waste Radioactive Disposal,” “Introduction of Technology for Society and its
Process,” “The Necessity of a HLW Geological Repository,” and “Nuclear Power
Generation Systems for the Non-Nuclear Armed Countries.”

1.5 Concept, Aim, and Design of PAGES 2011 Summer
School

1.5.1 Planning for PAGES 2011 Summer School

After these two summer schools in 2009 and 2010 as trial cases of the educa-
tional program, in January 2011 we started preparing for the third summer school,
for which the issue of high-level radioactive waste (HLW) disposal technology
and society was selected. It was to be held in Sweden, in collaboration with the
Swedish Radiation Safety Authority (SSM). We had a meeting in Stockholm in
January 2011 and agreed upon an outline for the approximately 10-day program,
which included a series of site visits to so-called back-end nuclear facilities in
Sweden and Finland. This program was planned to function as an applied curricu-
lum mainly for alumni of our past summer schools. The site visits were intended
to deepen students’ understanding of the societal aspects of nuclear utilization
through the site observation tours, conversations with site officials and local peo-
ple, and discussion with lecturers and fellow students.

However, we found our plans unsettled by one of the most serious nuclear dis-
asters in world history: the Fukushima Daiichi nuclear accident, which was trig-
gered by the Great East Japan Earthquake and its subsequent tsunami on March
11, 2011. From the discussions accumulated in the previous PAGES activities, we
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immediately thought of the accident as a joint socio-technical failure.* This acci-
dent raised many fundamental and controverted questions regarding the traditional
approaches of nuclear engineering and its utilization in society. We believed that
engineers and other experts involved in nuclear utilization needed to take those
questions very seriously and be responsive to criticism and concern expressed by
citizens.

Consequently, the organizing committee decided to make the third summer
school a venue for preliminary, yet multi-dimensional learning from the accident by
focusing on reflections on that shocking event (although we still hold that the impor-
tance of HLW disposal remains unchanged, or perhaps becomes even more urgent
in the disaster’s aftermath). This decision led to a change of venue, as well as the
introduction of an amended topic for the school. While we first considered the pos-
sibility of having the school at the University of Tokyo campus or any other place in
Japan, this option was rejected due to (among other reasons) the serious burden of a
projected shortage of electricity in the summer season. We also wanted to make this
summer school a place that enabled the participants to critically address the situation
and issues involved in this accident, and to exchange their views candidly.

Based on such considerations, the 2011 Advanced Summer School of Nuclear
Engineering and Management with Social-Scientific Literacy: Reflections on the
Fukushima Nuclear Accident (PAGES 2011) was held in Berkeley, California, in
the first week of August (July 31-August 5), organized around 12 lectures and a
series of facilitated discussions. It attracted 18 students from various fields and
countries, principally nuclear engineering students in graduate programs in Japan
and the United States, but including some social science students as well as stu-
dents from other nations studying in these countries. In the rest of this introductory
chapter, we will explain the concept, aim, and design of our educational program;
offer a brief assessment of its effectiveness; introduce a couple of intriguing dis-
cussions held by participants; and discuss the program’s implications for the post-
Fukushima nuclear context.

1.5.2 Aim and Design of PAGES 2011 Program

The PAGES 2011 summer school was a 5-day program that focused on the issues
raised by the Fukushima Daiichi accident, in the larger context of interactions and
relations between nuclear technology and society. This program was not intended
to reach a single agreed-upon conclusion about the accident. Rather, we designed
the program to encourage participants to develop their own philosophies, stances,
and/or principles that they believed to be appropriate and responsible in the post-
Fukushima nuclear context. These were to be based on the collected and con-
firmed technical facts on the accident, on social-scientific methods and approaches

4 To understand more about this perspective, see Chap. 10 by M. Matsumoto of this volume.
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that enable us to think about the event more deeply and analytically, and on
intensive dialogue among participants. The word “reflections” in the title of the
PAGES 2011 school and the title of this book indicates our intention; it means
that as participants we should not make comments or criticisms as outsiders, but
instead should critically examine our past practices and thinking and subsequently
change our assumptions, approaches, methods, and stances, from a position of
open-mindedness.

We understood that this approach would be different from standard nuclear
engineering curricula. In particular, we wanted to give an important role to the stu-
dents themselves. We decided that the best way to implement this intention would
be a combination of lectures and intensive facilitated discussions, leading to stu-
dent presentations and individual written essays (see Part IV).

To realize this concept, we brought together 12 lecturers and 3 discussants from
various fields centering on the interface of nuclear technology and society: i.e., the
chemistry of radioactive nuclides in the environment, reactor physics, radiation
protection, reactor design, engineering ethics, technology governance, sociology
of science and technology, history of nuclear technology, and long-term energy
portfolios and nuclear policy. Table 1.2 is the list of lectures and lecturers. This
book includes the chapters by most of the lecturers listed in the table, though their
contents are updated and reflect the discussion during the school.

Each of the first four days included two or three lectures (45 min each). On
the first day (August 1), three lectures on a technical analysis of the Fukushima
Daiichi accident were provided. Those sessions were intended to provide a com-
mon grounding in technical facts for all participants, as the basis for social-scien-
tific discussions in following days.

On the second through fourth days (August 2—4), lecturers with deep knowl-
edge and expertise in various social science disciplines and problem areas dem-
onstrated social-scientific approaches that could be helpful in thinking about this
complex and tragic socio-technical failure.

Stemming from these lectures, students were encouraged to join in discussion
with their fellow students and lecturers. Morning discussions spanned 30 min, and
afternoon classes included a 90 min “reflection and discussion” slot. In these lat-
ter sessions, discussants (three postdoctoral researchers took this role) encouraged
interaction among participants by proposing points to be explored and steering
discussion as needed.

Students formed small groups (about 4—6 people) during the group discussion/
work sessions. This grouping was undertaken by the students themselves and was
based on shared interests. Students repeatedly held discussions within the groups
and formulated tentative answers to some of the questions posed by lecturers, as
well as other questions they found important in the larger group discussions.

To accelerate interactions among student participants, “student session” slots
were scheduled for the evenings of August 2 and 3. In these sessions, the students
gave oral presentations that introduced their own, often quite intensive activities
after the Fukushima accident, described their thoughts regarding the event, and
sought feedback from other students and lecturers.
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List of lecture(r)s at PAGES 2011 summer school and questions provided by lecturers

8/1
Mon.

Scientific Analysis of Radiation Contamination at the Area around the Fukushima-
Daiichi Nuclear Power Station, Prof. Satoru Tanaka (Univ. of Tokyo)

1. How can we improve the transmission of information?

2. How can we accelerate decontamination outside of the reactors site and people’s
returning home?

Physics of Fukushima Damaged Reactors and its Preliminary Lessons, Prof. Naoyuki
Takaki (Tokai Univ., Japan)

1. How serious is the consequence of Fukushima accident? Consider from various
views, such as the number of deaths; health risk for current and future generations;
fears and inconvenience imposed on the public; impact on economy, etc. Is it unac-
ceptable even if benefit (energy) derived from it is considered?

2. If society allows continuous use of nuclear, what attributes should a nuclear
system in the new era have? Give a concrete image/concept of such a new nuclear
system (e.g., reactor plant and its fuel cycle)

Radiation Safety Regulation under Emergency Condition, Prof. Toshiso Kosako
(Univ. of Tokyo)

1. What do we think about the emergency workers dose limit? (Cf. Japanese regula-
tion: 100 mSv, changed to 250 mSv during this period) What happened to the
remediators’ working conditions when dose limits are exceeded while working on
emergency tasks?

2. What do you think about evacuation for general public under a nuclear emergency
situation? (Cf. Japanese regulation: 10 km as a typical evacuation zone) What kind
of arrangement is possible after using SPEEDI code? The arranged area should be
circle or fan-shape?

3. What is the main reason for administration of iodine pills to children? (Japanese
regulation: about 40 mg for children)

4. What kind of arrangement is effective for making surface contamination maps?
Use only radiation monitoring?

5. What do you think about the radiation level for school playgrounds? What is your
idea for a dose rate guideline?

6. Is it possible to remove contaminated soil by slicing off 5 cm for the decontamina-
tion of radionuclide in all areas of Fukushima prefecture?

7. What method exists for the control of foodstuffs after the accident? Please explain
your idea

8/2
Tue.

Impact of Fukushima for Reactor Design Practice, Prof. Per Peterson (UC Berkeley)
1. Discuss “backfitting” policy (10CFR50.109 in the U.S.) which establishes the
types of changes that a national regulatory authority can require to existing nuclear
facilities. Consider analogies to policies for when existing buildings must be
upgraded to meet new building code requirements, and requirements for when auto-
mobiles and consumer products must be recalled for repair or replacement. Discuss
the societal tradeoffs in requiring backfitting (balance of the cost of backfitting
against the benefit of improved safety). Discuss how backfitting policy might affect
decisions to introduce improvements in new reactor designs

2. Considering the vertical axis of the Farmers chart for the frequency of internal
initiating events, discuss the commercial risks associated with introducing different
fuels and materials in new reactor designs, and how such risks can be reduced

(continued)
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Table 1.2

(continued)

Ethics, Risk and Uncertainty: Reflections on Fukushima and Beyond, Prof. William
E. Kastenberg (UC Berkeley)

1. Are risk analysis methodologies robust enough to assess and manage the risk of
core-melt accidents, such as at Fukushima, i.e., could the accident have been pre-
dicted or mitigated?

2. Was emergency planning and emergency response adequate enough to protect
public health and safety both before and after the Fukushima accident?

3. Was there an adequate “safety culture” in place prior to and following the
accident?

4. What would it take to improve the quality of risk analysis and emergency planning
so that the loss of public confidence could have been avoided?

8/3
Wed.

“Failure” of Regulation and Issues in Public Policy Studies, Prof. Hideaki Shiroyama
(Univ. of Tokyo)

1. Who and what mechanism should play roles for searching and integrating diverse
knowledge that is necessary for managing a complex system?

2. What is the way for strengthening regulatory capacity? Or how to keep civilian
nuclear regulatory power without military use (which provides fund and personnel)?
Or is it possible to restructure voluntary safety capability?

3. Is it possible and effective to organize and implement nuclear safety research
separated from nuclear research and development in general?

The Structural Failure of the Science-Technology-Society Interface: A Hidden
Accident Long Before Fukushima, Prof. Miwao Matsumoto (Univ. of Tokyo)

1. How was the mutual relationship between success and failure in the little known
but serious accident that happened during wartime mobilization?

2. What do you think is the mutual relationship between success and failure in the
Fukushima accident?

3. What are the similarity and the difference between the accident during wartime
mobilization and the Fukushima accident in terms of the mutual relationship between
success and failure in the science-technology-society interface?

4. What do you think about possibility of detecting the cause of structural failure in
advance and incorporate structural remedies, if there are any, in your design practice?

Three Mile Island and Fukushima: Some Reflections on the History of Nuclear
Power, Dr. J. Samuel Walker (Former USNRC Historian)

1. What are the most important lessons of Three Mile Island?

2. To what extent would a good understanding of the lessons of Three Mile Island
have been helpful in the response to Fukushima? Would they have been useful in
reacting promptly and as effectively as possible to the technical failures caused by
the earthquake and tsunami? Would they have been helpful in responding to media
questions and public fears about the effects, real and potential, of the accident?

3. Is it ever appropriate to intentionally provide information to the public about a
nuclear accident that is incomplete, overly optimistic, or misleading? If so, under
what conditions?

4. How do authorities deal with the problem of providing accurate and up-to-date
information when their own knowledge of the situation after a nuclear plant accident
is fragmentary?

5. Are the benefits of nuclear power worth the risks?

(continued)
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Table 1.2 (continued)

8/4 Engineers in Organization, in Industry and in Society: Ethical Considerations, Prof.
Thu. Jun Fudano (Kanazawa Institute of Tech., Japan)

1. Compare and contrast the Code of Ethics of the American Nuclear Society
(http://www.new.ans.org/about/coe/) and its counterpart in Japan, namely,

the Code of Ethics of the Atomic Energy Society of Japan (http://www.aesj-
ethics.org/02_/02_03_/). Also make a list of values, in order of priority, which are
stipulated in each code

2. Which ethical principles have been violated in the case of the Fukushima Nuclear
Accident?

3. Reflecting on the Fukushima Accident and referring to the above codes and any
appropriate ones, write your own code of ethics (cite all codes you used)

4. Explain, to laypeople, why engineers, especially, nuclear engineers, have special
responsibility

Long-Term Energy and Environmental Strategy, Prof. Yasumasa Fujii (Univ. of
Tokyo)

1. When should we use uranium resource in the long-term perspective of human
civilization?

2. To what extent can we depend on intermittent renewable energy?

[After-dinner Talk] from Fukushima to the World: How to learn from the experience
in Japan, Dr. Tatsujiro Suzuki (Atomic Energy Commission of Japan)

Note Affiliations are as of August 2011

In addition to lectures by academic researchers, we were fortunate to have Dr.
Tatsujiro Suzuki, then vice chairperson of the Atomic Energy Commission of
Japan, as the after-dinner speaker on the evening of August 4. His talk was intended
to deepen students’ appreciation of the connection between academic research and
the policy-making process (see Chap. 16 of this volume for the text of his speech).

The four days of lectures and discussions then culminated in student presenta-
tions on Friday, August 5. The self-organized student groups made presentations
about their questions and answers and received feedback from lecturers and other
participants.’> The summer school closed with a session on reflections by the lec-
turers and organizers and a general discussion with the student participants.

1.5.3 Specific Arrangements for Educational Effectiveness

To make this educational program more focused and effective, we made several
concrete arrangements before, during, and after the term of the program as listed
below:

5> We created a “No Power Point” rule for these student presentations. Students were required to
make oral presentations without projected computer slides. Although many students found this
uncomfortable, we applied the rule in order to encourage them to speak concretely and, ideally,
to present their ideas through dialogue with each other.
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Student applicants for this school were required to write a short essay on the
root cause of the Fukushima accident® and to articulate what they wanted to
gain from the summer school.

The organizing committee asked lecturers to prepare five-page (at most) sum-
maries of their lectures before the school was held. They were also asked to pro-
vide questions regarding their topics that encouraged students to think about the
accident more deeply (see Table 1.2 for the questions provided). Those materi-
als were circulated to students before the school.

All students were required after completing the school to submit individual
essays that described their own answers to the questions they chose to focus on,
based on all of the discussions they participated in, including the concluding
sessions. (Some of those essays are collected in Chap. 17 of this volume.)
Students’ reflections on their learning experience, as well as feedback and sug-
gestions, were sought in an open-ended questionnaire on the concluding day of
the program.

The organizing committee asked lecturers to submit their full papers after the
completion of the school. Each discussant was also asked to write a paper that
summarized the main points covered in the lectures and discussions. The com-
mittee collected these papers and used them for publication of this book.

1.6 Results and Evaluation

1.6.1 Points Discussed During the Program

The PAGES 2011 program brought about very intensive and thought-provoking
exchanges among the participants. Across many intriguing discussions, the follow-
ing points emerged as potentially critical for post-Fukushima nuclear engineering
education and societal decision-making:

Problems centering on the social justification of nuclear utilization. In particu-
lar, utilitarian arguments—such as cost-benefit analyses—became a central
point of discussion throughout the sessions. Some participants considered these
justifications less compelling after the Fukushima Daiichi accident and pointed
out the need for deontological considerations to think more fundamentally on
this issue, while others argued that cost-benefit evaluation is still reasonable
and, ultimately, necessary as a form of science-based assessment.

In parallel with the issue above, the concept of “rationality” itself was ques-
tioned in discussions by lecturers and students. Some participants argued that

6 The question was the following: “Outline your current thinking about the Fukushima nuclear
accident of March 11, 2011. Describe the issues you see it raising for nuclear engineering pro-
fessionals and for societies pursuing nuclear power. Discuss what you see as the relevant back-
ground and fundamental causes of the accident.”
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the role of science (and scientists or engineers) is to provide neutral and logi-
cal conclusions based on quantifiable knowledge (and these individuals’ exper-
tise), which will render societal decision-making “rational.” These participants
criticized other social reactions, such as the anti-nuclear movement after the
Fukushima Daiichi accident, as “irrational.” However, another group of partici-
pants voiced the opinion that such social reactions embraced a different kind of
“rationality” than that of technical experts. These participants argued that differ-
ent types of “rationality” should be considered more intensively when society
makes decisions regarding science and technology issues. This controversy is
associated with the previous point, of course.

e Prof. William Kastenberg raised an issue about “safety culture” in the Japanese
nuclear industry (see Chap. 9). He pointed out its weakness in light of the
Fukushima Daiichi accident and its consequences, and suggested an explana-
tion of the roots of this weakness based on cultural and historical differences
between Western and Asian societies. He illustrated the importance of individu-
alism when considering engineering ethics. This argument triggered much dis-
cussion regarding the character of social-scientific explanation and analysis of
the root cause of the Fukushima Daiichi accident. Some participants questioned
Prof. Kastenberg’s theory. This contestation also extended the horizon of par-
ticipants’ perspectives on the mechanism behind the tragedy.

e Many participants also focused on the importance and difficulty of public and
inter-expert communication during emergency situations (so-called “crisis com-
munication”). They described some dilemmas: timely information vs. well-con-
firmed information, simple and understandable explanation vs. detailed and correct
explanation, controlled disclosure vs. unlimited disclosure, and so on. Participants
realized the possible tough choices for engineers posed by those dilemmas.

As we intended, no particular single conclusion was reached on these complex
and difficult issues during this summer school. However, students reported that
they conceptualized such dilemmas more sharply than they did before as a result
of interactions with people who took different stances, brought different methodo-
logical perspectives, and held divergent opinions.

1.6.2 Evaluation of PAGES 2011

In their post-school feedback, many students strongly emphasized the impor-
tance of interaction with people of different backgrounds (for instance, Japanese
and American) and different fields (engineering and social science). Many stu-
dents mentioned a lack of time; specifically, they wanted to have more time for
discussion with other students and lecturers. A number also requested more pres-
entations by and discussions with social scientists. Some students regretted the
absence of field trips, particularly as these had been included in our 2009 sum-
mer school. Students said they wanted to have such occasions both to expand their
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understanding and to strengthen relationships with other students, as well as to
render their learning more concrete.

As described above, and in accord with our aim, we were able to bring about
very intensive and intriguing discussions throughout the program. Every point
raised in our discussions on the lessons learned from the Fukushima Daiichi acci-
dent offers an important perspective to potentially avoid similar structural failures
in future. Not only did students gain knowledge from the lectures, they also broad-
ened and deepened their perspectives on this terrible nuclear accident and nuclear
utilization more generally through candid discussion. This summer school stimu-
lated students’ consciousness of various socio-technical issues that must be con-
sidered by the next generation of leading engineers.

In this sense, we believe we can evaluate the experiment of this school as suc-
cessful. Our model for the impact of our efforts has been to seed new ways of
thinking among rising professionals. We have seen success of this approach
among the small cohort of participants in the school. We have also found our own
perspectives and strategies changed by the effort, in ways that will continue to
shape our own engagement on questions of nuclear technologies and society. We
intend that publishing this volume and continuing to work in this area will provide
stimulation for others to carry out similar efforts in their own settings and ways.

1.7 Concluding Remarks

The Fukushima Daiichi accident is not an event of the past; it is an ongoing and
developing story even in 2014, when this book is being finalized. It has reminded
us that nuclear technology is an extreme achievement as a man-made artifact in
terms of its systematic complexity, its potential risks, and its societal, political,
economic, geographic, and historical impacts. However, the PAGES project had
already impressed upon us the “extremeness” of nuclear technology, although it
had not been well verbalized and conceptualized by project members. All of us
project members have become more conscious of the extraordinariness of this
technology in the course of this interdisciplinary educational challenge. Of course,
the Fukushima Daiichi accident brought definite clarity to this sort of feeling.

For the engineering side, this point might be recognized as a limit of natural-
science-based (traditional) engineering scholarship. This should strengthen engi-
neers’ motivation to integrate social scientific elements with their own knowledge
and skills. If this way of thinking comes to be shared more strongly and deeply by
the engineering community than before the Fukushima Daiichi accident, it would
mean that PAGES’s original concept was a pioneering one. We can commend
our own project as a forward-looking effort, though, at the same time, we deeply
regret that we were not able to make a contribution to prevent the occurrence of
the Fukushima Daiichi accident.

However, we do not think that this is a sufficient evaluation. The trajectory
of the PAGES project and the events which have happened after the Great East
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Japan Earthquake pose challenges to be addressed not only by the engineering
community, but also by the social science community. Social scientists (of course,
including people in the PAGES project) should realize that interdisciplinary col-
laboration for problem formulation and solving is much more difficult and more
painful than they may have expected. Engineering places its basis not on critical
analysis for its own sake but on the realization of artifacts for the client. In this
sense, engineers cannot complete their mission through speeches or writings, fully
protected by academic freedom. Although they enjoy the same rights in terms of
scholarship, at the same time engineering is also an enterprise in society (and this
fact is one of the reasons why engineering ethics is considered an essential part
in which social science can/should be involved). Those who collaborate with the
people who are dedicated to such an enterprise must make clear their own stance,
interests, and position. They must also be required to understand the complex
detail of engineering practices deeply, in order to make meaningful contributions
in their collaboration.

Social scientists must realize that engineering is a profound and exacting
endeavor. This observation does not mean that social scientists should be less
critical of engineering or engineers. Rather, researchers should emphasize that it
would be neither effective nor convincing if they simply blame engineers when
they see the superficial results of engineering practice. If social scientists want to
make constructive and critical relationships with engineers and to make technol-
ogy even more public-interest-oriented, they must open their eyes and listen care-
fully to the engineers, not isolated in their offices separated from the engineering
buildings in their university. PAGES might be considered as the very first step for
such sometimes difficult but much more substantial and meaningful collaboration
between engineers and social scientists.

Our educational program development is still in its early stages. We educa-
tors are still struggling as we take that first step in collaboration. However, we
all believe it should be continued so as to supply the new generation of leading
engineers with sufficient social-scientific literacy and knowledge, and significantly
change the future of engineering and technology.
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Part I
Understanding the Fukushima Daiichi
Accident and Its Consequences



Chapter 2
Event Sequence of the Fukushima Daiichi
Accident

Shinya Mizokami and Yuji Kumagai

Abstract On March 11, 2011, the Great East Japan Earthquake and subsequent
tsunami hit Fukushima Daiichi Nuclear Power Station. Flooding by the tsunami
induced loss of AC and/or DC power for reactor cooling, hence the reactor water
level decreased and fuel was exposed. Water reacting with high temperature fuel
metal covering resulted in hydrogen generation and hydrogen explosion of reac-
tor buildings. This accident caused radioactive release to the environment. In this
chapter, an attempt has been made to understand in detail the mechanism of the
accident progression for Units 1-3 that were in operation by utilizing results of
computer simulations. It should be noted that, due to limited information and
capability of the state-of-the-art severe-accident simulation tools, there are still
unanswered questions, which should be tackled by academic research for improv-
ing and enhancing safety for the nuclear industry now and in the future.

Keywords Fukushima Daiichi nuclear power station *+ Severe accident *+ Accident
progression * Great East Japan earthquake + MAAP simulation

2.1 Overview of the Accident

The Tohoku-Chiho-Taiheiyo-Oki Earthquake! (the Earthquake, hereafter) and ensu-
ing tsunami, which occurred on March 11, 2011, led the Fukushima Daiichi Nuclear
Power Station (NPS) to a situation far beyond design basis accidents and was even

! The earthquake is also often referred to in Japan as the Great East Japan Earthquake. In the
Press Conference by Prime Minister Naoto Kan on April 1, 2011, it was announced that the
Cabinet decided to officially name the disaster the Great East Japan Earthquake.
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further exacerbated by multiple failures assumed in developing accident manage-
ment measures. Consequently, Units 1-3 ultimately experienced severe accidents;
although they were successfully shut down, they lost functions related to cooling.

On March 11, 2011, Units 1-3 of Fukushima Daiichi NPS were in operation,
while Units 4-6 had been shut down for periodic inspection outage. Due to the
shock of the Earthquake that occurred at 14:46, the safety function of Units 1-3
was actuated by the seismic over-speed trip signal, which resulted in automatic
shutdown of all reactors in operation at the time.

Due to the collapse of the electric tower connection to off-site, all power supply
from off-site to Fukushima Daiichi NPS was lost, but the emergency diesel gener-
ators (EDGs) started up as expected, and the electric power necessary to maintain
safety of the reactors was acquired.

Later, the tsunami hit the Futaba area of Fukushima Prefecture where
Fukushima Daiichi NPS is located. It was one of the largest in history. Many
of the power panels were inundated, and the EDGs, except for Unit 6, stopped,
resulting in the loss of all alternating-current (AC) power and, consequently, loss
of all the cooling functions using AC power at the site. As a consequence, core-
cooling functions not utilizing AC power were put into operation, or, alternatively,
attempts were made to put them into operation. These were the operation of the
reactor core isolation cooling system (RCIC) in Unit 2, and the operation of the
RCIC and the high-pressure injection system (HPCI) in Unit 3.

Units 1-3 had a different process, but in the end the loss of direct-current (DC)
power resulted in the sequential shut down of core cooling functions that were designed
to be operated without AC power supply. Then, due to water evaporation by decay
heat and depressurization boiling, the reactor coolant in the reactor pressure vessel
gradually decreased, which caused boil-dry of the fuel. Accordingly, water injection
was attempted through an alternative water path by joining fire engines with the fire
protection system and make up water condensate system (MUWC), but water could
not be injected into the reactor vessels in Units 1-3 for a certain period of time.

Due to exothermic chemical reaction between steam and zirconium (Zr) included
in the fuel cladding tube, Zr 4+ 2H,O — ZrO, + 2H,, massive heat was generated,
causing the fuel to melt and the generation of a substantial amount of hydrogen.

Subsequently, in Units 1 and 3, explosions, which appeared to be caused by
hydrogen leakage from the primary containment vessel (PCV), destroyed the
upper structure of their respective reactor buildings.?

2.2 Unprecedented Mega-Earthquake

The Earthquake on March 11, 2011 was of the biggest scale ever observed in
Japan. Kurihara City in Miyagi Prefecture observed a maximum seismic intensity
of 7 on the scale ranging between O and 7 defined by the Japan Meteorological

2 Japanese BWR was designed to replace gas inside PCV with nitrogen to prevent hydrogen
explosion inside PCV.
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Agency (JMA),? and seven high tsunami waves were observed along the Pacific
coastline from Hokkaido and Tohoku to the Kanto region.

It has been reported that the Earthquake occurred offshore of Miyagi Prefecture
at a depth of 23.7 km where the Pacific plate sinks beneath the North American
plate. The size of the source area extended from offshore Iwate Prefecture to off-
shore Ibaraki Prefecture, being about 500 km long (north to south), about 200 km
wide (east to west), and with about 50 m in maximum slip. There was a mas-
sive slip observed in the southern trench side off the Sanriku coast and part of
the trench sidel off Northern Sanriku coast to far south off the Boso Peninsula in
Chiba Prefecture. Multiple regions, including offshore Central Sanriku, offshore
Miyagi Prefecture, offshore Fukushima Prefecture and offshore Ibaraki Prefecture,
moved simultaneously and the magnitude was 9.0 on the Richter scale at the hypo-
center. A mega-earthquake of this scale was unexpected even in Japan, which is
known to be seismically active.

It is worth noting that a mega-earthquake such as the Earthquake was not pre-
sumed in the national earthquake research projects engaged in by the majority
of Japanese experts [1]. It was indeed a huge earthquake, the focal area of which
covered a much broader area. Many unknown matters remain about the causes
of such massive synchronized earthquakes. It is necessary, therefore, to monitor
the research progress in Japan and overseas on the mechanism and to incorporate
the latest knowledge about them in the consideration for design and operation of
nuclear reactors.

The intensity of ground motions at Fukushima Daiichi NPS was at about the
same level as those assumed in the seismic design, upon comparison of observed
values and analysis results. Most of the frequency bands were below the values
set for the seismic design, although some of the observed values for the reactor-
building basement (the lowest basement floor) had exceeded the maximum accel-
eration corresponding to the design basis for earthquake ground motion (see
Table 2.1). The reactor systems were found to be intact even with the impact of
the Earthquake, from the observed plant operation status and the results of seismic

Table 2.1 Ground motion at Fukushima Daiichi NPS due to the earthquake on March 11, 2011

Unit # Acceleration [gals] Ratio of observed to
Observed Maximum beyond design | max BDB
basis (BDB)
N-S E-W Vertical N-S E-W Vertical | N-S E-W Vertical
1 460 447 258 487 489 412 0.9 0.9 0.6
2 348 550 302 441 438 420 0.8 1.3 0.7
3 322 507 231 449 441 429 0.7 1.1 0.5
4 281 319 200 447 445 422 0.6 0.7 0.5
5 311 548 256 452 452 427 0.7 1.2 0.6
6 298 444 244 445 448 415 0.7 1.0 0.6

3 See http://www.jma.go.jp/jma/en/Activities/inttable.html


http://www.jma.go.jp/jma/en/Activities/inttable.html

24 S. Mizokami and Y. Kumagai

assessment using observed ground motions; the main equipment having important
functions for safety maintained its safety functions during and immediately after
the Earthquake.

2.3 Tsunami

The tsunami was designated as Mw 9.1 in an index for indicating the scale of tsu-
nami [2, 3], and was the fourth largest ever observed in the world and the largest
ever in Japan.

Replication calculations [2, 3] based on a wave source model, which uti-
lizes data for fault lengths, fault widths, locations, depths, slip scales, etc., could
reproduce the Earthquake well; the simulation results for tsunami tracks, inunda-
tion heights, tsunami bore levels, submerged areas, and diastrophism in the area
from Hokkaido to Chiba Prefecture agreed well with the actual observation. The
simulation results indicate that an especially large slip (about 50 m at maximum)
occurred near the Japan Trench.

The estimated tsunami heights based on the estimated wave source were about
13 m at Fukushima Daiichi NPS and about 9 m at Fukushima Daini NPS. It was
confirmed by the simulation that multiple waves overlapped and arrived at the
coast due to the wide range of the epicenter area. Therefore, the main reason for
this height difference was considered to be that the peaks of tsunami waves, which
were generated in regions with large slips, estimated to be off Miyagi Prefecture
and off Fukushima Prefecture, overlapped at Fukushima Daiichi but not as much
at Fukushima Daini.

Many unknown matters remain about the causes of such massive tsunami. It
is necessary, therefore, to monitor the research progress in Japan and overseas on
tsunami generation mechanisms and to incorporate the latest knowledge on mas-
sive synchronized earthquakes with accompanying tsunami in design approaches.

The tsunami waves which hit Fukushima Daiichi NPS exceeded not only the
4-m ground level above O.P# (hereafter described as 4 m ground level), where
seawater pumps had been installed, but also the 10 m ground level, where key
buildings had been constructed, and also flowed into the buildings through open-
ings and other routes. Consequently, motors and electrical equipment were
flooded, and important systems such as emergency diesel generators and power
panels were directly or indirectly affected and lost their functions.

The wave force of the tsunami appeared to be strong enough to partially destroy
openings of the buildings at the ground level such as doors, shutters, etc. These
damages are considered due directly to the tsunami or to floating wreckage. Parts
of heavy oil tanks, which had stood on the seaside area within the Fukushima
Daiichi NPS, seemed to have been pulled away from their positions by wave force
and buoyancy. But no significant damage was noticed on the building structures

4 This stands for Onahama Peil, and means the height measured from the Onahama Port con-
struction standard surface.
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such as walls or pillars of key buildings. Furthermore, most of the breakwater
and seawall banks stand as before, with no major impact having been confirmed,
although part of northern breakwater with a parapet was damaged.

Regarding the arrival times of tsunami, the following findings have been con-
cluded through analyzing continuous photographs and chronologically arranging
the incidents at the time of the arrival at the site of the tsunami that accompanied
the Earthquake.

e The tsunami, which affected various systems and equipment at the power plant,
arrived at the Fukushima Daiichi NPS site sometime between 15:36 and 15:37,
hereafter described as the 15:36 level.

e The tsunami maximum wave arrived from almost directly in front of the site
with no major delay.

e Seawater system pumps located near the sea (4-m ground level) lost their func-
tions mostly at the 15:36 level.

e Many systems and much equipment lost their functions in a limited time when
there were no aftershocks,’ indicating it was the tsunami that caused the losses
of power.

2.4 Accident Progression for Units 1-3

The Modular Accident Analysis Program (MAAP) is a computer code used by
nuclear utilities and various research organizations to simulate the progression
of severe accidents in a light water reactor (LWR) [4]. The MAAP code cannot
completely replicate the Fukushima Daiichi accident at the present time because
of incomplete understanding about actual mechanisms and what the data indi-
cate. Yet, the simulation is useful for checking the correctness of our understand-
ing about severe accidents and constructing an integrated view of the accident; the
discrepancy between simulation results and measurements gives valuable clues
for further investigation. In this section, a summary of the accident progression of
Fukushima Daiichi Units 1-3 is shown based on results recently obtained by vali-
dation studies for the MAAP code by comparing the simulation results with meas-
ured data. In this section as well, the accident progression is described by focusing
on reactor water level and RPV/PCV pressure.

Fission-product (FP) atoms tend to have many neutrons compared to stable
isotopes and are relatively unstable. Therefore, FPs decay to stable isotopes while
releasing some energy. This energy liberated from FP is called decay heat. In a
nuclear reactor, continuous removal of the decay heat is required even after termi-
nation of the nuclear fission reactions.

If decay heat cannot be removed, the water level in the reactor core decreases
due to boiling. While it is better to maintain high pressure in RPV for sufficient

5 There were 9 aftershocks in the Tohoku region until 15:25 after the main shock at 14:46.
However, there was no further aftershock until 16:28.
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steam supply, it becomes impossible to insert water into the reactor externally at a
high-pressure condition. Therefore, the pressure should be decreased sooner or later,
depending on what type of the low-pressure injection system it is equipped with.

During the early stage of an accident under the situation of loss of ultimate heat
sink (LUHS), because there are no measures to release the energy contained in the
reactor core, PCV pressure is considered to indicate the degree of accumulation
of decay heat. After the core uncovering has started, the massive pressure increase
indicates hydrogen accumulation in the core, and a high degree of generation of
metal water reaction, because PCV of Boiling Water Reactor (BWR) Mark-I was
designed to suppress by condensing the steam released from RPV. PCV venting is
the only way to release the energy to the environment in such a situation; however,
this means a break in the PCV boundary, which is designed to prevent FP release.
Again, there is a problem in the use of a low-pressure water injection system under
high PCV pressure, so the pressure must be decreased. For this depressurization
actuation, PCV venting is important, as in case of failure of the venting attempt,
massive fission product might be emitted to environment.

2.4.1 Unit 1

As a result of the analysis for Unit 1 by comparing simulation results by MAAP
to actual measurements, Fig. 2.1 shows the reactor water level changes, while
Figs. 2.2 and 2.3 show changes of the reactor pressure and PCV pressure, respec-
tively. In these figures, MAAP simulation results are labeled as “(analysis).” In
this section, accident progression for Unit 1 is described in accordance with the
following accident chronology (Table 2.2).

In Unit 1, all the cooling capability was lost due to the tsunami. Therefore, Unit
1 fell into a severe condition within 3 or 4 h after the Earthquake. It was not until
the next morning (March 12) that TEPCO could inject water into RPV. And then,
PCYV venting was conducted at 14:30 on March 12. After that, the hydrogen explo-
sion occurred.

2.4.1.1 From the Earthquake to Tsunami Arrival

At Unit 1, two isolation condenser (IC) systems® were automatically activated due
to the reactor pressure increase following the scram’ caused by the Earthquake.
After that, the two IC systems were manually shut down and then IC subsystem-A
was started up. The reactor pressure was controlled by manually repeating the

6 The isolation condenser (IC) system transfers residual and decay heat from the reactor coolant
to the water in the shell side of the heat exchanger resulting in steam generation.

7 The sudden shutting down of a nuclear reactor, usually by rapid insertion of control rods, either
automatically or manually by the reactor operator. Also known as a “reactor trip”.
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Table 2.2 Chronological accident description for Unit 1
Date Time Event Section
3/11 14:46 Earthquake: reactor was automatically shutdown. 24.1.1
Decay heat was continuously generated
Loss of off-site power: DG was automatically
started. Therefore, AC and DC power were avail-
able in this period
14:52-15:34 | IC cooling: reactor was cooled by IC with start- 24.1.1
stop operation so that RPV cooling down rate did
not exceed 55 °C/h. Unit 1 was operated to achieve
cold shutdown
15:37 Tsunami hit: AC and DC were lost. IC was not in 24.1.2
operation at this time
After RPV water inventory decrease due to no water 24.1.3
tsunami injection
18:102 Core uncovering: Starting fuel heat up 24.1.3
18:50¢ Core damage started 24.13
After 20:00 | Containment vessel pressure increased 24.14
3/12 01:50* RPV bottom damage: Corium (melted fuel) slump- |2.4.1.4
ing to PCV pedestal
14:30 Regarding the containment vessel vent, operation | 2.4.1.5
of AO valve of suppression chamber side was
implemented at 10:17 am, and a pressure decrease
was confirmed at 2:30 pm
15:36 Reactor building explosions 24.1.6

4Time from MAAP calculation
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start-up and shutdown of IC subsystem-A to maintain the pressure at a certain
level. Maneuvering actions such as the starting up of the suppression chamber
(S/C) in the cooling mode of the containment cooling system (CCS) were also
being taken in parallel for a cold shutdown of the reactor. At 15:37 on March 11,
2011, however, all AC power supplies were lost due to the tsunami, followed by
the loss of DC power supply.

Regarding the influence of the Earthquake, the issue of the possibility of a
loss-of-coolant accident (LOCA) caused by the Earthquake was examined as
described in Attachment 1-3 of Ref. [2].

2.4.1.2 From the Tsunami Arrival to Reactor Water Level Decrease

All cooling capabilities, including the steam-driven cooling system as well as
motor-operated pump, were lost due to loss of control power, and all displays
of monitoring instruments and various display lamps in the Main Control Room
went out due to the loss of all AC and DC power. Approximately from 16:42 to
17:00 on March 11, 2011, part of the DC power supply was temporarily recovered,
allowing the reactor water level to be measured for a while, which helped to con-
firm that it had decreased from the earlier level before the arrival of the tsunami.
The level observed (by the wide range water level indicator) at 16:56 on March 11
was at the top of active fuel (TAF) 42,130 mm and had not decreased yet to TAF,
although it was continuing to decrease (Fig. 2.1).

The analysis results shown in Fig. 2.1 suggest that the reactor water level
reached TAF at about 18:10 on March 11, and the core damage started at about
18:50 (fuel cladding temperatures reached about 1,200 °C).

Even if the fuel starts to be uncovered, steam cooling prevents it from conspicu-
ous temperature rises as long as sufficient steam is supplied from below. While
decrease of the amount of steam generation due to decrease of water level pro-
gresses, once fuel claddings can no longer be cooled by steam cooling and their
temperatures reach about 1,200 °C, large amounts of hydrogen are generated by
water-zirconium reactions and the energy released from their oxidation reactions
further raises fuel temperatures.

The situation continued that the IC operation could not be confirmed. When part
of DC power supply was temporarily recovered, it was observed that the isolation
valve outside the containment of IC subsystem-A was operable (the status display
lamp was “Closed”). The shift operators took action to open the valve at 18:18 on
March 11. The operators confirmed that the status display lamp changed from
“Closed” to “Open,” and they heard the steam generating sounds and saw steam
above the reactor building, but the amount of steam was limited and it stopped a
while later. Due to the operators’ confirmation that steam generation had stopped
and concern about the water inventory left in the IC shell side tank, at 18:25 the
operators closed the isolation valve outside the containment on the return pipe. At
21:30 the operators took action again to open the isolation valve outside the PCV and
confirmed the steam generating sounds and saw steam above the reactor building.
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2.4.1.3 From the Reactor Water Level Decrease to PCV Pressure
Increase

Reactor pressure of 7.0 MPa[abs] was measured at 20:07 on March 11 (Fig. 2.2), and
drywell (D/W) pressure of 0.6 MPa[abs] at about 23:50; on March 12, D/W pres-
sure of 0.84 MPa[abs] was measured at 02:30 and reactor pressure of 0.9 MPa[abs]
at 02:45 (Fig. 2.3). In the meantime, although the exact timing is unknown, it was
observed that at a certain time after 20:00 on March 11, the PCV pressure showed
a sharp rise and the reactor pressure decreased despite no depressurization actions.
BWR with MARK-I PCV is designed to suppress pressure increase by condensation
at the suppression pool by steam from the reactor. Therefore, the sharp pressure rise
is considered to be caused by gas leakage to the drywell.

A scenario was assumed in the analysis that steam had leaked from in-core
instrumentation dry tubes or main steam pipe flanges due to temperature rise in the
vessel caused by overheating of uncovered fuel and fuel melting.

When the fuel range water level indicators® recovered functionality at 21:19 on
March 11 due to the temporary power supply, they showed that TAF was located at
4200 mm, but the reactor water level indicators seemed to have already been
defective. In this period, there would be no conceivable reason for an increase in
water level because no water was injected to RPV. This detail is described in
Attachment 1-2 of Ref. [2].

The meltdown accident progressed as follows: When heated to high tempera-
tures, fuel melted down from the core to the lower plenum, and then further down
to the bottom of the PCV by breaking through the reactor vessel.

2.4.1.4 From Containment Vessel Pressure Increase to Containment
Venting Operation

At about 23:50 on March 11, the D/W pressure measured 0.6 MPa[abs]. Thereafter,
the indicator continued displaying high values. At around 04:00 on March 12, the
dose rate near the main gate of the NPS site started to show an upward trend, which
may have resulted from radioactive materials leaked from Unit 1.

It is highly possible that the molten fuel dropped to the bottom of the reactor
vessel and further to the bottom of the PCV before 19:04 on March 12, when fire
engines started continuous water injection into the reactor. It is possible that the
relocation of molten fuel to the PCV raised the PCV pressure and temperature even
more. This scenario is related to the amount of the water injected by fire engines [2].

When the molten fuel cannot be sufficiently cooled, the concrete of the PCV
floor is heated up above its melting point and core-concrete reactions start, which

8 Fuel range water level indicators are designed for use in LOCA condition to monitor core
uncovering. Hence, it is calibrated in atmospheric pressure. Narrow and wide water level indica-
tors are designed for use in normal operation. They are calibrated in operating pressure condition.
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dissolve the concrete. The core-concrete reactions generate non-condensable gases
such as hydrogen, carbon monoxide, etc., resulting in a large impact on the con-
tainment pressure change and radioactive release behavior. But it is unknown to
what extent core-concrete reactions actually occurred at that moment.

The D/W pressure was being maintained at about 0.7-0.8 MPa[abs], after
reaching 0.84 MPa[abs] at about 02:30 on March 12, until PCV venting was suc-
cessful. This fact of constant PCV pressure gives a strong suggestion that the PCV
was leaking, because the PCV pressure should rise; when steam is produced due to
water injection, PCV temperature rises, and gases are generated by core-concrete
reactions, etc.

Fresh water was injected by fire engines from about 04:00 to 14:53 on
March 12. But, since the fire protection system and make-up water system
used for water injection are separated from the interior of the plant, part of
the injected water had gone to other systems and equipment, not to the reactor.
The analysis could yield consistent results with actual measurement data for
containment pressures by assuming that the injection had not been enough to
flood the core region and that only a fairly small amount of water, compared
to the actual amount of discharged water by the fire engines, had been injected
to the reactor.

2.4.1.5 From the Containment Venting Operation to Reactor
Building Explosion

Three times at 10:17, 10:23, and 10:24 on March 12 the operation to open the
small S/C vent valve was carried out from the main control room. There was no
visible response in the D/W pressure,” while the dose rate near the main gate
increased temporarily at 10:40. A while later, when a temporary air compressor
was connected to open the large S/C vent valve and it was started up at about
14:00, an up-current of steam above the stack was observed by a live camera and
the D/W pressure decreased from 14:30 until about 14:50. No dose rate increase
was observed near the main gate and monitoring post-8 (MP-8).

After the opening operation of the large S/C vent valve, the D/W pressure
decreased from 14:30 through about 14:50. Later at 15:36, hydrogen in the reactor
building exploded and the roof and outer walls of the uppermost floor were damaged.

It can be considered that hydrogen gas generated mainly by water-zirconium
reactions, which leaked together with steam and finally reached the reactor build-
ing, resulted in the hydrogen explosion. But its leak path, volume, explosion
aspects, and ignition source are still unknown.

9 S/C small vent valve is for easing the opening of S/C large vent valve while equalizing pres-
sure by opening the small valve in case the large valve was difficult to open due to the pressure
difference. Therefore, flow amount when opening the small valve is small.
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2.4.1.6 From the Reactor Building Explosion to March 18

At 19:04 on March 12 after the reactor-building explosion, seawater injection was
started by fire engines.

Water injection to Unit 1 and Unit 3 was halted once at 01:10 on March 14, when
the water source used for these two units was depleted. Water injection to Unit 3 was
resumed at 03:20 under critical conditions, when the water source was partly recov-
ered by using an additional water supply, but water injection to Unit 1 was delayed.
Water injection to Unit 1 and Unit 3 was again halted with the hydrogen explosion
at Unit 3. Water injection to Unit 1 was eventually interrupted from 01:10 to 20:00.

Meanwhile, almost the whole core of Unit 1 dropped down to the lower plenum
and most of that part dropped further to the containment pedestal, according to the
analysis. There are many unknown matters concerning the location of debris, and
the final status of accident progression.

2.4.2 Unit 2

As a result of the MAAP analysis for Unit 2, Fig. 2.4 shows the reactor water level
changes, while Fig. 2.5 shows the reactor pressure changes, and Fig. 2.6 shows the
PCYV pressure changes. In this section, accident progression for Unit 2 is described
in accordance with the following accident chronology (Table 2.3).

In Unit 2, despite the fact that both AC and DC power were lost due to the tsu-
nami, RCIC continued operation without control for almost 70 h. However, Unit 2
fell into severe accident mode because of lack of water injection. PCV venting was
never successful. Hydrogen explosion had not occurred, but FPs were released to
the environment.

2.4.2.1 From the Earthquake to Tsunami Arrival

At Unit 2, the following operation steps were taken towards cold shutdown: start-
up and shutdown of the reactor core isolation cooling (RCIC) system, ' start-up of
the residual heat removal (RHR) system'! in the S/C cooling mode, etc. Unit 2 lost
all power supplies due to damage by the tsunami at 15:41 on March 11. At Unit 2,
as the RCIC system had been manually started up at 15:39 just before the DC
power for control was lost, water injection to the reactor could continue after the
tsunami arrival. This was the major difference between the situations of Unit 1 and
Unit 2, i.e., at Unit 1 the IC had been shut down before the tsunami arrived, and
therefore the IC could not be restarted upon loss of the control power supply,
which resulted in a rapidly deteriorating situation.

10 The RCIC system is a single train standby system for safe shutdown of the plant.

T The residual heat removal (RHR) system is typically a multiple-use system with modes of
operation for low-pressure injection, shutdown cooling, suppression pool or containment sump
cooling, and/or containment spray.
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Table 2.3 Chronological accident description for Unit 2

Date Time Event Section
3/11 14:46 Earthquake 24.2.1
Loss of off-site power
14:50-15:41 | RCIC injection: reactor was cooled by RCIC, even |2.4.2.1
though RCIC was tripped several times due to
RPV water level being too high

15:37 Tsunami hit: AC and DC were lost. RCIC had 2422
been in operation for 2 min

After Reactor water level was increased and maintained |2.4.2.3
tsunami by RCIC manual operation
3/14 9:00 RCIC operation was terminated due to some 2424
reason
After RCIC | RPV water inventory decreased due to boiling 2424
termination
17:00* Core uncovering: starting fuel heat up 2424
18:02 Forced depressurization by SRV 2425
19:202 Core damage started 2425
3/15 After 7:20 PCV pressure deceased 24.2.6

4Time from MAAP calculation
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2.4.2.2 From Tsunami Arrival to Reactor Water Level Increase

A possibility was hinted that the RCIC system was in operation, with no con-
trol power supply due to the tsunami, being driven by water-steam mixture, i.e.,
two-phase flow, which had been generated when the reactor water level increased
to a level above the main steam line since water started being injected more than
the amount of loss by steam; thus water was flowing into the steam piping, as in
Attachment 2—1 of Ref. [2]. But no detailed behavior prior to the water level
increase to the main steam line has been confirmed.

Reactor pressure was not at the level expected from normal RCIC operation
during this period. In normal RCIC operation, reactor pressure would be main-
tained within the safety relief valve (SRV) activation and reset pressure, because
the RCIC turbine cannot consume enough energy generated by decay heat; the rest
of the steam should be released through SRV. Although the density of energy con-
tained in water is less than steam, the density of mass is much larger than steam.
Therefore, all of the decay heat was removed through the RCIC turbine line with-
out SRV activation. This is the reason why reactor pressure varied in the range
between 5 and 7 MPa. The changes in the reactor pressure in Unit 2 is further
described in Attachment 2—1 of progress report [2].

In the analysis, the water injection rate was assumed to be 30 % of the rated
value, which replicated the measured reactor pressure changes during the period
while the RCIC was considered to be driven by two-phase flow. According to the
results under this condition, the reactor pressure levels calculated during the time
period prior to the water level increase up to the main steam line rose more slowly
than the measured values. This raises the need to investigate the RCIC behavior
after loss of power supply due to the tsunami (see Attachment 2—4 of progress
report [2]).

2.4.2.3 From Reactor Water Level Increase to Loss of RCIC Functions

After the reactor water level increased by the consecutive operation of RCIC, no
accurate water levels could be estimated, because the fuel range reactor water
level indicators had reached their maximum limit of measurement. The reac-
tor pressure, however, started to decrease after the RCIC started up. When it
reached 5.4 MPalabs] at 01:30 on March 12, the reactor pressure began to rise
again (Fig. 2.5). In the time sequence, this pressure change had no relation to the
switchover of water sources from 04:20 through about 05:00 on March 12, but
can be explained by the (general) relationship between saturation temperature and
pressure. It is expected that the accident progression can be better explained by
identifying the amount of water injected by RCIC with which MAAP simulation
reproduces the pressure rise observed at 1:30 on March 12.

Incidentally, the reactor water levels measured were higher than the “reactor
water level high (L-8)” (upper limit of water level measurement) after correction
of the reactor pressure increase and containment temperature increase (Fig. 2.4).
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While the RCIC operation was continued with no control power supply, the
reactor pressure is considered to have remained at lower levels than the level at
normal operation for the following reasons:

e The reactor water level rose above L-8 because of no control of the RCIC valve
apertures for adjusting steam flow rates.

e Decay heat energy was removed from the reactor by low quality two-phase flows.

e The water was injected by the RCIC at a lower flow rate than the rated value,
because the RCIC turbine was operated by low quality two-phase flows.

e Thus, the energy in the reactor vessel was kept balanced without steam release
by SRV operation required in the original design.

The reactor pressure varied in a downward trend again from about 06:00 on
March 13 (Fig. 2.5). This can be understood as the effect of decreased decay
heat with time. Thereafter, the pressure increased again after it was measured as
5.4 MPalabs] at 09:00 on March 14 and reached 5.6 MPa[abs] at 09:35. MAAP
could reproduce the gradual reactor pressure increase, assuming interruption of
water injection by the RCIC system (but steam supply to its turbine continued) at
09:00 on March 14. The sharp change in the trend of the reactor pressure was con-
sidered to be a reflection of the change in the status of water injection by RCIC.

The containment pressure varied at lower levels than anticipated (Fig. 2.6),
despite the fact that all the decay heat was stored in the S/C, because of the loss of
the ultimate heat sink (LUHS). In the process of Unit 2’s accident progression, it
is considered that the SRV located in the transfer path of energy from RPV to PCV
did not operate when the RCIC was in operation. This means the RCIC exhausted
two-phase steam that had flowed into the S/C, accompanied by the energy equiva-
lent to the decay heat energy. Therefore, the energy stored in the S/C must have
raised the containment pressure. Some energy flow-out is required for lower than
expected PCV pressure. As the scenario of this energy flow-out, tsunami-induced
seawater inundating the reactor building is assumed to transmit energy and heat to
the exterior from PCV through the S/C wall. Further investigation is discussed in
Attachment 2—6 of progress report [2].

2.4.2.4 From Loss of RCIC Functions to Forced Depressurization
by SRV Operation

Although it has not been clarified at what time the RCIC system shut down, the
reactor water level started to decrease gradually after RCIC stopped, uncovering
the core, and then it rapidly decreased due to depressurization boiling by open-
ing the SRV. The core was completely uncovered and core damage started. After
the reactor pressure increased due to RCIC system shutdown, it was maintained
at about 7.5 MPa[abs] due to the SRV relief valve mode (Fig. 2.5) (the SRV(A)
had been connected to temporary batteries and 7.5 MPa corresponds the actuation
pressure). Thereafter, the reactor pressure sharply dropped upon opening the SRV
manually and finally approached ambient pressure.
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The reactor pressures and water levels were measured once the water level
had gone below the maximum range of the fuel region reactor water level indi-
cator, following the RCIC shutdown. Further, the reactor water levels and pres-
sures could be reproduced with good accuracy. In the analysis, this was done
by appropriate processing of the energy balance and property changes over the
time span until the forced depressurization by the SRV, because the water in the
reactor decreased monotonously, although it was being accompanied by pressure
changes.

The measured values of PCV pressure changed downward from about 13:00 on
March 14 after the RCIC system had stopped (Fig. 2.6). It can be considered to be
a complex phenomenon due to heat continuing to be removed from the S/C by the
seawater that flowed into the torus room, although no more energy was transferred
to the S/C through the RCIC turbine.

2.4.2.5 From Forced Depressurization by SRV to PCV Pressure
Decrease Initiation

About the same time when depressurization by the SRV was completed, water
injection was started by fire engines. But the amount of water assumed in the
present analysis turned out to be insufficient to correctly simulate the core water
level (Fig. 2.4). Sufficient data on reactor water levels were not available, but
their increasing trend after 21:00 on March 14 could be confirmed. This reac-
tor water level increase, however, could have been caused by overestimating the
real level due to water evaporation inside the reference water level side piping
during the accident progression, as in Unit 1. The water level indicator became
unable to show accurate values after all, although the timing when this happened
is unknown. Therefore, the actual amount of injected water is considered to have
been less, too, including its possible leakage from the injection lines of the fire
engines.

The PCV pressure increased to 0.75 MPa[abs], thereafter, due to hydrogen
generation and SRV opening, etc. The D/W pressure increases were observed
at about 20:00, 21:00, and 23:00 on March 14, probably the effects of hydrogen
generation.

At Unit 2 preparation was underway for the S/C venting and for attempt-
ing to release the valve several times, but no decisive evidence exists whether
or not the rupture disc was opened. But it was at about 23:00 (measured pres-
sure at 23:00 was 540 kPa[abs]) on March 14 when the D/W pressure exceeded
the preset rupture disc operating pressure (528 kPa[abs]), even if the measu